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The use of neutron imaging to investigate the hydromechanical properties of rocks is a substantially under-explored experimental area, mostly limited to 2D studies of dry, intact or pre-deformed samples, with little control of the boundary conditions. In this work we developed a new servocontrolled triaxial cell to perform multi-fluid flow experiments in saturated porous media, while performing in-situ loading and acquiring 4-dimensional neutron data.

Another peculiarity of the project is the use of high-performance neutron imaging facilities in Helmholtz Zentrum Berlin,, taking advantage of the world's highest flux and cutting edge technology to acquire data at an optimal frequency for the study of this processes. The results of multiple experimental campaigns covering a series of initial and boundary conditions of increasing complexity are presented in this work.

To quantify the local hydro-mechanical coupling, we applied a number of standard postprocessing procedures (reconstruction, denoising, Digital Volume Correlation) but also developed an array of bespoke methods, for example to track the water front and calculate the 3D speed maps.

The experimental campaigns performed show that the speed of the water front driven by imbibition in a dry sample is increased within a compactant shear band, while the external pressure driven flow speed is decreased in saturated samples. The 3D nature of the data and analyses has revealed essential in the characterization of the complex mechanical behaviour of the samples and the resultant flow speed.

The experimental results obtained contribute to the understanding of flow in porous materials, ensure the suitability of the analysis and set an experimental method for further in-situ hydromechanical campaigns. v

Résumé en Français

Le comportement des roches-réservoirs souterraines est un sujet important pour de nombreuses applications liées à la production d'énergie (extraction d'hydrocarbures, séquestration de CO 2 , ...). L'une des principales questions posées est celle de l'effet des déformations sur les propriétés de transfert hydraulique de la roche, en particulier en conditions saturées. En effet, la déformation des géomatériaux est rarement homogène en raison de conditions aux limites complexes et de sa tendance intrinsèque à se localiser. Cette non-uniformité spatiale de la déformation produit un champ de perméabilité hétérogène. Cela remet en question la validité (a) des méthodes traditionnelles d'analyse macroscopique et (b) des mesures établies principalement loin des zones de déformation localisée. Ainsi, pour améliorer la caractérisation des géo-matériaux, il est crucial d'avoir des mesures locales de la perméabilité, et de connaître la relation entre la déformation et la perméabilité, qui gouverne leur comportement hydraulique.

Cette thèse porte sur l'étude du couplage hydromécanique des roches par tomographie aux neutrons et aux rayons X, ainsi que sur le développement de nouvelles méthodes d'analyse. Même si le recours à l'imagerie par rayons X en géosciences devient de plus en plus accessible, la détection directe des fluides a été très limitée en raison du faible contraste air/eau dans les géomatériaux. Contrairement aux rayons X, les neutrons sont très sensibles à l'hydrogène présent dans l'eau. La radiographie par neutrons permet donc d'obtenir des images où la détection du fluide est bien plus facile. De plus, les neutrons sont sensibles aux isotopes, ce qui veut dire que l'eau lourde et celle normale, qui ont des propriétés physico-chimiques proches, peuvent être distinguées avec une grande précision. Il faut noter que l'imagerie aux neutrons pour les roches est un domaine expérimental qui est essentiellement inexploré, ou limité à des études 2D d'échantillons secs, avec peu ou pas de contrôle sur les conditionsaux limites.

Dans le cadre de ce travail, nous avons conçu une nouvelle cellule triaxiale, avec un contrôle asservi, pour effectuer des expériences d'écoulement de fluides multiples dans un échantillon de roche saturé et chargé mécaniquement avec acquisition des données neutroniques en 4D. Une autre originalité du projet est l'utilisation d'installations d'imagerie neutroniques à haute performance (CONRAD-2 au Helmholtz Zentrum à Berlin et NeXT à l'Institut Laue-Langevin à Grenoble), profitant de la technologie de pointe et des lignes de faisceaux les plus puissantes du monde. Cela a permis d'acquérir des données à une fréquence optimale pour notre étude. Ce travail présente les résulvi tats de plusieurs campagnes expérimentales couvrant une série de conditions initiales et de conditions aux limites relativement complexes. Pour quantifier le couplage hydromécanique local, nous avons appliqué un certain nombre de procédures de posttraitement standard et nous avons également développé un ensemble de méthodes de mesure, par exemple pour suivre le front d'eau et déterminer les cartes de vitesse 3D. Les résultats montrent que la vitesse du front d'eau entraîné par imbibition dans un échantillon sec est augmentée à l'intérieur d'une bande de cisaillement compactante, tandis que la vitesse d'écoulement entraîné par la pression est réduite dans les échantillons saturés. La nature des données 3D et des analyses s'est révélée essentielle dans la caractérisation du comportement mécanique complexe des échantillons et de la vitesse d'écoulement qui en résulte.

Les résultats expérimentaux obtenus contribuent à la compréhension de l'écoulement dans les matériaux poreux sous chargement, garantissent la pertinence de l'analyse et permettent d'etablir une méthode expérimentale pour d'autres campagnes hydromécaniques in-situ. 2.3 Reconstructed slices of a localisation pattern inside a specimen tested at confining pressure of 30 MPa in compression. White lines in (a), (b) and (c) show the position in the plane in (d) [START_REF] Bésuelle | A new true triaxial cell for field measurements on rock specimens and its use in the characterization of strain localization on a vosges sandstone during a plane strain compression test[END_REF]. . . . . . . .
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Motivation and objectives

The characterization of localized deformations and their effects on the permeability of rocks is fundamental into a number of resource engineering challenges, e.g., hydrocarbon and water production, where the fluids are extracted from geological reservoirs, and CO 2 sequestration, where the fluid is injected into empty reservoirs. Areas of localized deformation (fractures, shear bands and compaction bands) are crucial features controlling the permeability, acting as conduits or barriers to the flow. Therefore, understanding how the flow varies depending on the evolution and the properties of localized deformation is of significant importance for the resource engineering industry.

At the laboratory scale, properties such as porosity and permeability are historically measured as an average over the whole sample (bulk measurements). However, this is clearly inadequate in the presence of strong heterogeneities, whether they are intrinsic to the material or strain induced. This is exactly where full-field measurements become interesting. Among them, x-ray tomography has through the last few decades becoming increasingly popular. First developed for medical imaging, x-ray computed tomography (CT) is now widely used in material sciences and proved its interest in various domains of geosciences, including geomechanics (the reader is referred to the proceedings of the several GeoX and ICTMS workshops, the first of which took place in 2003 [START_REF] Otani | State of the art report on geotechnical X-ray CT research at Kumamoto University[END_REF] and the latest in Lund in 2017). It has been proven extremely effective, especially when coupled with Digital Image Correlation (e.g., [START_REF] Viggiani | Full-field measurements in experimental geomechanics: historical perspective, current trends and recent results[END_REF], which enables the characterisation of the heterogeneous strain in a sample. However, the low attenuation of the x-ray with water (and other fluids of interest), compared to that of the rock matrix, constrains flow characterization tests to small or unsaturated samples [START_REF] David | Influence of mechanical damage on fluid flow patterns investigated using CT scanning imaging and acoustic emissions techniques[END_REF]. Moreover, the high attenuation of the x-rays by metals limits the use of experimental cells that can stand high pressures, constraining the test to small samples, low pressures or ex-situ loading.

Unlike x-rays, neutrons, are strongly attenuated by hydrogen, providing a good con-trast in tomography of hydrogen-rich fluids in geomaterials [START_REF] Perfect | Neutron imaging of hydrogen-rich fluids in geomaterials and engineered porous media: A review[END_REF]. Furthermore neutrons are sensitive to isotopes, which allows the use of heavy water (D 2 O) to study flow in already water saturated samples. Aditionally, several metals e.g., aluminium and titanium) are quite transparent to neutrons, allowing the use of cells for realistic in-situ loading experiments on standard size samples. There are nonetheless limitations to neutron imaging. It is comparatively difficult have access to neutron beamtime, and the acquisition time can be higher and the spatial resolution lower than high performance x-ray setups. Historically, these factors slowed down the development of neutron imaging with respect to x-ray imaging. However, some of these aspects have been mostly overcome in the last years thanks to improvements in both spatial and temporal resolution. High-speed tomographies performed at cutting-edge neutron instruments, such as CONRAD-2 (Helmholtz Zentrum Berlin) or NeXT-Grenoble (Institute Laue-Langevin) make the characterization of 3D dynamic fluid experiments in geomaterials with neutron tomography a promising field to explore.

The main objective of this doctoral work is the further understanding of coupled hydromechanical behaviour in reservoir rocks. The development of neutron experiments and methods to analyse the acquired images are the key components to achieve that.

The manuscript presents increasingly complex experiments and novel image analysis softwares developed correspondingly. In the first experimental campaign, the samples were compressed ex-situ and the boundary conditions were not perfectly controlled. The specimens were dry and light water was flushed through. The contrast between dry and water saturated regions is high, facilitating the image analysis. In the second campaign, a new setup was developed to better control the pressure and flow rates of the experiments. In this case the samples were saturated with heavy water and light water was flushed. Because of the smaller difference in contrast between H 2 O/D 2 O than H 2 O/Air and some unavoidable mixing at the interface, different analysis tools were developed. Finally, an in-situ neutron experimental campaign is presented, where triaxial compression and water flow tracking were in-situ performed in the beam. It should be noted that the complexity-based organization does not always correspond to the chronological order. Therefore, some of the valuable lessons learned during the experiments reported in chapter 5 are applied to the experiments described in chapter 4, but not the other way around.

The primary aim of this PhD project, the in-situ coupled hydro-mechanical characterization of fluid flow in rocks, is certainly ambitious. The path leading to this achievement has been as exciting as complex, which is reflected in the manuscript.

Structure of the thesis

The thesis is organized in six chapters, plus five appendix:

• Chapter 1 is a short introduction to the manuscript.

• Chapter 2 provides the background and the motivations of this doctoral work. Starts wit a historical review of full field methods, and then focuses on those methods that have been used in the project: x-ray and neutron imaging.

• Chapter 3 is the first of three chapters exploring experimental and analytical results. Fluid flow is imaged in 4D (3D+time) in two dry samples with high-speed neutron tomography. In the first sample (undeformed) the flow was pressure driven (using a head of water), while in the second sample (previously deformed) the flow was mainly driven by capillarity, as the sample was left to passively take up water from a reservoir in which it was sitting. X-ray tomographies were acquired for the second sample before and after compression, to to enable a strain field to be determined by Digital Volume Correlation. The code developed to track the fluid front is based on the binarization of the neutron tomographies. The final 3D speed map is computed by an in-house code explained in detail in the chapter.

• Chapter 4 presents a whole set of previously deformed heavy water saturated samples, plus an undeformed one, which were imaged in the neutron beam to track the front of light water into the sample and obtain the 3D speed maps. These were related to each of the strain fields obtained by correlation of the x-ray tomographies before and after compression. A bespoke setup was developed to control the main features of the flow experiment (flow rate, confining pressure, pore pressure) while keeping the saturation of the sample. Due to the low contrast in the neutron tomographies acquired between light and heavy water, a new code is proposed for tracking of the front.

• Chapter 5 shows an in-situ coupled hydro-mechanical test performed in the recently developed high flux neutron instrument NeXT-Grenoble. An artificially cemented sand sample was axially compressed and imaged with medium resolution neutron tomography. At different loading stages light water was flushed into a heavy water saturated sample while high-speed tomographies were acquired to track the water front.

• Chapter 6 summarizes the achievements and conclusions obtained during the PhD project as well as a number of possible perspectives for further research.

• Appendix A gathers tomographies from different flow test with cemented sand samples, which were not presented in the main body of the work.

• Appendix B introduces a metrological study of the accuracy of the tracking methods presented and compares the two methods presented in chapter 3 and chapter 4 to track the 3D water front.

• Appendix C presents a code developed to track the front based on the synogram of each slice.

• Appendix E details one of the codes that was developed to follow the water paths.

• Appendix D shows the design of the cell used during the flow tests and its improvements over the three years of this PhD.

Chapter 2

STATE OF THE ART

The key content of this doctoral work is the acquisition of full-field measurements of fluid flow and its interaction with strain localization. In this chapter, the state of the art of full field measurements in geomechanics is briefly reviewed, with a special focus on x-ray and neutron imaging.

Full field techniques

The physical behaviour of geomaterials can never, truly, be represented by a homogeneous field, and neither can the properties of the material be just represented by single values, since these materials tend to be heterogeneous, even in nominally intact samples. Also because of this geomaterials generally exhibit heterogenous responses. In order to build accurate models of a material and its mechanical behaviour, it is necessary to perform equally detailed experiments at suitable scales, appropriate sensitivity and convenient environmental conditions. Full field measurements, broadly developed during the last two decades, are the best allies for the geomechanical experimentalist.

Full field measurements are a family of experimental techniques, which, when combined with analysis tools, allow the characterization of micro and meso-scale materials and their heterogeneous responses. An overview of these methods as applied to geomechanics was provided in [START_REF] Viggiani | Full-field measurements in experimental geomechanics: historical perspective, current trends and recent results[END_REF].

2D optical methods to characterise heterogeneous responses appearing at a sample's surfaces have been broadly used. False Relief Stereophotography (FRS) is able to show the displacement on a 2D surface when a sample is loaded. Some examples of the method applied to a plane strain compression tests on sand are presented by [START_REF] Desrues | Analyse stéréophotogrammétrique de la fissuration progressive[END_REF] and several more examples are detailed in [START_REF] Desrues | Strain localization in sand: an overview of the experimental results obtained in Grenoble using stereophotogrammetry[END_REF]. The advent of digital images brought with it the development of new analysis tools benefiting from the advantages of computer analysis, i.e. the Digital Image Correlation explained below.

Other full field methods are focused more on the properties of the material instead of on the kinematics. A good example is the ultrasonic tomography that analyses the propagation of elastic waves through the sample. The propagation of a wave is directly related to the mechanical properties of the medium, which changes depending on the mineral nature of the grains, pore-filling fluids, grain organization, etc. Measuring the amplitude and travel times of the waves propagated through the sample at different frequencies, allows detecting variations in elastic properties generated due to discontinuities in the sample. Some notable examples of investigations based on this methods over the last years are [START_REF] Tudisco | Development and application of time-lapse ultrasonic tomography[END_REF] and [START_REF] He | Understanding progressive rock failure and associated seismicity using ultrasonic tomography and numerical simulation[END_REF].

In this doctoral, work x-rays and neutron radiations have been used to image rock samples in 3D through tomographic acquistions. The advantages and limitations of both techniques are highlighted below.

X-ray tomography

X-rays are an electromagnetic radiation with wavelengths raging between 10 and 0.01 nm, invisible to human eye but able to go through opaque bodies. They were discovered in 1895 by Wilhelm Conrad Röntgen, who was granted with the Nobel price for it.

Their use is extended in our society and they are broadly know and used in a vast range of applications going from medical investigations (for the study of bone structures and soft tissues), to security controls (especially in airports) and industrial quality monitoring. Besides this routine uses, they are often employed in material science to help our understanding of the microscopical response of materials.

The application of x-ray imaging in geomechanics was a major contribution in the development of full-field methods. The earliest examples of the use of x-rays are the works of [START_REF] Hamblin | Methods of scattering corrections for quantitative neutron radiography[END_REF] and [START_REF] Calvert | Minor structures of unconsolidated marine sediments revealed by x-radiography 1[END_REF] for the study of the structure of the sandstones. The first experiments were carried out by [START_REF] Roscoe | The determination of strains in soils by an X-ray method[END_REF] to track markers strategically positioned in sand during a plane strain test. The displacement of the markers was supposed to be related to the corresponding strain field. However, the variation of density in the soil during the test was also clearly shown in the radiographies acquired. This variation in the consecutive radiographies was enough to analyse the dilation bands developed without the need of the markers. This was the beginning of a prolific method that was extended to other mechanical tests [START_REF] Kirkpatrick | On the interpretation of the triaxial test[END_REF][START_REF] Bransby | Deformations near rupture surfaces in flowing sand[END_REF][START_REF] Scarpelli | Experimental observations of shear patterns in direct shear tests[END_REF][START_REF] Vardoulakis | Imperfection sensitivity of the biaxial test on dry sand[END_REF]. However, the radiographies are a representation of the attenuation undergone from the beam along the path traversed, obtaining only qualitative data related to the density and average atomic number of the material or variations from different stages.

Even quantitative displacement measurements that might be made will always remain in the 2D domain. Therefore, Computed Tomography scans, CT scans, where developed. CT involves a computer processed combination of radiographies acquired in different angles that provides a 3D attenuation image. Variations in density in localised features could also be observed with this technique.

A brief summary of the fundamental behaviour of x-rays and their use in tomography is reported below based on the book from McMorrow and Als-Nielsen (2011) and [START_REF] Hsieh | Computed tomography: principles, design, artifacts, and recent advances[END_REF].

X-ray interaction with matter

The interaction of x-rays with matter comprises different mechanisms, including Compton scattering, coherent scattering, photoelectric absorption, refraction and pair production. However, due to the energy range employed by the classic laboratory CT scans, between 20 and 150 keV, only three of the mechanisms are predominant. In a photoelectric interaction, the energy of the x-ray photon is greater than the binding energy of the electrons in the targeted atom. During the collision, the photon is absorbed and the electron is freed generating an ion and a photon of characteristic energy, due to the rearrangement of the electrons in the shell of the atom. The probability of absorption is proportional to the cube of the atomic number, making this effect suitable for recognizing the different 'phases' in a sample. In the Compton interaction, the photon is scattered at a different angle and lower energy. An electron is also liberated as in the previous case and the atom becomes ionised. The probability of Compton interaction depends on the electron density, rather than the atomic number, providing less contrast information in the samples. The third mechanism, the least important for CT scans, is coherent scattering where the electron is set into momentary vibration. In this case, the atom is not ionized and the electron emits radiation mainly in the forward direction.

From the attenuation of the incident beam a value of the attenuation coefficient, µ, for each of the materials imaged in the test can be inferred. A beam that crosses an infinitesimal area of thickness dz suffers an attenuation µdz defined by

µdz = - dI I(z) (2.1)
where I(z) is the intensity of the beam through the sample. In the case of a monochromatic incident beam, I o , the intensity of the attenuated beam that has travelled through a composite material, with different atoms, is given by the Beer-Lambert law,

I(z) = I 0 e -i µ i z i (2.2)
where µ i is the attenuation coefficient of each material i and z i their thickness. The probability for photoelectric absorption to happen is proportional to the cube of the atomic number of each element, Z. This probability is known as absorption cross section (σ pa ), which is eventually related with the attenuation coefficient, by

µ = ( ρ m N A M )σ pa (2.3)
where ρ m is the density, N A is Avogadro's number and M is the molar mass.

Facilities

One of the advantages of x-rays is their availability: the proliferation of laboratory x-ray imaging facilities during the last years, increasing quality and decreasing cost (without mentioning the medical scanners, which exist in virtually every university hospital). These laboratory x-ray equipment allow spatial resolutions that can sometimes rival that of the synchrotrons albeit with significantly slower scanning times (the synchrotron radiation being a thousand billion times 'brighter' than that of laboratory x-ray source). The x-ray scanner installed at Laboratoire 3SR in Grenoble since 2008 is an example of this (see [START_REF] Viggiani | Laboratory X-ray tomography: a valuable experimental tool for revealing processes in soils[END_REF]. The higher energy and photon flux of synchrotron radiation allows for a very high resolution, down to the sub-micron scale. These powerful beams, enable monochromatic beams to be used in reasonable times. The exceptional performance comes at the cost of low availability (their use being regulated through proposal mechanisms). Synchrotrons are generally large rings where the electrons or positrons are kept circulating under magnetic fields to produce radiation.

The x-ray tomography measurements presented in this manuscript were performed both in laboratory x-ray tomographs, in Helmholtz Zentrum Berlin (HZB, Germany) and the Laboratoire 3SR (France). Laboratory tomographs consist of a source, a detector and a rotation stage, as those shown in Figure 4.8. They are multi-resolution scanners employing a conic beam, where the sample can be positioned closer or further from the detector to obtain the desired resolution/field of view combination.

Computed tomography

X-rays have proven very useful for material and life sciences since their early days, offering information about the inner part of a body without destroying it. However, a single radiography gives the attenuation of the whole path of the x-ray beam, precluding the analysis of complex geometry bodies or situations where several different materials are involved. In 1963, Allan M. Cormack reported the first Computed Tomography (CT) scanner actually built [START_REF] Cormack | Representation of a function by its line integrals, with some radiological applications[END_REF] and was granted with the Medicine Nobel Prize in 1979 due to his contribution to the Computed Tomography Technique. CT is a nondestructive technique that allows visualization and characterization of a scanned object in three dimensions. Different radiographies of a sample are acquired for several projection angles between the image acquisition system and the sample. These images are reconstructed by a computer software resulting in a 3D attenuation map. The mathematical formulation underlying the reconstruction of a 3D object was first proposed by J. Radon in 1917, demonstrating that an object can be reconstructed starting from an infinite set of its own projections, by means of a transform known as the Radon Transform. In our case, since x-rays are used, the object is defined by the 3D attenuation coefficients field and the projections are the 2D radiographies at each angle. This radiographies are first normalized by the intensity of the beam, the so-called 'flat field'. Based on this concept several reconstruction techniques have been developed, which require different computational time and yielding different quality results depending on the problem. The first and maybe most used family of methods is the backprojection one. This technique distributes the attenuation measured in the radiography equally along the path of the beam. It starts from the first projection and it refines the model as more radiographies are included in the calculation [START_REF] Wei | Relation between the filtered backprojection algorithm and the backprojection algorithm in CT[END_REF][START_REF] Chen | Development and evaluation of an exact fan-beam reconstruction algorithm using an equal weighting scheme via locally compensated filtered backprojection (LCFBP)[END_REF]. The second family, unlike the first one, is based in iterative processes, also known as Iterative Reconstructions, (IR) [START_REF] Sauer | A local update strategy for iterative reconstruction from projections[END_REF][START_REF] Nuyts | Iterative reconstruction for helical CT: a simulation study[END_REF][START_REF] De Man | Iterative reconstruction for reduction of metal artifacts in computed tomography[END_REF]. In these cases, the relationship that maps the object (µ) to its projections (p) is linked by the matrix A and an error vector (e) by the equation:

p = Aµ + e (2.

4)

A can be determined based on the geometrical and physical parameters of the scan.

The error vector would be zero in an ideal case, but in reality, it contains the additive noise and measurement biases. Even if the IR approaches are generally slower, the quality of the reconstructions is on average better than with back projection methods.

The IR approaches show a better performance in suppressing metal artefacts, handling of truncated projections or limited-angle tomographies.

Image artefacts can be defined as the discrepancy between the reconstructed volume and the real attenuation of the sample. This broad definition encompasses errors generated from the system design, x-ray production, as well as induced by the detector, the sample or the operator. Some of them can be corrected in the preprocessing or postprocessing steps. In Banhart (2008a) an extended explanation of the artefacts can be found.

In this section only the most relevant ones for our work and the understanding of the images are shortly discussed.

Due to the Compton scattering explained in section 2.1.1, some of the x-rays that reach the detector are secondary rays, i.e., they arrive to the detector after having interacted with the matter, but without having been absorbed (Figure 2.2). The signal read by the detector deviates from the measurements expected, creating shifts or shadings in the reconstructed images. All electronic devices have a dark current that can change in time or with temperature. Some pixels can be also damaged (even just temporarily). A consistent error during a tomography can lead to 'ring artefacts' in the reconstructed volume. To compensate this effect, the average value of several radiographies is taken in the beginning of a scan, without sample or beam. Each of the radiographies during the scan are subtracted from this average one, also known as 'dark field', to compensate the inhomogeneity in the pixel response.

The absorption of x-ray beams depends on the atomic number (Z) of the material. However, the attenuation coefficient changes also for the same material depending on the wavelength of the incident beam. Several materials absorb low energy x-rays more pronouncedly than high energy ones. Since CT scanners have polychromatic (i.e. multienergy) beams, lower energy x-rays will be absorbed preferentially and therefore, the beam will become proportionally richer in high energy x-rays during its interaction with the sample. Beam paths going through the center of the sample will have, upon arrival, disproportionately low soft x-rays with respect to paths grazing its edges. The beam can be filtered before interacting with the sample [START_REF] Jennings | A method for comparing beam-hardening filter materials for diagnostic radiology[END_REF] or several postprocessing algorythms have been developed to correct this effect, but they normally require some a-priori information about the sample [START_REF] Kijewski | Correction for beam hardening in computed tomography[END_REF]) to be reliable.

The misalignment between the rotation stage and the imaging system is a key calibration parameter. All commercial CT softwares include various corrections (horizontal and vertical displacement or tilt). During very long scans, the temperature could also alter this offset. In this case, some reference object could be added to the images to be able to correct it in the post-processing (Andò, 2013).

A brief overview about the usage of x-rays in geomechanics

One of the first CT scans for geomaterials was acquired by Desrues in the early 1980s [START_REF] Desrues | Void ratio evolution inside shear bands in triaxial sand specimens studied by computed tomography[END_REF]. Desrues investigated strain localisation in sand during triaxial compression, observing patterns of localisations by means of the density variations measured thanks to different intensities of the recorded x-ray radiation. Some years later, the same path was followed by [START_REF] Bésuelle | A new true triaxial cell for field measurements on rock specimens and its use in the characterization of strain localization on a vosges sandstone during a plane strain compression test[END_REF][START_REF] Bésuelle | Failure mode and spatial distribution of damage in Rothbach sandstone in the brittle-ductile transition[END_REF] to detect strain localisation in sandstones by studying changes in the density. In this case, post-mortem samples were imaged in CT scans after having been loaded in a triaxial apparatus. [START_REF] Bésuelle | A new true triaxial cell for field measurements on rock specimens and its use in the characterization of strain localization on a vosges sandstone during a plane strain compression test[END_REF].

With the improvement of the available x-ray CT equipments, several tests have been performed focusing on the failure patterns of rocks and localised deformations [START_REF] Charalampidou | Visualization of Failure Pattern in Specimens Containing Surface Crack Using X-ray Computerized Tomography[END_REF][START_REF] Kodaka | Experimental study of compaction bands in diatomaceous porous rock[END_REF]. In these cases, samples were scanned before and after the deformation in an independent apparatus (i.e., ex-situ loading). Several works have also been presented on in-situ tomographic acquisitions, i.e. observing while the sample deforms under applied load inside the tomograph. The advantages of this technique are obvious. The sample can be scanned at different stages of loading, keeping the confinement conditions constant [START_REF] Otani | State of the art report on geotechnical X-ray CT research at Kumamoto University[END_REF]. However, the high interaction of x-rays with metals prevent the designed experimental apparatuses that can be used to deform 'standard' size rock samples. As a result, in-situ triaxial tests have, this far, been constrained to small samples or weaker geomaterials.

Some authors have studied the hydraulic properties of the rocks with CT scans, such as the influence of mechanical deformation on fluid flow patterns (e.g., [START_REF] David | Influence of mechanical damage on fluid flow patterns investigated using CT scanning imaging and acoustic emissions techniques[END_REF][START_REF] Wennberg | Computed tomography scan imaging of natural open fractures in a porous rock; geometry and fluid flow[END_REF] or on permeability [START_REF] Hirono | In situ visualization of fluid flow image within deformed rock by X-ray CT[END_REF][START_REF] Cai | Permeability evolution in fractured coal-combining triaxial confinement with Xray computed tomography, acoustic emission and ultrasonic techniques[END_REF]. The use of saturated samples would be the natural development on this kind of test, however, the low interaction of x-ray with water complicates this step. In some cases, tracers have been used to be able to track the flow in saturated samples in 1D in order to later relate it with permeability [START_REF] Fukahori | Study on Water Flow in Rock by Means of the Tracer-aided X-rays CT[END_REF].

High-resolution x-ray tomography or micro-CT allows the characterization of pore, grains and fracture in micro scales, as well as grain tracking and evolution of the flow.

Working at such high resolution carries different technical limitations and requirements to be addressed. An extended analysis of the technique is available in Cnudde and Boone (2013).

Neutrons

Neutrons are non-charged fundamental particles that interact mainly with the nuclei of atoms. The higher penetration capability with respect to x-rays allows neutrons to be used to image the internal structure of thicker objects, following analogous techniques to those described above for x-rays. The basics of the particle and neutron-based imaging techniques are explained below based on [START_REF] Anderson | Neutron imaging and applications[END_REF].

The neutron is one of the two constituents of the nucleus of an atom and was discovered by J. Chadwick (Chadwick, 1932a andChadwick, 1932b), who received the Nobel prize in Physics for his discovery in 1935. The use of these particles in our society is limited given the difficulty of producing them at high density in laboratory conditions. They are normally produced by spallation (colliding accelerated protons against heavy metal targets) or by fission in nuclear reactors. Additionally, the brightness of the neutrons sources is several orders of magnitude lower than an x-ray synchrotron source. This means that it is more cumbersome to achieve higher spatial and temporal resolutions.

One area where nonetheless neutrons excel is geomechanics, due to the low interaction with metal, allowing the use of vessels which stand high pressures, and the different interaction between isotopes, providing high contrast between light and heavy water, as it will be described further below. The first time that neutrons were used in geoscience was in the beginning of 1950s to determine the water content in soil [START_REF] Gardner | Determination of soil moisture by neutron scattering[END_REF]. It was not until the 1970s that imaging techniques were used to study porous media [START_REF] Reijonen | On the determination by neutron radiography of the thickness of the carbonated layer of concrete based upon changes in water content[END_REF]Pihlajavaara, 1972, Subramanian and[START_REF] Subramanian | Determination by Neutron Radiography of the Location of Polymeric Resins Injected in Rock Fissures[END_REF].

Matter interaction

The interaction of Neutrons with nuclei can be broadly divided in two main mechanisms: the scattering and the absorption. Due to their magnetic moment, neutrons can also interact with magnetic fields, however, this interaction is out of the scope of this thesis. Scattering is the dispersion of the neutron by the nuclei [START_REF] Anderson | Neutron scattering applications and techniques[END_REF] and can be coherent, producing interference patterns that depend on the relative locations of the atoms, or incoherent with random dispersion. In both cases, the physical process can be elastic where the kinetic energy of an incident particle is conserved, or inelastic, where it is not conserved. Elastic coherent scattering is the most used mechanism in neutron experiments, as it provides structural information in crystalline materials. However, the attenuation of the beam, absorbed or scattered, is considered in imaging, the technique used in this work, just as in x-ray imaging. Absorption of incident neutrons by nuclei, can result in the creation of radioactive and unstable isotopes that will decay emitting a variety of secondary radiation (α-particles, β-particles or γ-rays). The probability of a neutron interacting with a nucleus and therefore being 'attenuated' is controlled by the total microscopic attenuation cross section, σ t , which is the sum of the microscopic scattering cross section, σ s , and the microscopic absorption cross section, σ a .

σ t = σ s + σ a (2.5)
These parameters are dependant on the wavelength of the incident neutron, as much as on the isotope they interact with. The product of the density of isotopes in the sample (n) by the total microscopic cross section of each of the isotopes (σ t ) is defined as the macroscopic cross-section (Σ = nσ t ). The analogue of Equation 2.2 for a transmitted monochromatic beam of neutrons is,

I(z) = I 0 e -j Σ j z j (2.6)
The table below, Table 2.1, shows the microscopic attenuation coefficients for the elements/isotopes of special interest in this work. For these elements in a cold neutron beam ( as the ones used, with E = [0, 0.025] eV), the neutron attenuation is mainly due to scattering.

The neutron cross section changes with the energy of the incident beam, which is quite important in the general imaging case where the beam is not monochromatic. For cold and thermal neutrons (i.e., up to 250 meV), there are not few abrupt changes in the cross section, which is inversely proportional to the square root of the energy, as shown in Figure 2.4. [START_REF] Dianoux | Neutron data booklet[END_REF].

Element

Facilities

As aforementioned, in general, neutron instruments cannot be installed in a standard laboratory, due to the processes needed to obtain high neutron fluxes, as well as for the related safety requirements. The experimental campaigns presented in this manuscript were conducted at the CONRAD-2 instrument at Helmholtz Zentrum Berlin (HZB) and the NeXT-Grenoble instrument at Institute Laue-Langevin (ILL). In both cases, the neutrons are generated in reactor sources (BER-II and HFR ) by fission. The energy of the beam in the reactor is in the order of megaelectronvolts. To slow down the neutrons to cold energies, they are passed through moderators containing light elements like H 2 O or D 2 O. The beam is then collimated to increase the parallelism of the beam, which leads to an increase of spatial resolution in neutron imaging.

The CONRAD-II beamline has been operative since 2012 [START_REF] Kardjilov | CONRAD-2: the new neutron imaging instrument at the Helmholtz-Zentrum Berlin[END_REF]. There are two sample positions, as shown in Figure 2.5, one for larger size samples and another for high-speed experiments, which is positioned closer to the end of neutron guide, where there is a higher flux of neutrons (2 * 10 8 n/cm 2 ) enabling high-speed tomographies to be acquired. However, the gain in flux entails a loss of spatial resolution, since resolution is directly proportional to the distance between the sample and the source, L, and inversely proportional to the pinhole aperture, D. According to [START_REF] Banhart | Advanced tomographic methods in materials research and engineering[END_REF], the maximum blur, d, in a radiography is defined by d = l * D/L, where l is the distance between the detector and the sample. In the high flux position at CONRAD-II L/D, and depending on the sample size, it is possible to obtain spatial resolution up to 300 µm. The spectrum of the beam is shown in Figure 2.6(a); it goes from 1 to 12 Å with a peak at 2.5 Å, i.e., the neutrons are in the cold neutron range. The high-speed detector consists of a sCMOS Andor 'Neo' camera, 2560x2160 pixels, and two possible [START_REF] Kardjilov | CONRAD-2: the new neutron imaging instrument at the Helmholtz-Zentrum Berlin[END_REF].

In 2016, Laboratoire 3SR, part of the Université Grenoble Alpes (UGA) and CNRS, in collaboration with ILL, set up a new imaging beam line, NeXT-Grenoble. The high flux of the neutron instrument enables fast tomographies without sacrificing the resolution of the reconstructed images. The flux of the instrument for an L/D ratio of 500 is measured at 9 * 10 7 n/cm 2 . However, different pinholes are available in the beam to adapt to the requirements of the experiment, from 30 mm to 1.5 mm. The distance sample pinhole is instead fixed at 10m. The spectrum of the beam is shown in Figure 2.6(b), with a wavelength that goes from 1 to 12 Å, with the maximum closer to 3 Å. The field of view can be set up to 170x170 mm and a 30 µm real resolution can be achieved with a 2048x2048 pixel camera. The tomograph is built on a granite table to maximize the thermal and mechanical stability of the setup. The structure is also designed to support heavy equipment like loading devices, and the large experimental area facilitates the use of complex experimental setups around and under the sample. In Europe exists other neutron imaging instrument, for example

Imaging

The concepts of tomography and radiography have already been introduced in section 2.1.1 in the context of x-ray imaging. The main difference between the two radiations is that x-ray CT laboratory reconstructions are done in cone beam geometry and the attenuation of the beam changes with the atomic number. In neutrons, the beam is normally reconstructed considering a parallel beam geometry [START_REF] Vontobel | Neutron tomography: Method and applications[END_REF] and the values of attenuation do not follow a simple relationship with the atomic number as described earlier.

The scattering and the beam artefact (or spectral) effects were explained for x-rays earlier. In Table 2.1, it was shown that the scattering cross sections for neutrons are higher than the absorption for the key elements in our tests. Thus, the scattering effect acquires higher relevance, being the main cause of the attenuation of the beam. Some of the scattered neutrons are still able to reach the detector, appearing as extra intensity at positions deviating from the linear path. These scattered neutrons hitting the detector will be recorded as transmitted neutrons and, thus, there will be an apparently lower attenuation for the regions where these neutrons are recorded, which could be interpreted, for example, as less material along the respective direct beam path.

Beam hardening artefacts are accentuated when the beam is not monochromatic, which is the case for the experiments presented in this thesis, both at CONRAD-II and NeXT, see Figure 2.6. In the case of a polychromatic neutron beams, tomographic reconstruction of radiographies using Equation 2.6 entails an error in the final attenuation values. As shown in Figure 2.4, the attenuation is higher for smaller values of the incident neutron. The mean energy of the transmitted beam is higher as it penetrates further into the sample, reducing the attenuation probability, which results in acquiring more counts than expected and assigning lower attenuation values to the pixels in the centre.

Many iterative methods have been proposed to correct these scattering and spectral effects in Hassanein et al. (2005). Prior information of the sample or the computational cost make such approaches sometimes difficult to implement. In Kardjiolv et al. (2005), the authors propose a scattering correction function for known sample geometries. Based on modeling, these authors plot the scattering effect for 3 mm H 2 O layer thickness, with respect to the distance between the detector and the sample, for 50 mm distance the scattering effect is similar to the noise level.

Previous neutron-based flow studies

There has been a large development of neutron imaging techniques over the last thirty years together with significant advances on experiments carried on imaging instruments for geomaterials and engineered porous media (as reviewed for example in [START_REF] Perfect | Neutron imaging of hydrogen-rich fluids in geomaterials and engineered porous media: A review[END_REF]. Earlier experiments were focused on measuring the water content in static conditions [START_REF] Kupperman | Energy dependent neutron imaging[END_REF][START_REF] Rhodes | Dual-energy neutron tomography of water in rock using the Argonne IPNS[END_REF]. [START_REF] Solymar | Relating variations in water saturation of a sandstone sample to pore geometry by neutron tomography and image analysis of thin sections[END_REF] acquired neutron tomographies in a saturated sample before and after flushing it with air.

The first experiments measuring fluid movement were done in oil-saturated Berea sandstones [START_REF] Jasti | Flow imaging in porous media using neutron radiography[END_REF], acquiring dynamic neutron radiographies while the sample was flooded with water. Some years later, Middleton and Pázsit (1998) performed a similar test in Visingö sandstone, but with heavy water instead of normal water, due to the lower neutron interaction. Solymar et al. (2003a) related the evolution of the oil front in water saturated samples to the pore size of different samples also with dynamic radiographies. They showed that in specimens with narrow pore-size distributions the front was more homogeneous, while flow channelling was observed in more heterogeneous samples. [START_REF] Middleton | Spontaneous imbibition studies of Australian reservoir rocks with neutron radiography[END_REF] studied the imbibition of water in dry Mardie-Greensand and Barrow sandstones and the evolution of the front was fitted using a simple diffusion equation, opening the door to quantitative analysis with dynamic radiographies. [START_REF] Polsky | Application of neutron imaging to investigate flow through fractures for EGS[END_REF] went up to 300 µm resolution in radiographies, which allowed them to visualize the curvature in the air/water interface due to a fracture. Also in deformed samples, [START_REF] Hall | Characterization of fluid flow in a shear band in porous rock using neutron radiography[END_REF] acquired neutron radiographies with 120 µm pixel size and 0.1 s exposure time to follow imbibition of the water front. Recently, water infiltration in soils has been studied by high-speed neutron tomography in CONRAD-2 (HZB), to characterize the effect of the plants' roots on the water-uptake [START_REF] Tötzke | Capturing 3D water flow in rooted soil by ultra-fast neutron tomography[END_REF]. The new imaging developments will transform the experimental characterization of hydrogen-rich fluids in dense materials.

Digital Image Correlation (DIC)

Digital Image Correlation (DIC) allows the determination of the spatial transformation between two digital images by tracking regions of an image from one status to another, without the need of specific markers, being based on the texture of the image and from which it is possible to compute the displacement fields. In some cases, the element-wise rotation and distortion of the region is also accounted for. In all cases, starting from the combination of element-wise diplacements, it is possible to obtain the full deformation field of the sample. The success of this method is shown in the number of papers that have been published in the last two decades on a variety of granular media, measuring for example the individual particle movement, shear banding in sand, localisations in rocks, among many others. [START_REF] Guler | Measurement of particle movement in granular soils using image analysis[END_REF][START_REF] Rechenmacher | Digital image correlation to evaluate shear banding in dilative sands[END_REF][START_REF] Bhandari | Strain localization in soft rock-a typical rate-dependent solid: experimental and numerical studies[END_REF][START_REF] Dautriat | Localized deformation induced by heterogeneities in porous carbonate analysed by multi-scale digital image correlation[END_REF]Bésuelle and Lanatà, 2016).

When DIC analysis is made on three-dimensional images the method is often referred to as Digital Volume Correlation (DVC), which has mainly been used to acquire the displacement and strain fields from x-ray or neutron tomographic reconstructions (e.g., Tudisco et al., 2014a). Several DVC codes exist (both freely available and commercial). In this doctoral thesis TomoWarp2 is used (Tudisco et al., 2017a). The procedure for this code is as follows:

• Define the analysis point (nodes) within a reference volume.

• Define a region centred in these nodes (correlation window).

• Finding of the best mathematical match of each of the correlation windows in the subsequent image.

In order to minimize the computational time of DVC, the user can define a search window based on the expected displacements. This approach provides the best displacement resolution of 1 voxel width. Sub-pixel resolution can be obtained by interpolation, either of the correlation coefficient or of the image. The 3D displacements field from DVC can be used to obtain the full strain tensor field, from which the 3D volumetric strain field and the 3D shear strain field between the two pairs of images can be derived.

Porosity measurements

The porosity, defined as the fraction of space occupied by voids relative to the total volume, is one of the main parameters influencing the behaviour of rocks. Mercury intrusion porosimetry is one of the most accepted techniques to measure the bulk porosity, even if many others have been developed (e.g., [START_REF] Espinal | Porosity and its measurement[END_REF]. Among these other techniques, there are full field techniques that provide 3D porosity maps, which give information about the inhomogeneities of the sample or changes due to bands. The code used in this manuscript to determine porosity from 3D images, (Andò, 2013) binarises void/solid phases and computes the porosity for rectangular regions of interest, centred in the nodes of a previously defined mesh. These regions are small enough to provide a local measurement, but also large enough to be representative of the material, and not just individual grains or pores. 

Flow velocity measurements

Chapter 3 EXPLORING THE LIMITS OF HIGH-SPEED NEUTRON TOMOGRAPHY

Objective

Neutron imaging techniques open a new and promising field due to the high interaction of the neutron beam with hydrogen, main component of fluids like water or oil. Additionally, high-speed tomography enables to track the fluid front in 3D. The objective of the first phase of the experimental campaign of this doctoral work is to explore the possibilities that high-speed tomography offers for observation of fluid flow in rocks. For this purpose, water is flushed through two rock samples while neutron tomographies are acquired. One of the samples is undeformed, while the other one is previously deformed in the laboratory (in triaxial compression).

The test performed on the undeformed sample is a external pressure driven flow test, which provides information of the 3D water front inside the sample, as well as on the limitations of high-speed tomography for the tracking of the water front. In the previously deformed sample, water is driven by imbibition, which helps understand the behaviour of the front in the deformed area.

Tested material

The main requirement for the rock is a low attenuation of the neutron beam since the purpose is to follow the water front, and not to focus on the sample. The sample has to be able to stand the deformation under triaxial compression without falling in pieces, which would make it impossible to move from the loading apparatus to the flow cell.

Vosges sandstone has been used in previous neutron experiments [START_REF] Hall | Characterization of fluid flow in a shear band in porous rock using neutron radiography[END_REF], which confirms a good contrast between the material and the water front. This rock contains approximately 93% quartz, 5 % microcline, 1% kaolinite and 1% micas. Quartz has a macroscopic attenuation coefficient for cold neutrons of 0.005 cm -1 , which results in a low attenuation of the neutron beam for our sample size. It has a porosity of 22% and mean grain diameter of 300 μm. It is extracted from the Woustviller quarry in the Vosges Mountains (France). This rock has been largely studied by many authors (in the specific case of Laboratoire 3SR Bésuelle, 2001;[START_REF] Lanatà | Full-field experimental characterization of mechanical behaviour and failure in a porous rock in plane strain compression: homogeneous deformation and strain localization[END_REF][START_REF] Charalampidou | Visualization of Failure Pattern in Specimens Containing Surface Crack Using X-ray Computerized Tomography[END_REF] due to its importance in reservoirs, to investigate its mechanical behaviour. Both samples are 39 mm diameter cylinders. The height of the first sample is 76 mm and it has two parallel vertical flat surfaces on which two notches have been cut at different elevations (Figure 3.1). These flattened sides are designed to allow the attachment of ultrasonic emission transducers in previous tests, which have not been finally accomplished. The second sample is 78.18 mm high. A notch is cut at about 2/3 of the height covering 1/4 of the circumference, to encourage the expected localised deformation to occur in the middle region of the sample, as in [START_REF] Charalampidou | Visualization of Failure Pattern in Specimens Containing Surface Crack Using X-ray Computerized Tomography[END_REF]. This sample is deformed and imaged with x-ray tomography to get the full-field measurements of strain through DVC, while the first sample is kept undeformed.

The previously deformed sample was part of an experimental campaign to prove that neutron tomography can be combined with the DVC method in order to investigate the strain localisation in rocks (Tudisco et al., 2014a;[START_REF] Tudisco | Full-field measurements of strain localisation in sandstone by neutron tomography and 3D-volumetric digital image correlation[END_REF].

Experimental methods

Deformation Triaxial compression

The triaxial compression test is performed at Laboratoire 3SR in Grenoble using a triaxial apparatus designed by Geodesign [START_REF] Bésuelle | Déformation et rupture dans les roches tendres et les sols indurés: comportement homogène et localisation[END_REF][START_REF] Bésuelle | Evolution of strain localisation with stress in a sandstone: brittle and semi-brittle regimes[END_REF], and shown in The apparatus, shown in Figure 3.2(c), consists of two parts: the lower cell, where the specimen is placed and the upper cell, which hosts the axial load self-compensated piston. Both parts are connected by eight bolts. In order to apply the deviatoric pressure, the top chamber is connected to an external pump and filled with oil. The pressure in the top chamber is transmitted to the sample multiplied by a factor dependent on the sample diameter, in this case 4.5. The lower cell is filled with oil to apply the confining pressure to the sample, which is covered with a neoprene membrane to avoid any oil penetration. Both upper and lower load caps are connected to drainage lines that are open during the test. Two intermediate smooth enlarged aluminium platens are placed between the specimen ends and the load caps to ensure minimum friction in the interfaces. The cell is able to sustain 60 MPa confining pressure and up to 270 MPa deviatoric pressure.

The sample with one notch is deformed in triaxial compression at 30 MPa confining pressure and its stress/strain response is reported in Figure 3.3. At the end of the test, a single shear band is observed in the specimen, inclined at 45 • with respect to the specimen axis [START_REF] Bésuelle | Evolution of strain localisation with stress in a sandstone: brittle and semi-brittle regimes[END_REF]. This sample will be addressed as the 'previously deformed sample' from now on, while the other will be named as 'undeformed sample'. 

X-ray imaging

The characterization of the mechanical strain in the sample following triaxial load is obtained employing x-ray tomography images. chapter 2 explained the methodology of these scans. The parameters of the tomographies acquire before and after axial loading in HZB (Berlin) are presented in Table 3.1. 

Fluid flow

The neutron experiments are performed in the CONRAD II instrument in HZB (section 2.1.2) in January 2016. This section explains in detail the preparation needed and the type of images acquired in the process. 

Sample preparation

The samples are wrapped in Teflon tape, leaving the bottom and top surfaces exposed. This tape adapts to the pores or small discontinuities of the sample ensuring a good fluid sealing and has minimum interaction with neutrons. In the case of the undeformed sample, two especially machined Teflon inserts are placed on the sides to recover the cylindrical shape needed to fit in the experimental setup. The sample is wrapped in Teflon before and after putting the inserts to prevent fluid from flowing out of the sides of the sample. Finally, the samples (plus Teflon inserts) are confined in a heat-shrink Fluorinated Ethylene Propylene (FEP) membrane (Figure 3.4a). A heat gun is used to shrink the FEP membrane around the sample and so, seal the ensemble (Figure 3.4b). This membrane is chosen due to the low interaction with neutrons.

The selection of the membrane is discussed below. The samples are mounted in a aluminium cup (Figure 3.4c,d) and sealed with silicone. The cup has a small reservoir in the bottom, that allows a homogeneous contact of the whole base of the sample with water and has to be filled before placing the sample to avoid bubbles in the system. The bottom of the sample is therefore wet before the first scan.

Membrane

One of the main challenges of the experimental campaigns is to find a proper membrane. The membrane is placed around the sample to impose the same pressure while avoiding the fluid flowing out of the vertical boundaries of the specimen. The attenuation between the neutrons and the material should be minimal. The membrane should also be able to deform with the sample in later tests, while being strong enough not to break. The four membranes shown in Figure 3.5, are image with neutrons to measure 2.6), the macroscopic cross-section of the sample and of each of the membranes can be obtained.

Latex membranes are often used for testing rock and soil. The elasticity and the resistance to tear or puncture makes them ideal in many applications. This material contains significant amounts of hydrogen, which has a high neutron macroscopic cross section. In Figure 3.6a, the sample is partially covered with a latex membrane. The membrane is longer than the sample, so it extends until the top of the image. The attenuation of the membrane in the top of the image is 0.5 and the thickness 0.1 cm. Therefore, the macroscopic cross-section of the latex is Σ= 5 cm -1 , making it not optimal for neutron imaging.

Vinyl is a synthetic material made mainly of PVC (Poly Vinyl Chloride), containing also hydrogen as main element. It is not as resistant as latex, but it is still often used due to its low cost. In Figure 3.6b, another Vosges sandstone sample is covered with the Vinyl membrane in the top. The attenuation of the sample in the center is 1 and the thickness of the sample 38 mm. This implies that the macroscopic cross-section of the sandstone is Σ S = 0.26 cm -1 . The attenuation in the top of the image, where the sample is covered with the vinyl membrane, is 1.6. As a result, in the case of the 0.1 cm thickness membrane the macroscopic cross-section is Σ M = 6 cm -1 , as explained by the following equation:

Attenuation| M +S = Σ M d M + Σ S d S (3.1)
The fluoroplastic membrane or FEP (Fluoro-Ethylene-Propylene) is a plastic where the hydrogen atoms have been replaced with fluorine, which has very low interaction with neutrons. This kind of plastic has very high working temperatures, non-stick properties, high resistance to solvents and high electrical resistance. Figure 3.6c shows the image of a sandstone sample covered by a fluoroplastic membrane. Even if it is not totally clear from the image Figure 3.6c, the membrane is longer than the sample and reaches the top of the image. The macroscopic cross-section of the fluorated membrane in cold neutrons is Σ=0.08 cm -1 , much lower than for the other membranes.

Viton is a brand of synthetic rubber and fluoropolymer elastomer. It is not commonly used in the geomechanics field. The diameter of the membrane is 40 mm and the thickness is 0.25 mm. The elasticity of this material is higher than the FEP. The company Cable Organizer provided us with a Viton membrane of 0.8 mm. The material was too thick to work as a membrane, but was tested in the beam to check the interaction of neutrons and to compare both Viton membranes. Figure 3.6(e) shows the attenuation of the same sandstone sample covered by the 0.8 mm thickness Viton membrane. The macroscopic cross-section of this Viton membrane in cold neutrons is Σ=1.79 cm -1 . Table 3.2 shows percentage of the transmitted beam that crosses the membrane for different membrane thicknesses, i.e. the one that has not been attenuated. The vinyl is the membrane that produces a higher loss of neutrons and the fluoroplastic the least. Even though the Viton membranes attenuate more than the fluoroplastic ones, the values are still very small and the more convenient mechanical properties would make them a good option for neutron experiments when the sample is deformed. 

Setup

The sample is placed on a cup and glued with silicon to a stick attached to the rotation table of the instrument. The cup is connected by a flexible tube and an electro-valve to a water tank placed on a platform that can be moved vertically as shown in Figure 3.7. The platform and the valve are controlled from outside the hatch during the experiment, which allows the control of the water supply, turning on and off the valve, and the pressure of the flow, by raising up or lowering down the platform. 

Image acquisition (at CONRAD-2)

As mentioned in chapter 2, the position and the pinhole size in CONRAD-2 are chosen to provide the highest flux, since the aim is to acquire a tomography in the shortest time possible. A 3 cm diameter pinhole gives a neutron flux of around 2 * 10 7 n/cm 2 and an L/D ratio of 167 at the sample position. The sample is placed as close to the scintillator as possible, at l = 20 mm, the minimum due to the diameter of the sample and the rotation table. The maximum theoretical resolution, d, is calculated as Equation 3.2, resulting in 120 µm.

d = l L/D (3.2)
To minimize the exposure time of each projection, binning of 4x4 pixels is used on the camera resulting in a pixel size of 100 µm. This allows fast exposures (0.2 s per projection) with sufficient signal to noise ratio, which, in turn, permits continuous rotation without dead time between each projection. Full rotation over 360 • was not possible due to the possibility of collision between the detector and the water inlet tube shown in Figure 3.7(a). Therefore, tomographies were acquired over 180 • continuous (clockwise and counter-clockwise). An approximated number for the amount of radiographies, N rad , needed for a 360 • tomography is given by [START_REF] Kaestner | Spatiotemporal computed tomography of dynamic processes[END_REF]:

N rad = π 2 * t max ps (3.3)
The number is directly proportionally to the maximum thickness of the sample, t max and inversely proportional to the pixel size, ps. Since our test is just 180 • , the final amount of radiographies are 300, which which results in a time for tomography of 60 seconds.

The rotation velocity of the table is not constant during the start and stop phase. To avoid using the radiographies acquired during the acceleration/slowing down periods, the table spans from -5 • to 185 • acquiring around 310 radiographies. In this way, only the central 300 radiographies are used to reconstruct each tomography.

With these settings, a full tomography acquisition of 300 projections can be acquired in just 1 minute over 180 • with a field of view (FoV) of about 60x73 mm 2 , which is slightly smaller than the height of the samples. It was chosen to leave the bottom part of the sample out of the FOV since the presence of silicone, used to seal the base, prevents the transmission of the neutrons, compromising the images in this area.

At the beginning of each experiment, dark and flat radiographies are acquired. Subsequently, the procedure explained above to acquire tomographies is applied until the water reaches the top of the sample. 

Tests

During the test of the undeformed sample, the water level is kept at a constant height, above the top of the sample, by moving the reservoir upwards to compensate for the fluid leaving the reservoir and entering the sample. In this way, an almost-constant water pressure is applied at the bottom of the sample. The experiment last for about 2.5 hours and 149 tomographies are acquired.

For the initial stage of the test on the previously deformed sample, the water level is kept constant and levelled with the top of the sample to accelerate the advancement of the fluid until the water front reached about 1/3 of the sample height. Subsequently, the reservoir is lowered to maintain the water level a few mm above the sample base, which allows imbibition-dominated flow to be studied in the area of the sample that presented the localised deformation (middle-top part). The process took 5.5 hours during which 485 tomographies are acquired.

A laser is used before the tests to calibrate the level of the water. To avoid any bubble in the system, the samples are placed in the cup only once the cup is full of water, so it is inevitable to get some water already in the sample in the first acquired tomographies. Despite the effort to avoid any bubble in the system, before starting the second test, a bubble got trapped in the inlet of the cup, blocking the flow for hours. Moreover, in the course of the second test, the camera stops working for about 40 minutes, resulting in a gap in the imaging of the imbibition process when the water front is in the bottom half of the sample.

Image Analysis

This section details the data processing of the aforementioned images. The images obtained with the x-rays are reconstructed with Octopus, the commercial software available in HZB [START_REF] Vlassenbroeck | Software tools for quantification of X-ray microtomography at the UGCT[END_REF][START_REF] Vlassenbroeck | Software tools for quantification of X-ray microtomography at the UGCT[END_REF]. This software corrects the projections from vertical offset and tilt. Once the reconstructions of the previously deformed sample are obtained before and after the loading, the DVC code is run to calculate the 3D strain field based on the displacements.

The focus of this study is the quantification of the advancement of the fluid front. In order to carry out this analysis, several in-house Python codes have been developed. The procedure is to reconstruct the tomographies, threshold the water body in each of them to get the position of the front in time and evaluate the water speed between two consecutive fronts.

The tomographic reconstructions are performed using an in-house code based on the ASTRA tomography toolbox [START_REF] Aarle | The ASTRA Toolbox: A platform for advanced algorithm development in electron tomography[END_REF][START_REF] Palenstijn | A distributed ASTRA toolbox[END_REF]. The acquired radiographies are corrected by dark and flat field and then the negative logarithm is computed. This way, the input to the Astra toolbox is not an image representing the counts measured at the detector, but an image of the attenuation coefficient of the material. Three slices of the reconstruction of the deformed sample are shown in Figure 3.9. In this tomography, the water almost flooded the whole sample. The correction of position and inclination of the axis of the rotation and the detector during the test required a post-processing of the projections. To find the first approximation of the horizontal offset (x-offset), the radiography acquired at 0 • and the one acquired at 180 • flipped are subtracted for different offset values in an iterative process that, moving the images, minimizes the difference between both radiographies. Due to the symmetry of the technique, these two radiographies should be the same, the difference between them is mainly the result of the offset, and too lesser effect, of the evolution of the water front during one tomography. Once a first approximation is obtained, the central horizontal slice is reconstructed for different values of the xoffset. In this second approximation, the final offset is identified based on the sharpness of the reconstructed image, determined using the method of [START_REF] De | Image sharpness measure for blurred images in frequency domain[END_REF]. This second method is more precise, but also more time consuming. However, the weak texture of the material in this spatial resolution does not enable good quality measurements. Because of noise, neither of the two methods is fully satisfactory and the choice of x-offset is taken by eye. All the tomographies are reconstructed with the same values to avoid sample misalignment in the subsequent analysis. In the case of the undeformed samples, the values are : x-offset: -20.439 pixel, tilt: 0.0152 • , y-offset: -19.4985 pixel. In the case of the deformed sample: x-offset: -21.6605 pixel, tilt: 0.012 • , y-offset: -46,00 pixel.

Tomographies are taken in clockwise and counter-clockwise rotations, but due to problems with the misalignment between the odd and even tomographies and the big amount of data acquired, only the even tomographies are reconstructed. Finally, after applying all the corrections above, the even tomographies are reconstructed assuming a parallel beam and using the 3D SIRT GPU-based algorithm [START_REF] Palenstijn | Performance improvements for iterative electron tomography reconstruction using graphics processing units (GPUs)[END_REF]. The Astra Tomography toolbox, in fact, offers three GPU implementation algorithms in 3D: FDK CUDA, SIRT3D CUDA and CGLS CUDA. The first one only supports cone geometry.

The other two use the same GPU memory and time but the quality of the reconstructed image is higher with SIRT3D CUDA in our case. Therefore, this is the one chosen for this project. For a given size of the input, I (32 bit), and size of the reconstructed output, R (32 bit), the needed GPU memory is [START_REF] Palenstijn | Performance improvements for iterative electron tomography reconstruction using graphics processing units (GPUs)[END_REF]:

M = 3I + 3R + max(I, R) (3.4)
The SIRT3D CUDA algorithm also allows the user to enforce non-negativity for the attenuation values in the reconstructed image.

Figure 3.10a presents the central vertical slice extracted from the 3D image of the undeformed sample when the water front has flooded almost half of the sample. On the right side, the plot represents the gray scale value of the vertical line marked in the image. The advancement of the front is clear due to the high contrast between the saturated region and the dry region below. In the water-filled area, the neutron attenuation is high and the textural information is obscured. Moreover, a beam hardening artefact is evident in the saturated region. To facilitate the thresholding of the images, the tomographic reconstruction is repeated using radiographic projections normalized by the corresponding projections from the initial tomographic scan of the dry sample. This procedure allows only the water to be reconstructed, as shown in Figure 3.10b, obtaining zero gray scale values in the dry areas as shown in the plot. Note that the first (dry) tomography is acquired when water is already in the field of view. Therefore, the region of the sample, where water is already present, appears as a dark area at the bottom of the image in Figure 3.10b. It can be seen that this process removes the rock sample texture from the images, which provides further support that the sample texture visible in 3.10a is real and not noise. The contrast between the fluid-filled and the dry regions of the samples is much greater than the noise level or the effect of beam hardening, especially after removing the dry sample. The reconstructed volumes are filtered twice to further reduce random noise with a 3D Gaussian filter with a standard deviation of the filter of 5 pixels Figure 3.10c. By binarisation of the 3D images, it is possible to separate the dry and wet areas to provide a series of binary 3D images that represent a time series of the water front progression, Figure 3.10d. From each consecutive pair of binary image series, a 3D map of the speed of the waterfront has been calculated, as described in the following.

The binary images allow to isolate the water body and set the front for each tomography.

In the following, a new approach is proposed to obtain the speed map between two consecutive tomography acquisitions. The speed map determination approach is first illustrated using 2D synthetic images and then applied to a vertical slice of a real 3D case.

The procedure involves the calculation of 'distance maps' in the binarised fronts, which provides the euclidean distance from the two fronts for each pixel. In Figure 3.11, the case of a curved front that moves 100 pixels in the vertical direction is shown. In the case of the 'Front 1', the distance is calculated in the black pixels (dry area) from the closest pixel in white (wet area). For the 'Front 2', the distance is calculated in the white pixels (wet area) from the closest black pixel (dry area). In both cases, in order to minimize the artefacts in the boundaries, the 'distance map' is also calculated in the outside part of the sample, as shown in the column b of Figure 3.11. The two distance maps are subsequently masked to retain only the image of the sample region between the two fronts (Figure 3.11d). These masked distance maps are summed together to provide a new image that represents, for each point, the shortest-path distance that water crossing that point travels to reach the second front from the first (seeFigure 3.11e). Note that a constant value of 1 has to be subtracted from the resultant to correct for the discrete nature of the procedure. Knowing the time elapsed between the acquisition of the two images, this distance can be directly converted into the speed of the front advancement for each point between the considered fronts. In the example, the shape of both fronts is the same, but the second front is moved up 100 pixels in the vertical direction. Accepting a time lapse of 1 minute between both fronts, the maximum value would be 100 px/min visible in the center area. The values decrease when moving away from the center of the image, while in both corners of the speed map, the values are similar to the ones in the center. This is part of the limitation of the method, that only provides the shortest path for the water without considering boundary conditions nor accumulation of the fluid. In order to simulate a more realistic case, where a localisation band is presented in the sample, the two fronts in Figure 3.13 are proposed. The first one is a concave front that could appear in an ordinary undeformed sample and the second one could be representative of a shear band that acts as conduit for the fluid. The second front is not as smooth as in the previous example. The speed is almost constant and close to 30 px/min in the left side, where the front has moved uniformly. The small variations are due to the roughness of the second front. In the center, the values increase due to the largest distance to be covered and the paths, which can be approximated by the equipotential curve in the speed maps, are curved to adapt to the geometry of the second front.

(a) (b) (c) (d) (e)
Figure 3.13: The procedure to get the speed map between two random fronts.

In the third and last example, the method is applied to a vertical slice of two consecutive fronts in the undeformed sample, where the front is flatter than the examples before (Figure 3.14). The size of the image is 425x86 pixels. The speed map shows that the front moved around 24 pixels in one minute. The variability in the center is due to the roughness of both fronts, however, the values are very similar. In the borders, where the front almost did not advance, the values decrease progressively. The described procedure sketched above in 2D is extended in this work to 3D and provides the flow speed field of the advancement of the water-front between two tomographies. Repeating the process for each consecutive pair of images and assembling the results, provides a full speed map volume covering the entire imaged sample. The resolution of the speed map is determined by the frequency of the front acquisitions and the spatial resolution of the reconstructions, and it is limited by the noise, which affects the smoothness of the surface. To obtain optimal results, the movement between two fronts has to be larger than the front roughness and the front should advance at least one pixel between two consecutive steps.

Results

Undeformed sample The same slices as in Figure 3.15 are shown in Figure 3.17 for the 3D speed map (calculated using the method described above). The speed in the bottom of the sample is around 20 µm/s and at the end of the test is reduced to 5 µm/s. The water during the test was pushed from a tank that keeps the water level always at the same height of the top of the sample. As expected, the change of velocity is quite homogeneous in the sample, except the small variation created by the two notches visible in Figure 3.17b bottom right and top left. The speed field is shown in Figure 3.17c; the horizontal slice is fairly 

Previously deformed sample

This second test differs from the one described above in two aspects: firstly, the sample contains an array of deformation bands; secondly, the flow experiment is conducted so that, in the top part of the sample, imbibition of water is the key operative driving force.

Figure 3.18 shows the results of the DVC analysis. Two vertical slices, perpendicular to each other, and a horizontal slice of the maximum shear strain field and the volumetric strain field are plotted. The mechanism is essentially shear compaction even though in some areas of the bands, mainly close to the boundary of the sample, some dilation is observed. The longer band is going from the notch up to the top of the sample with a 45 • inclination, as it is observed in Figure 3.18a. The deformation band is better defined in the top, while it gets more diffuse and split in two as it approaches the notch. The second band, that goes from the notch downwards, is shorter in length but with similar maximum shear and volumetric strain values. Vertical and horizontal slices of the 3D speed maps are shown in Figure 3.21. The speed of the front is higher at the beginning since the flow is external pressure driven. When the regime is changed to imbibition, the front suddenly slows down progressively till the top of the sample. In both shear bands, the speed is higher than in the surrounding areas. The higher speed in the localised deformation bands can be interpreted as a consequence of higher air-water capillary pressure, which suggests smaller pore sizes in the band than in the surrounding region. This hypothesis is consistent with the strain maps from the DVC, which reveal that the shear bands are predominantly compactant. In Figure 3.9, the higher attenuation of neutrons seen in the region of the deformation bands, being the sample full of water, indicates higher water content. The interconnectivity of the porous is increased in the compactant shear band,resulting in smaller pores but with a bigger percentage of them full of water.

The highest disparity of speed with respect to the surrounding regions is shown by the shear band extending downwards from the notch, which suggests that the capillary pressure in this part of the sample is affected by deformation, even though this localisation zone is less visible in the DVC results. Most probably, this is due to the general higher pressure in this area. In contrast, the band continuing from the notch towards the top of the sample appears to have a smaller impact on the water speed, compared to the other band. This could be due to a much lower velocity of the water at this height (which can only advance as quickly as the water supply from below), which makes the difference between the velocity in the band and in the surrounding area also smaller to the point that in the top of the sample it is almost too small to be appreciated. Another possible explanation is the dilatant character of this part of the shear band, which might reduce the capillary effects.

In the region where no information is available on the flow, because of the issue with the image acquisition described above, it is interesting to note that the method is still able to capture the average speed and the higher speed in the bands despite the long distance between the two waterfronts. 

Discussion

The results presented in this chapter demonstrate the ability of the analysis method to capture the evolution of the fluid flow front in 3D via high-speed neutron tomography, both under pressure-and capillary-driven flow, for a nominally homogeneous sample and a heterogeneous one that contains localised deformation features. Based on these results, some clear questions might be posed, such as: (i) are the speed measurements truly quantitative and reliable? (ii) how fast can the fluid flow while still being captured by this method?

To answer the first of the above questions, a comparison against an analytical solution can be made for the test on the undeformed sample as, in this case, the water fronts are sub-horizontal, which allows the system to be considered as 1-dimensional in first approximation and neglecting capillarity forces. On this basis, Darcy's law defines a linear relationship q = -Ki, where q is the specific discharge, K is the hydraulic conductivity, and i is the hydraulic gradient, with i = (h 1 -h 2 )/z where z is taken as the height of the wetted area of the experiment, and h 1 and h 2 are the hydraulic head values at the bottom and top of that region. The pressure at the bottom of the sample is constant and given by the water-tank level times the unit weight of the water (z w γ w ).

Setting z = 0 at the bottom of the sample, the hydraulic head is h 1 = z w = 160mm.

The pressure at the water-front is zero and the hydraulic head is h 2 = z. The hydraulic gradient changes with time because the height of the wetted region increases and the specific discharge, which is equivalent to a flow speed, is given by:

q(z) = K(1 -z w /z) (3.5) 
Knowing the flow speed for each height of the sample, a value for the parameter K can be determined, from which the permeability of the sample (k) can be derived by k = Kµ(ρg), where µ and ρ are the water viscosity and density, respectively. The analytical equation (Equation 3.5) has been fitted to the experimental points obtained by averaging the water speed values over square area in the middle of the horizontal slices, avoiding the edge effects, as in Figure 3.22. The fitting of Equation 3.5 to these data provides a best-fit value for K of 3.310 -6 m/s, which corresponds to an apparent permeability of 3.310 -9 cm 2 , which compares well with lab-measurements obtained from other samples of this sandstone. The good fitting of the curve and the realistic value found for the permeability suggest that the hypothesis of external pressure driven flow is correct and that the results from this imaging method can be used for quantitative analysis of the flow speed i.e., the imaging speed, ideally.

With respect to the second question above, changes in a sample being imaged for tomographic reconstruction should not exceed one pixel during the scan in order to allow a good quality reconstruction of the volume which is based on the hypothesis that first and last radiographies should match. In this case, the analysis provided reasonable results even where the water-front was moving around 10 pixels per minute (i.e., 10 pixels advance of the front during the time taken for the tomography data to be acquired). The movement of the water, however, causes a distortion in the reconstructed volume since the front is lower in the first projection than in the last one. For this rea- son, measurements of the frontal advance speed are best made between even numbers of tomographies (i.e., with the same rotation direction) to have the same kind of distortion in all the fronts. This issue can be overcome, in part, by analysing the data as a time-series of projections and not as reconstructed tomographic volumes, as has been described, for example, by [START_REF] Jailin | Fast Tracking of Fluid Invasion Using Time-Resolved Neutron Tomography[END_REF].

This observation suggests that, for this sandstone, the localisation is associated with pore-size reduction, which likely includes crushing and re-organisation of grains. It is, however, crucial to carry out pressure-controlled flow tests with pre-saturated samples to study the effect of deformation on the local intrinsic permeability.

Summary

In this chapter a new method has been presented, involving high-speed neutron imaging and image analysis, for 3D monitoring of fluid advance in rock specimens, with unprecedented spatio-temporal resolution. The new analysis method allows the determination of fluid-front advance speed at each voxel position in the 3D volume. Quantitative full-field analysis of fluid-front speed have been performed on two samples of a Vosges sandstone, one nominally-intact and one containing localised deformation features resulting from previous laboratory triaxial loading, for flow under pressure-and capillary-driven conditions, respectively. Verification of quantitative speed measurements has been performed by comparison to a 1D analytical model of pressure-driven flow for the undeformed sample, for which the hypothesis of homogeneity is reasonable. This verification provides confidence in the local measurements of capillarydriven fluid-front advance in the sample containing localised deformation features.

The resultant fluid-front speed map for the deformed sample has been compared to full-field strain measurements from DVC analysis of x-ray tomography images acquired before and after the laboratory triaxial loading. This comparison reveals that the localisation of fluid-front speed correlates well with localisation of deformation and that the fluid-front advances faster in the more deformed regions of the samples (i.e., in the shear-bands). The apparent 'pull' of water in these bands likely relates increased capillary driven flow to reduced pore-sizes, which is consistent with the general compactant nature of the localised shear features.

Based on the methods presented herein, it is now possible to perform 3D imaging sufficiently fast and to control the flow to be able to follow flow processes in full 3D in a neutron imaging station. The next step is to improve control over boundary conditions, as well as to develop the test on saturated samples.

Chapter 4 COUPLED HYDRO-MECHANICAL CHARACTERIZATION OF SATURATED ROCK SAMPLES

Objective

The aim of the experimental campaign presented in this chapter is to study the effect of deformation on the local intrinsic permeability, i.e., analysing the flow of water into water saturated rocks, in contrast to water into air, as presented in the chapter 3. To achieve this goal, pressure-controlled flow tests have been carried out. In this case, the fluid front can be detected thanks to the different attenuation of the neutron in heavy (D 2 O) and light water (H 2 O), which are considered, in first approximation, to be the same fluid. Before the flow tests, samples of the same material were deformed in the triaxial compression at two different confining pressures (30 MPa and 40 MPa). The tests were stopped at different levels of axial strain. These strain levels were chosen based on a previous study by [START_REF] Bésuelle | Evolution of strain localisation with stress in a sandstone: brittle and semi-brittle regimes[END_REF], shown in Figure 4.1 as gray stars.

Tested material

A total of five samples are cored from the same block of Vosges sandstone, following the same coring direction. The coring, cutting and rectifying steps are carried out in Laboratoire 3SR, as well as the triaxial compression test. The suitability of this rock for experiments with neutrons have already been proven in the experimental campaign presented in the chapter 3. Moreover, preliminary tests are performed to assure that a sufficient contrast between heavy and light water inside a Vosges sample could be measured. Figure 4.2 shows the attenuation of the beam as a function of sample thickness, for the cases of a Vosges sample saturated with heavy water and one saturated with Table 4.1 shows the characteristics of the five cylindrical samples and their photos are presented in the figures below.

Experimental methods

A complex setup is designed for the hydraulic test, not only to gain control over the boundary conditions of the experiments (e.g., pore pressure, flow rate), but also to preserve the saturation of the sample. 

Deformation Triaxial compression

The samples are deformed in the same loading device described in Figure 3.3.1. Confining pressure and axial displacement are controlled while the force applied to the piston is measured. The global stiffness of the loading device, dependent on all the components of the device that can store mechanical energy and release it statically, is measured conducting a triaxial test with a steel sample. The stiffness of the cell is 322 kN/mm.

Based on previous experimental studies of this rock, one sample is kepts undeformed (VO01ME) and the other four samples are deformed dry at 30 and 40 MPa confining pressures; two samples are loaded up to the peak and two up to the post-peak stress plateau, see Figure 4.1. The patterns of non homogeneous deformation (i.e., strain localisation) developed in the sample for values higher than 40 MPa are too complex to be imaged with a low spatial resolution technique as high-speed tomography. For confining pressures lower than 30 MPa, the specimen is more likely to fall apart after the test.

Before the test, the parallelism of the two ends of the samples is measured with a me-chanical comparator, Table 4.1. Wax is spread on the bottom and the top of the sample and in the surfaces of the porous stones in contact with the sample to reduce the friction during the loading. The procedure followed for the confining is introduced in section 3. The sample VO03ME is also tested at a cell pressure of 30 MPa. This sample is axially deformed until it reaches a peak stress deviator of 77.321 MPa, similar to the sample VO02ME, at an axial strain of 1.26%. The stress deviator vs. axial strain curve of the test is shown in Figure 4.4a and the photo of the sample after deformation in Figure 4.4b.

The final height of the sample is 77.66 mm, that corresponds to a real axial strain of 0.56%.

Sample VO04ME is tested at 40 MPa confining pressure. The test is stopped after passing the stress peak once the stress plateau is reached, at 1.53% axial strain. The stress deviator vs. axial strain curve is shown in Figure 4.6a. The after peak response corresponds to the expected behaviour for this material, a soft decrease in axial stress (78.85 MPa). The height of the sample after the loading is 77.60 mm, corresponding to a real axial strain of 0.51%. The sample already deformed is shown in Figure 4.6b and c.

Finally, sample VO05ME is tested at 40 MPa confining pressure. The plan is to stop the test at the peak. However, the behavior is more brittle than in previous tests, so it is finally stopped after the peak (78.30 MPa), as shown in Figure 4.7a, at an axial strain of 

X-ray imaging

The strain field is determined by processing the x-ray tomographies acquired before and after the loading of the samples. The x-ray scanner available at 3SR Laboratoire and used for this task is detailed in chapter 2. The same parameters for the tomographies, shown in Table 4.2, are used for all the scans, except for the second post-mortem tomography of the sample VO02ME that is image a second time with higher resolution Table 4.3. The aim of the x-ray tomography is to measure the strain field in the sample, not to accomplish any micro analysis for the Vosges sample with 300 µm grains diameter. Therefore, 50 µm pixel size for the scans is considered reasonable. At this resolution, some of the grains can be seen, as well as some of the pores needed to run the porosity analysis and the shear band formed during the test. As an example, two horizontal slides of the VO02ME sample before and after deformation are shown in After the second loading.

Fluid flow

Setup

The setup allows controlling the water flow rate pushed into the sample from the bottom, the flow pressure at the top and the confining pressure while measuring the volume of water in the bottom and top and confining pressures. The system consists on two water tanks, a water/air interface, six valves to control the water flow, the control box to control the valves, two pressure regulators, a syringe pump, two pressure transducers, a displacement transducer, a National Instrument acquisition card, three power supplies, a cell and a computer. In Figure 4.9, the setup is shown mounted in CONRAD II instrument in HZB. 

The cell

The vessel cell is an aluminium cylinder that measures 74 mm in diameter and 172 mm in height. It is mounted on a base that can be adapted to the height required in each instrument and is attached to the rotation stage. The design of the cell is presented in Appendix A. The cell is designed for 38 mm diameter samples, but it can easily be adapted for 50 mm diameter samples. A piston is located on top of the sample and it can be connected to a motor to apply a mechanical loading (this option is not used for the experiment presented in this chapter).

Two intakes are present in the bottom part of the cylinder. One of the intakes leads the water to the sample and the other one is the entrance for the confining fluid. The outlet of the confining fluid is on the top and the outlet for the sample's pore fluid is located in the piston.

Fluid system

The setup allows the user to impose fluid rate at the bottom of the cell and the pressure at the top, as well as to measure the pressure at the top and bottom during the experiment. In order to control and monitor the fluid inside the sample and the pressure applied during the experiment, some tools are connected to the cell. The hydraulic scheme is shown in Figure 4.10. Two tanks store the water during the test. One of them contains the distilled water that flows into the sample and the other one collects the water that exits from it. One of the water tanks is connected to a pump and the second one to a water/air interface.

The flow between the different components is regulated by electro-valves. The water tanks are placed in a higher position to allow the interface and the pump to be filled by gravity. To empty it, pressure is applied to the interface using a pressure regulator.

The amount of water entering the sample is controlled by a pump with a syringe by imposing a volume rate. The syringe pump is connected to the bottom intake of the cell, which leads the water to the sample. Two electro-valves are installed between the pump and the cell, and a pressure transducer in the middle.

The pressure and the volume of the water coming out of the system is controlled by a water/air interface, equipped with a displacement transducer to measure volume changes, and a pressure regulator. The water/air interface is composed of two compartments separated by a piston and two membranes that transfer the pressure between the two fluids. The lower compartment, full of air, is connected to a pressure regulator that imposes pressure to the system. When the water enters or leaves from the upper compartment, the membrane moves vertically. This movement is measured by the displacement transducer to keep track of the amount of water in the system.

A pressure transducer is connected to the bottom inlet of the cell and another to the top outlet, in order to measure the pressures of the flow as close to the sample as possible.

Finally, six electro-valves control the flow of the fluid.

For the system to work properly, it is important that every part of it is fully saturated.

All the air should be removed from the water/air interface, the tubes, the connections and the sample. In order to better follow the position of the fluid flow, the sample is initially saturated with heavy water, which is more transparent to neutrons and, thus, allows the detection of small amount of light water. The flow of D 2 O into H 2 O gives, to the contrary, a lower contrast to the images. Previous attempts to saturate the samples leaded to the conclusion that it is preferable to saturate them beforehand due to the difficulty of removing air bubbles and the large amount of heavy water needed.

To reduce the amount of heavy water to be used in a flow test, the samples are saturated with heavy water while the system is saturated in light water. Therefore, it is required to expel the air without pushing water through the sample. For that purpose, light water is pushed from the water tanks towards the top and the bottom of the samples with the aid of air trap valves. Before setting the sample in the cell, the top and bottom drainage lines (all the way to the air trapper valves) are filled with heavy water using a syringe.

The confining fluid can be a liquid or a gas. The choice depends on the level of pressure used in the experiment and the neutron absorption of the chosen fluid. When air is used, as in this case, the pressure regulator can be directly connected to one of the bottom intakes of the cell. The applied confining pressure is measured by a pressure transducer at the top of the cell.

Electronics

During the experiments it is not possible to access the setup. Consequently, it is crucial that every component of the test can be monitored and controlled from outside the hutch. The pressure regulators, the pressure transducers, the displacement transducers, the electro-valves and the pump are all inside the hutch but the NI card, the computer, the control box of the valves and the power supplies are outside. The electric cables to connect the system are around 13 meters long.

The National Instrument card model is NI USB-6215. It has 2 outputs ports for the pressure regulators and 8 inputs. Only 4 are used in this test: three for the pressure transducers and one for the displacement transducer.

The displacement transducer and the pressure transducers are calibrated before the experiment. Input and output data are processed by an in-house LabView program that allows the control of the pressure regulators and the pump, as well as the visualization and storing of the acquired data.

Sample preparation

The samples have a thin layer of wax on the top and bottom surfaces-this is used in the triaxial test to reduce the friction. This layer of wax must be completely removed for the flow experiments. Subsequently, each sample is gently sandpapered for around forty minutes until the wax is removed. In the case of the samples VO02ME and VO03ME, the big amount of wax applied during the test, prevented its total removal. To be saturated, the samples are placed inside a vacuum chamber while 5 ml of heavy water are poured slowly every 30 minutes. Before taking the samples to the HZB facility in Berlin, they are kept in the void chamber for a week, then wrapped with teflon, covered with plastic film and finally vacuum packed. Before mounting the sample in the cell, the base and the bottom of the cell are flushed with compressed air to remove any light water. Then, the bottom is filled with heavy water to avoid air bubbles in the system. The porous stones, the samples and the piston are set and the FEP heat-shrinkable membrane is carefully pushed all the way through the base. The membrane is heated with a heat-gun to tide it to the sample's shape.

The FEP membranes have very low neutron interaction. However, they are stiffer than membranes like neoprene or latex, thus adding complexity to the sealing of the system. As shown in Figure 4.11, synthetic rubber is added between the membrane and the base of the piston. Moreover, two o-rings are added on top of the membrane for improving the sealing. The cell is finally closed and placed in the neutron instrument. Heavy water is flushed manually from the bottom until it reaches the electro-valve in the top of the cell pushing out all the remaining air.

Acquired images (at CONRAD II)

As for the experiments described in chapter 3, the closest position to the neutron guide is chosen as it provides the higher flux. In this case, due to the thickness of the cell, the distance between the sample and the detector is 40 mm, which reduces the final resolution of the images acquired. Based on the Equation 3.2, the theoretical maximum resolution of the radiographies is 240 µm. Since the samples are saturated in France and transported to Berlin, a medium resolution tomography is acquired at the beginning of each test to check the saturation of the samples. In order to minimize the activation of the device, the neutron beam is shielded to illuminate only the portion of cell visible in the field of view (FOV). It is, however, chosen to image not only the sample but also a portion of the top and bottom of the cell (resulting in a FOV of 88x140 mm 2 ) to gain information about the fluid reaching and leaving the sample. This information is critical for the decision-making process process during the experiments. In addition due to uncertainties on the starting angle for the tomographies, a marker is placed on the surface, at the top of the cell to identify corresponding projections between different scans. The marker produces strong artefacts and therefore, it has to be placed far from the sample requiring a larger FOV. For this scan, no binning is applied to the radiographies, deriving in a 55 µm pixel size and a 5 second exposure time for each radiography, which results in a tomography of 90 minutes. The valves attached to the bottom of the cell (Figure 4.11) preclude the 360 • rotation. Therefore the 499 radiographies are acquired around 180 • . The amount of images is not consistent with the Equation 3.3, which advises 557 radiographies. As a result, a 2x2 binning is applied to the radiographies acquired in order to minimize the noise and concur with the theoretical resolution. One of the projections of this tomography is shown in Figure 4.12a.

The high speed tomographies are acquired applying a 4x4 binning that results in a voxel size of 220 µm. The exposure time of 0.2 seconds allows the continuous rotation of the table without stopping the gyration during the image acquisition. 300 projections are acquired, deriving in a total scanning time of 1 minute. The speed of the rotation table is not constant at the beginning and the end of the motion, therefore, the tomography is acquired around 190 • and initial and final radiographies are discarded. To obtain a better alignment between the reconstructed volumes, especially between the even and the odd scans, a lead piece is attached to the top of the cell. See the projection in Figure 4.12b. Flat and dark field radiographies are acquired before each set of tomographies.

Test procedure

Due to the complexity of the experimental setup, the preparation time prior to the first scan takes around 13 hours and the time required to remove one sample and put in place the next one is 6 hours, 4 of which are needed for the cooling down of the cell. Once the specimen is in place, the confining pressure is slowly increased up to 50 kPa and then the 45 minutes medium resolution tomography is performed. The confining pressure is increased once again to 100 kPa while the top and bottom pore pressures are both raised to 50 kPa. A small initial volume of light water is pushed faster than during the flow experiment to speed up the process, while radiographies are acquired. When the light water reaches the bottom of the sample, the high speed tomography is started. Due to practical difficulties in following the experimental procedure, in some cases, light water reaches the bottom of the sample before the first high speed tomography is acquired. However, the loss of data is limited, since all the bands of strain localisation are located in the upper portion of the sample and the procedure helps reduce the amount of data acquired and time consumed.

The flow rate for the first tested sample (VO04ME) is set at 3 ml/h. This value is chosen based on the calculation of the water volume rate required to move the front of one pixel during a single tomography. 529 tomographies are acquired. For the subsequent three tests (VO05ME, VO01ME, and VO03ME), the flow rate is increased to 4 ml/h since the duration of the test is not compatible with the time allocated for these experiments at the beamline acquiring 336, 414 and 471 tomographies. Due to unforeseen events and the limited available time, in the last flow test (VO02ME), the first 10 ml of water are pushed at 20 ml/h and the last 17 ml at 8 ml/h, acquiring 186 tomographies.

The medium resolution tomography of the sample VO02ME is acquired beforehand. However, because of a leakage in the membrane, the setup has to be disassembled. The specimen is then kept immersed in heavy water until it is tested the last day.

Finally, it is worth mentioning that many difficulties are encountered during the experimental campaign: 1) the syringes, with a volume of 24 ml, and the water/air interfaces, with a volume of 33 ml, have to be filed/emptied at least once during each test. 2) the camera crashes several times, especially during the medium resolution tomography.

3)

The risk of having a leakage mainly at the beginning of the test is considerable.

Image analysis

The x-ray tomographies acquired in Laboratoire 3SR are reconstructed with the X-act software commercialized together with the RX Solution scanner. The interface helps correcting the images by vertical offset, horizontal offset and ring artefacts while reconstructing the tomography with a cone beam geometry. The 50 µm pixel size resolution of this tomography provides sufficient structure to the images to perform DVC, which results in 3D volumetric and shear strain fields.

The neutron reconstructions are improved comparing with the method followed in the chapter 3 due to a better understanding of the image acquisition during the test. The code for tracking the water front evolved to adapt to the new requirements in this experimental campaign.

To identify the first radiography of each tomography, a lead piece is attached on top of the cell during the test. The movement of the lead piece is measured in the first tomography in order to choose the first radiography of this set, as soon as the rotation table starts to move. Then, this 'first radiography is compared to each of the radiographies in the consecutive tomographies to align the reconstructed volumes. The first projection detected with this method for the sample VO03ME is shown in Figure 4.13a. Before starting the reconstruction, the images have to be corrected by horizontal offset and tilt. The method to find the best correction parameters is based on the difference between the sinogram obtained from the real radiographies and the sinogram obtained from the back-projection of the reconstructed volume. The minimization of this difference provides accurate values for the shifting parameters even in the cases of relatively high noise.

The corrections are firstly calculated for a selection of tomographies (every 50) (Figure 4.13b and c). After that, the mean value is determined. If a value presents a high discrepancy (more than 1.5 pixels), the process is repeated for more tomographies to determine if it is an error or a local trend. As shown in Figure 4.13b, for the first tomography, a horizontal offset value far from the general trend is found, while the tomography number 18 follows the general trend. Therefore, the value corresponding to the first tomography was disregarded.

Occasionally, the whole setup can be shifted due to temperature changes or to an abrupt movement, inducing a shifting trend in the horizontal offset and tilt. The sample VO05ME is a good example of this: the horizontal offset values are drifted during the first 100 tomographies (Figure 4.14a). In this case, the tomographies are divided in three subgroups that present similar offset values, and the mean parameter of each subgroup is used. Then, the x-displacement, y-displacement and rotation are computed for two slices (in the bottom and top portions of the sample) on each of the tomographies of the first two subgroups with respect to the last tomography. Based on these measurements, a translation is applied to each volume of the first two groups to align them with the The images acquired during this experimental campaign are noisier and have lower resolution than those presented in the previous chapter. Therefore, the subtraction of the projections of the first tomography (the dry sample) is not judged to be a good strategy and other approaches for the front detection are considered, as presented below. Reconstructions are performed through ASTRA reconstruction toolbox, which is based on the Beer-Lambert law (Equation 2.6). However, as explained in chapter 2, due to scattering and beam hardening effects, lower than expected values are found in the center of the sample, as well as higher values in the borders. From the vertical central slice of the VO01ME reconstructed sample shown in Figure 4.15, it can be seen that the gray scale values are higher for the profile closer to the border of the sample (Figure 4.15A) and reduces when getting closer to the center (Figure 4.15D). The profiles also show that the front is not a well defined line as the boundary between the two fluids is not sharp. This effect could be due to the noise of the image or more likely to some diffusion between the two fluids.

The output of the reconstruction code is a collection (typically hundreds) of 3D volumes that represent the attenuation of the neutron beam with gray scale values, directly re- lated to the content of heavy or light water in each of the pixels. However, due to the scattering, the initial gray scale value, and even more, the final value (since the light water has a higher scattering cross section) of each pixel depends on the distance from the pixel to the center of the sample. The code presented here evaluates each of the pixels as independent without taking into account the behaviour of the pixel around, as happens with the Gaussian filter.

In order to detect the moment when light water reaches the pixel, its gray scale is plotted as a function of time (through all the tomographies) and fitted with a sigmoidal function. This function represents a variable that first increases slowly or stays almost constant, then it accelerates and finally decelerates to eventually increase slowly or stay almost constant. Other functions were tested (e.g., step function, other sigmoidal functions), but the sigmoidal function was chosen since it better represents the evolution of gray scale observed in each pixels. The chosen function can be written as:

y = A + B -A 1 + (C/x) D (4.1)
where A and B are horizontal asymptotes of the function. C is the time at which the gray scale is halfway between A and B, the inflection point, and D controls the stiffness of the curve. In the case of our test, A and B are the gray values corresponding to a pixel full of heavy water and light water respectively, C is chosen as the arrival time and D indicates how fast the light water replaces the heavy water. Equation 4.1 is defined in the positive domain of x and y where x > 0 and y (A, B).

The gray scale evolution with time is shown in Figure 4.16 for a selection of pixels. In all cases, the pixels evolve from being full of heavy water (lower gray scale) to full of light water (higher gray scale). The first feature observed in all the plots is that the gray scale values of the pixels full of light water are more scattered. The plots on the first row correspond to pixels located at different heights on a vertical line, with a ste of 100 pixels corresponding to around 1 cm. The first pixel is at the base of the sample while the last one is almost at the top. As expected in an upwards vertical flow test, the light water (represented by a higher gray value) is arriving earlier in the first pixel with a C a parameter value of 51.02 min and subsequently, to the following ones with C b = 145.78 min, C c = 256.21 min and C d = 279.57 min. In Figure 4.16a, the initial plateau, representing the pixel full of heavy water, is almost missing. Similarly, the final plateau, representing the pixel full of light water, is missing in Figure 4.16d. For a proper fitting and a successful application of the method, some tomographies should be acquired before the flow starts and at the end of the test, on the fully saturated sample to provide all the pixels with horizontal plateaus. In these analysis, in order to compensate the lack of stability in some pixels, especially in the top and bottom of the sample, the first and the last three gray values are repeated.

The pixels represented in the first four plots of Figure 4.16 are placed in the same hor- izontal slice, starting from closest to the boundaries of the sample (Figure 4.16e) to almost the center of it (Figure 4.16h) in order to analyse the effect of the position inside the sample in the fitting procedure. The arrival times for each of the analysed pixel are:

C e = 286.07 min, C f = 207.77 min, C g = 189.65 min and C h = 184.32 min. The gray value of the pixels full of heavy water is similar in all of them, even if it slightly increases as the pixel gets closer to the center (A e = 0.0094, A f = 0.0088, A g = 0.0080, A h = 0.0098). However, the B value varies more between the different cases (B e = 0.0252, B f = 0.0164, B g = 0.0145, B h = 0.0137). As a consequence, the increase of gray scale for the pixel close to the boundary is of 2.68 times, while for the pixel close to the center is of only 1.40 times. Moreover, for the last pixel, the gray scale values at the final plateau are much more scattered, leading to a worse fitting.

Once the fitting is done for all the pixels of the sample, five 3D volumes are obtained representing each of the parameters plus the error between the real data and the fitted curve. A vertical central slice and a horizontal slice of the VO01ME are represented in Figure 4.17. The values of A varied from 0.006 to 0.012, whereas B varied from 0.008 to 0.05. This stands with the previous statement about the higher variation of the pixel full of light water across the sample. The acquisition of the first high speed tomography was posterior to the first arrival of the light water. Therefore, there is an absence of data in the bottom part, the black area. The early appearance of light water in the sample could also be the reason of the higher values of the A parameter in the bottom half of the sample. The third column shows the C parameter, the arrival time of the water, that is supposed to vary from 0 to the maximum amount of tomographies (400 in this case). Some of the values exceed the maximum acquisition time. This could be due to a lack of proper light water saturation of the sample or to the relatively high noise. For the D parameter, the difference between the bottom and top halves could be related, as well as for the A parameter, to the early entrance of light water. Finally, the error evaluates the suitability of the fitting. The error increases in the central area, due to higher data:noise ratio, and in the top of the sample, as a result of the lack of saturation.

To fit the experiments to the tight schedule of the beamtime, in some cases the water was not pushed at the same rate for the whole duration of the test. These changes are corrected in the sigmoidal fitting by adjusting the spacing between the subsequent tomographies in the x-axis and, consequently, expanding or contracting the time to simulate a constant rate. In the majority of the tests, a tomography is acquired every minute with a flow rate of 4 ml/h. In case the rate is increased to 8 ml/h (as it happened with sample VO02ME), the time space in the plotting is doubled.

The final output of the method is a 3D volume where each pixel represents the arrival time at the position with an accuracy lower than the tomography time step. The vertical center slice considered for the speed map calculation of VO01ME is shown in Figure 4.18a. This volume has to be corrected since in some cases the fitting does not work properly resulting in pixels without value, or with a value out of the boundaries, i.e., higher than the duration of the test. As a result, the bright outliers (threshold =50 and radius =2) and the dark outliers (threshold =50 and radius =2) are removed. Afterwards, the volume is truncated by a number slightly higher than the maximum time of the test, accepting that some of the pixels did not get totally saturated. Pixels without a value are removed twice with a radius of 2 pixels (acquiring the mean value of the second closest neighbours) and finally the outlier removal step is repeated. The output of this corrections is presented in Finally, the volume is filtered (Figure 4.18c) twice with a Gaussian filter of radius 5 before applying the speed map code described in the previous chapter. Unlike the method used in the previous chapter, in which only the pixels at the boundary of the fronts where considered, in this case, all the pixels in the 3D volume have an arrival time assigned. In the previous method a single threshold value was used to limit the frontier between dry and wet area, on the other hand the sigmoidal function adapts to local changes of the pixel and to the gray scale variation resulted from the beam hardening effect.Appendix B presents a metrological study of both methods used to get the position of the front.

Results

VO01ME

Sample VO01ME is an intact specimen, i.e., not subjected to mechanical loading. Since Vosges sandstone is a fairly homogeneous material, we expect to get a quasi-constant 3D speed map for this sample. Two vertical central slices, perpendicular to each other, and an horizontal slice of the speed map are presented in Figure 4.19. Water is flushed through the sample at a 4 ml/h rate. Taking into account the diameter and the porosity of the sample, the water volume in a one millimetre height cylinder is 0.2495 ml. Therefore, the speed of the front should be around 0.263 mm/min in the vertical direction, which is in compliance with the measured speed that agrees with those in Figure 4.19. The position of the slices is marked with white dotted lines. The white region in the bottom of the images is due to the arrival of water before starting fast tomography acquisition. The ring artifacts generated in the reconstruction process lead to higher values on the 3D time map of the front and eventually create the bumps that appear in the central area of Figure 4.19a and b. Even though the nature of these artifacts is well understood, the total correction of them is very difficult to accomplish. The central area shows higher speed than the areas close to the edges. This is likely due to the boundary conditions and also to the beam artifact. The high speed values in the top of the sample are due to the lack of total light water saturation of the sample. The image acquisition finished before this region got fully saturated of light water, resulting in a poor sigmoidal fitting. Finally, the darker area in the top right side of Figure 4.19b can be due to small inhomogeneities in the sample.

VO02ME

The axial compression test performed on sample VO02ME created a shear band inclined of 45 • with respect to the vertical axis, see Figure 4.20. Since the sample is compressed, negative values of volumetric strain are observed in the vertical and horizontal slices. However, the band is represented by positive values, higher as it gets closer to the boundaries of the sample. Therefore, the band created is mainly a dilatant band.

During the flow test on sample VO02ME, the water is pushed at different rates, 20 ml/h in the beginning and 8 ml/h when the front gets closer to the band. This effect is corrected in the analysis to simulate a 8 ml/h flow rate during the whole test, equivalent The evolution of the vertical central slice of the 3D speed map inFigure 4.21b shows a very complex field, which cannot be explained only by the preexisting deformation band in the sample. Therefore, a second x-ray tomography of the deformed sample is acquired with higher resolution, in order to see if this behaviour can be explained due to preexisting nonuniformities in the porosity of the sample, i.e., prior to triaxial compression. Yet, the 3D porosity field obtained does not explain the behaviour of the water. Another possible explanation is that the wax used during the compression test to minimize the friction has penetrated the sample. Wax is a hydrophobic material and can thus act as a barrier for the flow.

The 3D image in Figure 4.21a shows the light water front 60 minutes after the start of the flow test. There is a large region in the bottom of the sample where the light water is not entering, a smaller area where the water enters slowly and a third region where the front is quite advanced. The images in Figure 4.21b show the evolution of the front during the test, as well as the speed for a vertical central slice. The flow accesses the sample mainly from the right side of the slice and more slowly from the left, as if they were two independent fronts. The right front goes faster and at some point it expands also to the left side, not only in the vertical direction. In the 8 th image, both fronts get decelerated by the shear dilatant band generated in the triaxial loading. When the water has passed the band, the effect of the two fronts is reduced, showing a more homogeneous behaviour. 

VO03ME

The compression test in the third sample was stopped around the peak stress. Therefore, the shear band was not completely developed. The shear strain values of the small band in the top right of the sample in The water rate is set at 4 ml/h during the whole test, so a 0.263 mm/min water front is expected. The 3D speed map in Figure 4.23 is quite homogeneous and it does not show any structure due to the deformation.

However, there is a vertical low speed column in the centre/right of Figure 4.23a, which is also visible in the horizontal slice in Figure 4.23c, from the bottom centre to the top right. In this case, unlike in the previous sample (VO02ME), and based on the visual observation of the water evolution, the front is not blocked in a region in the beginning of the test. Since the explanation of the lower speed is not based on the strain field, neither in the wax, porosity measurements are computed in the 50 µm pixel size x-ray tomography. Vertical slices of the porosity map are shown in Figure 4.24, where a lower porosity structure is observed agreeing with the low speed column. 

VO04ME

The VO04ME triaxial test is stopped after the stress peak. Several shear bands are developed in the upper part of the sample forming a complex structure, see Figure 4.25.

The sample is compacted due to the loading, however, shear bands are mainly dilatant in the edges while they are compactant in the core of the sample.

The flow rate is slightly smaller in this test than in the others, 3 ml/h equivalent to 0.197 mm/min front speed. The speed map, shown in Figure 4.26, does not seem to be much affected by the presence of these bands of localised strain -or at least less than in the other tests. This is possibly due to a number of reasons, including a) the complexity 

VO05ME

The shear band formed in sample VO05ME was very similar to the one of sample VO02ME. However, in this case, compaction is predominant -even some dilation is observed close to the specimen boundaries.

The flow during the test is constant, 4 ml/h, which implies an expected front speed of 0.263 mm/min, in accordance with the speed values in Figure 4.28. The effect of the inclined band is easily distinguishable in Figure 4.28a and c. In Figure 4.28b, on the other hand, the effect is not as obvious. The band slows down the speed of the front as it happens in all the other samples. At the top of the sample, some higher speed regions can be observed, most certainly due to the lack of light water saturation of the sample, rather than to a real behaviour of the front. 

Discussion

The study of permeability in rocks is a complex field were not only the speed, but also the velocity (vectorial) field has to be obtained. The method presented in this chapter does not allow measuring velocities, however, it is able to provide an effective quantitative measurement of the front speed, detecting structures that we were not aware of (samples VO02ME and VO03ME) besides those that are expected, given the strain field in the sample. The sigmoidal fitting adjusts to the different evolution of the grey scale of the pixels in the sample. The four parameter equation describes the transition from light to heavy water (or viceversa), adapting to the changes on gray scale. In some cases, the difference in gray scale is smaller in values, in some other cases, the slope of the curve could be more stiff. The four parameter equation has enough freedom to adapt to each of the cases providing a realistic 3D speed map. Even if there was not enough time to perform a deeper analysis, the use of the other parameters (A, B and D) can also help in a better characterization of the front evolution, especially the D parameter that is directly related to the acceleration of the gray scale change. How this acceleration is related to the porosity of the material is something worth developing in the future.

The method also allows setting different water rates in the same test, as done in sample VO02ME, and subtracting the effect in the analysis to simulate a constant rate. This is a useful tool for neutron experiments where the allocated time for each test is tight. However, water should not be flushed before the acquisition of fast tomographies, and the test should not be finalized without a total saturation of the second liquid since these cases prevent the fitting of the data in a sigmoidal function.

The bumpy behaviour of the speed map in the center of the sample is due to ring artifacts generated in the tomographies as a result of faulty pixels in the detector, but also, as a consequence of the few neutrons that are able to cross the whole sample when it is saturated with light water. The high interaction of the light water with the beam increases the counts/noise ratio and complicates the fitting, as shown in Figure 4.16h.

The first case is corrected with outlier corrections in the radiographies. The second case, the one that most affects our analysis, can only be corrected increasing the exposure time of the radiography and consequently the duration of the tomography, or in a more powerful beam. In four of the five tests presented in this chapter (except VO02ME), since the front was moving less than a pixel per tomography in the vertical direction, increasing the exposure could be a option, even though not the optimal one, since the sample keeps rotating during the acquisition.

The beam artifact or the scattering that creates higher gray scale values in the reconstructions close to the sample boundaries is the cause of the lower speed in the edges of the sample. The effect that the boundaries of the sample induce in the water front, mainly slowing it as seen in chapter 3, does not explain the effect in this case. Further studies should be carried out to better understand this effect, since the lower speed regions are not homogeneous across the sample and are not equal in all the samples, as it could be expected if they were simple artifacts.

The response to the triaxial compression test of the samples agrees with the literature. The bands developed in the three samples VO02ME, VO04ME and VO05ME are inclined of around 45 • with respect to the major principal stress direction. In the case of VO04ME, more than just one band is observed, possibly because of the high(er) cell pressure (40MPa) and the higher axial strain (the test was stopped well after the stress peak). The bands are expected to be mainly dilatant, however, in sample VO05ME, the band is mainly compactant. The possible explanation is that the band is not totally developed since the test was stopped right after the stress peak.

The speed is clearly decreased when the front arrives at the shear band in the samples VO02ME and VO05ME. Therefore, the permeability is decreased in these areas. Figure 4.27 shows that the localisation formed in sample VO05ME during compaction loading is a compactant shear band, which is in compliance with the permeability reduction suggested in Figure 4.28. On the other hand, Figure 4.20 suggests that the localisation in sample VO02ME is mainly a dilatant shear band, with compaction in the center area. To further analyze this case, a second post-mortem x-ray tomography was acquired with 23 µm pixel size resolution (Table 4.3). The porosity map computed shows higher porosity in the band that in the surrounding region, Figure 4.29, which is not consistent with the smaller speed. The x-ray images acquired are done out of the triaxial cell, after removing the confining pressure. As it was observed by [START_REF] Lenoir | Volumetric digital image correlation applied to X-ray microtomography images from triaxial compression tests on argillaceous rock[END_REF], the crack opening in the boundaries of the specimen could be due to the removal of the confinement pressure, resulting in a 'false' dilatant shear band in the DVC analysis. Once the sample is again confined for the flow test (at 150 kPa), the crack opening is likely to close again, behaving as a compactant shear band and explaining the reduction of speed in the sample.

Summary

In this chapter, a complex experimental setup has been introduced to perform pressure driven flow tests in a neutron beam. The developed equipment controls the flow rate in the bottom of the samples and the pressure flow in the top, while measuring the flow rate in the top and the pressure in the top and bottom of the sample, as well as the confining pressure. Five saturated samples have been tested, while a different fluid but with similar hydraulic properties is flushed. An original method of analysis has been developed, which allows quantitative full-field analysis of the fluid-flow advance for diffuse interfaces. The resolution for the values of the time map is smaller than the data acquisition rate (tomography time step). The resultant fluid flow speed map has been compared with the strain field obtained from DVC analysis of x-ray tomographies acquired before and after the mechanical test. In some cases, full-field porosity maps have also been determined from the x-ray tomographic images.

The comparison of the DVC images and the speed maps reveals that the localisation of deformation correlates well with the variations on the speed map. However, these localised deformations are not the only phenomenon responsible for the flow inhomogeneity. Pre-existing heterogeneities in the sample, i.e., previous to the loading in the lab, also play a major role. The fluid flow advances slower in deformed samples for shear compactant bands.

The capability to control the experimental features (pressure, flow rate, saturation) and the methods developed using image analysis of the flow in saturated samples, opens the door to include in-situ mechanical loading (and hence deformation) during the neutron experiments. Especially relevant to avoid changes on the sample due to the removal of the confining pressure, as happened in sample VO02ME.

Chapter 5

IN-SITU NEUTRON IMAGING OF HYDRO-MECHANICAL PROCESSES

Objective

An in-situ hydro-mechanical experimental campaign is presented in this chapter, performed in February 2017 at NeXT-Grenoble instrument (ILL, Grenoble). The coupling between deformation and fluid flow in rocks subjected to deviatoric loading is monitored with neutron tomography. The equipment used during the test, the analysis applied to the data and the results are explained in detail.

The experiments introduced in this chapter chronologically preceded those discussed in the previous chapter. Valuable lessons learnt during former experiments are there-

fore not yet applied at this stage, i.e., control of the water rate and ex-situ saturation of the samples.

Tested material

The Vosges sandstone used in previous chapters has too high peak stress to be deformed in our setup for the chosen sample size. The loading device coming from 3SR Laboratoire, usable at the ILL neutron facility, can withstand a maximum axial load of 15 kN (to be compared with the maximum confining pressure tolerated by the cell, which is 1 MPa). A new material needs therefore to be chosen. Such material has to fulfill several requirements:

• The heavy water front must be identifiable inside the sample.

• The contrast in attenuation between the regions that are saturated with heavy water and those that are saturated with light water must be high enough to be measurable.

• The porosity of the sample has to be high enough to identify both waters inside the sample.

• The axial load applied has to achieve the peak stress.

• The orientation of the bands developed in the triaxial loading should not be parallel to the major imposed principal stress direction. Given that the inclination of a localisation band in a geomaterial is related to which region of the yield surface the test is performed at (lower confinement regions, leading to sub-vertical dilative bands which progressively evolve as we increase the confinement towards sub-horizontal compactive bands).

Preliminary tests are performed in order to measure the attenuation of different samples (San Peter, Vosges, cemented sand and two different types of Fontainebleau sandstones tested by [START_REF] Fonseca | Micromechanisms of inelastic deformation in sandstones: an insight using x-ray micro-tomography[END_REF]) in both dry and saturated conditions in a neutron beam. The cemented sand is, in this case, chosen since it is the only material that fulfils all the above requirements. The other possible rocks require higher confinement pressure values (> 1MPa) and axial stress to obtain similar deformation bands in a 38 x 76 mm sample. Since the complexity of the experiment is already increased adding the mechanical loading to the neutron setup, upgrading the cell to higher confinements is considered too cumbersome.

The material adopted is the same artificially cemented sand already used by The main reason to choose this material is the possibility of controlling its initial state, namely, porosity and degree of cementation, and the smaller yield surface.

Keeping a cemented sand sample in water for several days was found to damage the sample during preliminary tests, therefore, it was decided not to saturate the sample before this test.

Experimental method

The purpose of this experiment is to compress a cemented sand sample in a triaxial apparatus in-situ and to alternatively flush normal and heavy water through the sample at various levels of axial strain. Meanwhile, different resolution neutron images are acquired to characterize the strain field of the deforming sample and to track the evolution of the flow. This requires the relatively complex experimental setup detailed below to be installed in the neutron beam at ILL.

Setup

The whole system includes three water tanks, three water/air interfaces, three LVDTs, three pressure regulators, three pressure transducers, eight valves to control the water flow, the electronics controlling the valves, two National Instrument acquisition cards, two power supplies, the cell, the loading device, and a load transducer. Some of these elements are shown in Figure 5.2. The setup in section 4.3.2 is, in fact, a variation of the setup presented in this section, therefore, some of the explanations about the tools are omitted in this section.

The setup allows the user to impose independent pressures at the top and at the bottom of the cell during the experiment, while measuring the pressure of the flow (at the top and bottom) and the fluid volume that goes in and out of the sample. In this way, the pressure gradient in the sample is known and the macroscopic velocity of the fluid inside the sample can be controlled according to the needs of the experiment. The confining pressure is applied and measured as well as the displacement and force of the piston of the loading device.

The cell and compression device

The cell is an aluminium cylinder of 74 mm diameter and 170 mm height. An 80 mm long piston stands out from the base. In the bottom part of the cylinder, there are two intakes: one in the piston, which leads the water to the sample, and the other one in the base, which is the entrance of the confining fluid. Both intakes have an outlet at the top of the cell. In the design process, the diameter of the cell was reduced in order to get the sample closer to the detector, since the resolution of the images acquired is inversely proportional to this distance. However, as mentioned in chapter 2 when working with materials with high scattering cross section such as light water, some distance is recommended in order to reduce the noise. Inside the cell, there is space for a 38 mm sample, plus 10 mm of additional diameter for the confining fluid and the o-rings of the membrane. If heavy water is chosen as a confinement fluid, the overall attenuation of the beam due to the fluid would be 25%. In this test, since the confinement pressure is below 1 MPa, air is used for confinement instead of a liquid. The plans of the cell are shown in Appendix A.

The loading device, which was already existing at Laboratoire 3SR, is attached to the bottom of the hollow rotation table. The device is one meter tall, with four metallic bars connecting the apparatus to the bottom of an adaptation plate, which in turn, is attached to the rotation stage. The setup pushes the piston upwards so as to have all the mechanics on the bottom of the sample for increased overall stability of the setup. A load transducer with 10kN capacity is placed to measure the force applied to the system and is placed between the axial actuator and the piston. The centre of the neutron beam is at 250 mm from the rotation table. Therefore, three aluminium pieces are designed to bridge the gap between the cell (which is centered on the neutron beam) and the rotation table, presented at Appendix A. The sample base also works as a guide for the piston. A schematic representation of this setup is shown in Figure 5.3a. 

Fluid system

The fluid flow system adopted is schematically shown in Figure 5.3b and allows the user to impose the pressure to the fluid and to measure the amount of water being pushed in sample, as well as the confinement pressure applied, throughout the experiment.

Three water reservoirs, contained within open-ended vessels, are connected to the cell. They contain respectively distilled light water and heavy water, which can be flushed through the sample, and a mixture of both that comes out from the top of the sample. Each of the tanks is connected to a water/air interface and the flow between them is controlled by an electro-valve.

The pressure and the volume of the water entering and leaving the system are controlled by the water/air interfaces, the pressure regulators and the displacement transducers. The three water/air interfaces, (introduced in section 4.3.2), are connected to a displacement transducer in order to measure the amount of water contained, and to two pressure regulators. The interface that gets the water from the top of the sample has its own pressure regulator, but the two interfaces that are connected to the bottom of the sample share the same pressure regulator, the one that sets the pressure at the bottom of the sample. During the test, light water or heavy water are flushed, although never at the same time. Three electro-valves regulate the flow that goes from the interfaces to the cell.

The flow pressure is measured as close to the sample as possible with two transducers in the bottom inlet and top outlet. Overall, eight electro-valves control the flow of the fluid.

In addition to the hydraulic flow circuit detailed above, the confinement pressure is applied independently. The inlet in the bottom of the cell is connected to one of the pressure regulators and a third pressure transducer is connected to the outlet, applying whole test. A second LabView program, written by Erika Tudisco, is used to control and measure the 3 pressure regulators, 3 pressure transducers and the 3 displacement transducers, which control and monitor the rest of the system in real time. The (dry) sample is wrapped twice in teflon tape leaving the top and bottom ends exposed, in direct contact with the porous stones (Figure 5.5a). The teflon adapts to the discontinuities to avoid any preferential flow path between the sample and the membrane. The copper porous stone diffuses the water through the whole surface instead of focusing the flow in the centre of the sample. Copper is chosen for its high stiffness and peak load, required for these mechanical tests. Two gaps in the top and bottom sample holders are designed to hold the o-rings and are generously filled with synthetic rubber to seal the membrane, supplementing the work of the o-rings (Figure 5.5b and c).

Sample preparation

A large FEP membrane is placed around the sample and shrink-wrapped by heating with a heat gun, and it stiffens once it gets cold again. The FEP shrinkable membrane is placed and heated with a heat-gun wrapping the sample, the porous stone and the top and bottom plates (Figure 5.5d and e). The o-rings are added at the same height as the synthetic rubber (Figure 5.5f). To close the cell, first the piston is screwed into the base, then the cylindrical side wall and finally the bottom base, which will drive the piston as shown in Figure 5.5g. This last step is particularly delicate since the spinning of the sample with respect to the base has to be minimized, while the outlet of the water in the piston has to be aligned with the hole designed for it, see Figure 5.5h.

Image acquisition at ILL/NeXT-Grenoble

Depending on the phase of the experiment, the parameters of the image acquisition have to be adapted. These experiments have two different phases. After each mechanical loading step, a tomography is acquired, which can then be used to get the strain field in the sample through Digital Volume Correlation. This is a steady state where the spatial resolution is more relevant than the temporal resolution (within the constrain of a limited overall amount of beam time) -hence these will be referred to as 'medium resolution tomographies'. In the hydraulic flow phase, when the water is flushed through the sample and the front is in continuous movement, the temporal resolution of the tomographies acquired is increased at the expense of spatial resolution. These type of tomographies are hereby called 'high-speed tomographies', as already in the previous chapters.

Some of the parameters for tomography are kept constant during the whole test, not because they are the most suitable option for both medium resolution and high-speed tomographies, but because changing them would require too long with respect to the gain obtained changing them. The field of view is set to 100x100 mm, (corresponding to 2048x2048 pixels), the aperture of the pinhole 15 mm (the highest value at the time, as opposed to the current 30mm), the sample is placed at a distance of 10 m from the pinhole and the LiFZnS scintillator is 100µm thick. The true resolution is measured with the Siemens star [START_REF] Pinto | Neutron imaging and tomography with MCPS[END_REF]. For a radiography of 2.5 sec and binning 1, the resolution is between 100 µm and 200 µm.

The first medium resolution tomography is performed when the specimen is still dry. In order to increase the resolution of this test, 3 radiographies are acquired at each of the 1400 positions (angle) in contrast with other medium resolution tomographies when the specimen is already water-saturated. The parameters for the medium resolution tomographies are shown in Table 5.1 and Table 5.2.

The average of the three radiographies acquired in the first position of the first tomography, with the sample dry, corrected by dark and flat field, is shown in Figure 5.7a. In Figure 5.7b, the same image is shown for the sample saturated with heavy water. In this case, only one radiography is acquired per angle. In both images, the resolution is High-speed tomographies are much faster. They take just one minute per tomography and they are acquired in continuous rotation (i.e., without step-wise pauses) of the table between consecutive images. The parameters for the scan are shown in Table 5.3. The size of these images was 512x512 pixels since binning 4 was applied in the acquisition process. Images in Figure 5.8 are two radiographies of two different high-speed tomographies for two different elevations of the water front. Note that in these images, in contrast with the images in Figure 5.7, the membrane is barely identifiable. 

Test procedure

Before starting the experiment, the piston is put in contact with the sample, a confinement pressure of 150 kPa is applied, and the first medium resolution tomography is acquired, with the sample undeformed and dry. Afterwards, the system is saturated. All the air is pushed out from the water/air interfaces, the tubes, the valves, and the sample. The three interfaces and the tubes that connected them with the tanks were filled. The liquid is pushed in and out repeatedly until all air bubbles are gone. The interfaces with heavy and light water are filled with water and connected to the bottom intake of the cell -the one that leads the water to the sample. Once all these tubes are free of air bubbles, heavy water is flushed through the sample without connecting the top outlet to any tube. By doing this, the air inside the sample is pushed out of the system. When the water front arrives to the top valve, the outlet is connected by a 2 meter long tube, already filled with normal water to the third interface that collected the water, closing the water flow system shown in Figure 5.3b. At this point, the second medium resolution tomography is acquired, with the sample still undeformed but saturated with heavy water.

In the case of the first sample, after the second tomography, the test is aborted since several air bubbles are observed in the outlet tube. The sealing of the membrane (the synthetic rubber) fails, therefore, air is entering from the cell into the sample. Even if the full test can not be restored, the sample is loaded with the piston until it reaches failure. This failed test is nonetheless convenient to check the proper functioning of the whole setup.

The preparation and saturation processes are repeated for sample CF210ET01, and the two medium resolutions tomographies (with the specimen dry and full of heavy water).

The plan is to slowly increase the confining pressure to 250 kPa while the top and bottom flow pressure are also slowly increased to 150 kPa. Once a steady state is achieved, the top pressure is gradually decreased to allow water flow smoothly from the bottom to the top. However, the flow is not well controlled with this setup and the water is moving much faster than expected.

To get a proper analysis of the light water flowing inside the heavy water saturated sample, the front should take around 8 hours, the equivalent of the front moving vertically one pixel per tomography. The confining pressure is at 250 kPa, the bottom pressure 110 kPa and the top pressure 107 kPa. The process takes instead 3 minutes.

The process is then repeated, but this time heavy water is flushed into the normal water saturated sample. The confining and the bottom pressure are kept constant, the top pressure needed is slightly higher, 107.3 kPa. This time, it takes less than 13 minutes for the front to arrive to the top of the sample.

The sample is loaded to 40 N axial load (0.37 MPa stress deviator and 0.447% axial strain) and another medium resolution tomography is acquired to track the deforma-tion inside the sample. Unfortunately, some technical difficulties also arise on the side of the imaging instrument itself, precluding the progress of the experiment.

Since our time in the neutron beam is finishing without having the opportunity to perform our test, the sample is sheared up to failure to obtain the response of the material in terms of force and displacement of the piston. The confining pressure is 251 kPa, the top pressure 107.3 kPa and the bottom pressure 110 kPa. Failure occurs at 152 N axial force and 3.7 mm of displacement (5.075 MPa stress deviator and 2.37% axial strain).

After that, the stress deviator is decreased to zero. The stress deviator vs. axial strain curve is shown in Figure 5.10. Once the instrument is again operational (1 day after), the deviator stress is applied again 157 N and 3.87 mm displacement (5.023 MPa stress deviator and 2.82% strain), to get a medium resolution tomography. Then light water is flushed through the sample while fast tomographies are acquired to image the process. The confining and flow pressures are the same as during the previous test. This time, the flow is better controlled, thanks to a different procedure followed to open the valves that connect the mixture interface with the top of the cell, which are opened more gradually. The valve that links the normal water interface with the bottom pressure transducer is opened and the 110 kPa bottom pressure is applied gradually, keeping the valve closed closest to the base of the sample, avoiding any water flow. When both pressures stabilize the valve at the base is opened and the flow starts. This time, the front reaches the top in 50 minutes.

Image analysis

The medium resolution tomographies, those where the sample is dry and those where the sample is full of water, are reconstructed with the software available at the NeXT beam line (XAct), chapter 2. The DVC code TomoWarp II is then run in order to to get the volumetric strain field and the shear strain field. Unfortunately, due to the poor saturation of the sample and the movement of bubbles at different loading stages, the 
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High-speed tomography with flow displacements can not be quantified. Regarding the mechanical aspects of the test only a qualitative analysis of the deformed sample is therefore possible.

The speed of the flow is too high to carry out any analysis when the sample is undeformed. The water front is tracked in the flow test performed in the last stage of the test, after the stress peak. The test takes around 50 minutes in this case. The vertical size of the sample in pixels is around 400 pixels, meaning that the front moves on average 4 pixel per tomography.

The method described in the first chapter, where the reconstructed volume is binarized between dry and saturated regions, is not optimal in this case, since the front moves during a tomography and the mixing of both waters complicates the segmentation of the front. During the analysis of the experiments in chapter 3, a novel method is mention [START_REF] Jailin | Fast Tracking of Fluid Invasion Using Time-Resolved Neutron Tomography[END_REF]. This algorithm is able to model the front based on the radiographies only, without reconstructing the volumes. However, the complex geometry of the front in this case does not make such method suitable for the analysis. Several attempts have been made to develop a code based on the radiographies that could be able to track a front that moves during a single tomography without previous information on the geometry. Even if the desired results are not obtained, the outcome is shown in Appendix C.

The analysis presented below follows therefore the same method used in the previous chapter. Certainly, the fast(er) movement of the fluid front creates blurriness in the reconstructed volume, but this effect is minimized by the sigmoidal fitting curve method.

The calculation of the horizontal offset for reconstructed tomographies shows a strong variation. Therefore, this value is computed for each of the tomographies. The result is shown in Figure 5.11a. The odd and even tomographies have different displacements due to a slight misalignement of the clock-wise and anti-clock-wise rotations. The drift that the x-offset takes after tomography 60 is noticeable. When the light water arrives to the central horizontal slice, where the x-offset is computed, the artefacts created by the much increased attenuation make the algorithm less effective. In Figure 5.12, the same slice is reconstructed for tomographies 40 and 80 with different horizontal offsets.

By visual observation, it can be said that the best reconstruction is between the 8 and 10 pixel offsets for both cases. Consequently, the same horizontal offset (9.4 pixels) is chosen for all the even tomographies while the value of 8.4 pixels is chosen for the odd tomographies. Once the first parameter is defined, the tilt angle is computed. In this case, the drift is very small for each of the tomography groups, so a value of -0.008 degrees is chosen for the even tomographies and a value of -0.0173 is chosen for the odd onesa. The translation code explained in section 4.4 cannot be applied since there is not sharp enough slices that remain constant during the whole process. At this stage, it is important to discuss in more depth how the image analysis code used behaves in the presence of a much stronger beam and a faster flow. The slopes of the curves in all the plots of Figure 5.13 are high, which is due to the speed of the test. The first four plots show the gray scale evolution for four pixels in the same column. The slope of the curve in (a) and (b) is lower than in (c) and (d), indicating an acceleration of the flow in the top part of the sample. In spite of the speed of the front, there are enough points to define the curves, since the interface between the two waters is not sharp but rather gradual. In our case, there are enough data when the sample is full of heavy water, but not enough when the sample is full of light water and this creates stability problems in the fitting. Therefore, the last three gray scale values (of the last three tomographies) and the first three (of the first three tomographies) are repeated twice.

The last four plots of Figure 5.13 show the evolution of four pixels in the same slice, from one pixel that is close to the boundary to one pixel that is almost in the centre of the sample. The big difference with respect to the plots in chapter 4 is the lower noise:data ratio, i.e., the data are not as scattered thanks to the higher flux available at NeXT. However, the noise is again larger when the pixel is closer to the centre of the sample (h) since the transmitted amount of neutrons are close to the noise level. The difference between the gray scale of the pixels when full of light water diverge more in this case, -from 0.035 to 0.015.

The sigmoidal fitting results in five 3D volumes with the four parameters and the error.

A horizontal and a vertical slice of each of them are presented in Figure 5.14, showing images with low noise to data ratio. There are almost no pixels where the fitting can not be computed (NAN values) in the volumes, sign of a successful fitting. The A parameter represents the gray scale value of the pixels full of heavy water. The air bubbles can therefore be identified inside the sample, and the blurriness around them is a consequence of the poor alignment between odd and even tomographies. Unlike the case discussed in the previous chapter, the A parameter does not show any ring artefact effect. On the other hand, the B parameter (sample saturated of light water) presents a strong beam hardening, still allowing the proper fitting of the data. The arrival time map, represented by the C parameter, reveals a fingering front that does not permeate the central region of the sample until almost the end of the test. As explained before, in this test the flow is slower at the beginning and much faster around the end. Proof of this is the behaviour of the D parameter, related with how steep the curve is, showing lower values in the bottom of the sample and higher ones in the top. The error of the fitting presents higher values at the top of the sample most probably because of the very fast flow and partial saturation of the pixels. The high error around the centre could be due to the higher noise to data ratio, as well as poor to saturation. The plot in Figure 5.13 is a good example of this region. The values are very scattered due to the high noise to data ratio at the center of the sample.

Finally the C parameter 3D is corrected by bright, dark and NAN outliers and filtered twice with a Gaussian filter of radius 5. 

Results

The different kinds of tomographies acquired during the test and the quality of each of them is one of the most successful parts of the test. Even if multiple setbacks are faced during the test, the reconstructed volumes shown in Figure 5.15 convince us that the methodological approach is correct. The first medium resolution tomography, The water and the fact of acquiring just one radiography in each position reduce the quality of the image. However, if it was not for the bubbles, the texture would more certainly be sharp enough for the DVC analysis. The last row, Figure 5.15c, shows three slices of the high speed tomography of the sample full of heavy water while light water is being pushed. Even if the tomographies are fast, the quality of the image is good enough to recognize the air bubbles inside the heavy water filled regions. When the light water is flowed in the sample, this bubbles are not visible, despite there are still bubbles inside. Even if neutron attenuation is too high and there is not enough data to recognize the bubbles and grains, the transmission of the neutrons is enough to still detect the shape of the front.

As explained above, the DVC analysis can not be performed due to the amount of moving air bubbles inside the sample. The bubbles move from one medium resolution tomography to the next one, as shown in the vertical slices of each of the stages in Figure 5.16. The images are the vertical central slice of the medium resolution tomographies after each loading stage: undeformed, 0.45% axial strain, and 2.37% axial strain. In the second image, the effect of the loading is not evident. In the third stage, the sample has already achieved the stress peak and lost its cylindrical shape. As mentioned before, a full and homogeneous saturation is not achieved with the different saturation methods (flushing water in the sample and not vacuum saturation). However, as the experiment advanced and more water (heavy and light) is pushed through the sample, the middle and bottom section of the sample gets increasingly saturated. This can be one of the reasons of the better control of the flow in the last test.

The flow test performed when the sample is undeformed is too fast to try to reconstruct sensible tomographies. The last test, the one with the sample already post-peak, is also a fast process, 116 minutes long. However we decided to analyse the data in order to check the limitations of the method, to learn from possible errors and to try to get qualitative results. Figure 5.17 Finally, the front detection is followed by the calculation of the speed of the front, shown in Figure 5.19. The speed is calculated with 1 minute intervals between the fronts. When trying to interpret this image, the reader has to be aware of the complex shape of the front and the implications of this shape on the speed map. The front moves along the outer part of the sample as different columns instead of as a continuous front. The discontinuity or band in the lateral top of the sample reduces the speed of one of the columns and modifies the direction. The speed map also suggests that the central region is filled in less than 10 minutes, much faster than the other regions. 

Discussion

The test presented here is more ambitious than the other ones presented in this thesis. Even if it is not as successful as expected, it teaches us valuable lessons not only on the experimental execution aspects, but also in the adaptability of the algorithms.

A complete saturation of the samples is one of the most important pre-requisites for a successful test. As it is proven during the tests presented in this section, flushing water through the sample at atmospheric pressure is not enough to achieve it. However, if some kinds of samples are saturated beforehand, they can be damaged (e.g. by dissolution). It is not possible to set the samples in the cell without loosing some degree of saturation, especially due to the heating process of the shrinkable membrane. As a result, the future procedures should add a vacuum pump that could be connected to the top of the cell. The vacuum could be applied in the sample once set in the cell and then, the heavy water could be slowly pushed saturating the sample.

The control of the pressure in the top and the bottom of the sample is not accurate enough to govern the flow in the system. For future experiments, the use of a syringe pump is proposed in order to control the flow rate in the bottom of the sample, rather than its pressure as demonstrated in the experiments in chapter 4. The poor control of the flow can also be due to the high number of air bubbles in the system. The release or movement of any of the bubbles inside the samples can lead to an unexpected instability and pressure peaks.

When acquiring the high speed tomographies, a marker should be used to be able to align the odd and even tomographies. Inside the reconstructed volume, two horizontal slices should be imaged (top and bottom of the image) that do not vary during all the tomographies. These slices can be used to compare the reconstructed volumes between each other and correct the misalignment (if needed).

The sigmoidal fitting seems to give good results on tracking the front in the outer part of the sample. However, the fast saturation of the central area seems counter-intuitive, which added to the high error values given in this area for the sigmoidal fitting, can be interpreted as a not well achieved saturation of light water in those regions. The gray scale values of the pixels closest to the borders of the sample show very high values, as discussed in the chapter 2 due to the beam hardening or scattering effect. This strong effect is clear in the reconstructed volumes and can be observed in Figure 5.14B. However, the arrival time is not affected, unlike the results in chapter 4. This suggests that the sigmoidal method is robust to this artefact. High noise to data ratios or the lack of saturation are instead bigger problems for this method.

The surface of the front is very complex even in the undeformed sample, due to the fingering patterns geometry, questioning the suitability of this material for a hydromechanical test where the aim is to characterize the variation on the fluid front evolution due to deformation bands. Some other examples of flow test in the same material are shown in Appendix D.

Summary

An in-situ hydro-mechanical neutron experiment has been introduced in this chapter.

The sample is deformed with a triaxial loading apparatus and medium resolution tomographies are acquired to characterize the structure. Light water has been flushed into a sample full of heavy water, while high-speed tomographies are acquired. The complex setup designed for the experiment imposes the flow pressure in the top and bottom of the sample while measuring the volume of water flushed in the sample, as well as the pressures at the top and bottom. Due mainly to the poor saturation of the sample, the control of the pressure is not the most appropriate method to impose the slow front movement required for good quality data. The resolution of the tomographies acquired allows characterizing the structure of the sample, but in this case, the air bubbles in the sample preclude the computation of the incremental strain based on the DVC methods.

The sigmoidal fitting method is applied to the high-speed tomographies to track the water front. In spite of the uncertainty due to the fast flow, the lower noise to data ratio and high spacial resolution of these images enable a successful application of the method. Features like the high gray scale values observed in the pixels close to the borders of the reconstructions did not affect the front tracking.

Chapter 6

Conclusions and Perspectives

Conclusions

The main objective of this PhD work was to advance the understanding of the coupled hydro-mechanical behaviour of subsurface rocks. To achieve this purpose, an original in-situ hydro-mechanical experimental setup has been developed, multiple experimental campaigns have been performed using cutting-edge neutron imaging instruments, and new image analysis tools have been established.

Development of the experimental setup

Through a series of experiments, an experimental setup has been developed that enables pressure controlled fluid-flow through samples of rock in conjunction with triaxial compression testing, all in-situ at a neutron imaging station. The pressure of the fluid flow, flow rate, confining pressure and axial loading can all be controlled remotely so that neutron imaging can be performed during any stage of an experiment (i.e., during fluid flow to follow the advance of a fluid front or after an increment of triaxial compression to assess the evolution of deformation). Successful experiments have been presented in chapter 3 that involved a cup in which the sample could be placed and which was connected to a water tank providing the fluid for a flow test. With these experiments the possibility of following fluid flow in rocks using high-speed neutron imaging was demonstrated. The results of experiments under imbibition and pressuredriven flow conditions on intact and deformed samples were discussed. The successful developments and experimental results in this chapter motivated the upgrading of the setup for better control of boundary conditions and flow, as well as incorporating insitu loading. In the experiments presented in chapter 5 (second in chronological order), pressure at the top and bottom of the sample was imposed while measuring the pressure of the flow and the fluid volume going in and out of the sample. The confining pressure could also be applied and measured, as well as the displacement of the piston of the loading device and the force applied. The sample was placed dry in the cell and then saturated once the test and the neutron imaging had been started. The cell, the loading device and the resolution of the images acquired confirmed that the setup is suitable for the NeXT-Grenoble neutron imaging beam. However, some improvements to experimental setup were still required to achieve the final goal of this doctoral work, by starting with initially saturated samples, improved control of the flow speed and more homogeneous samples to have a smoother fluid front.

The modifications to the setup, implemented for the last experimental campaign (in chronological order), have been presented in chapter 4. These experiments provided a successful characterization of the fluid flow in several saturated and ex-situ deformed samples. The specimens were pre-saturated to avoid trapped air bubbles, and the flow rate of the fluid at the base of the sample was controlled with a syringe pump, while the outlet pressure was controlled at the top. Two air-trappers were added to the system. The rock samples considered in these experiments were Vosges sandstone, which were more homogeneous than the laboratory prepared samples used in chapter 5, which meant that the geometry of the advancing fluid fronts were smoother. The setup allows better control of the boundary conditions, which, along with the higher homogeneity of the tested specimens, facilitates the water front tracking.

The final experimental setup is the result of multiple iterations, based on the lessons learned along multiple tests. The result is a hydro-mechanical coupled system with flow rate control based on a syringe pump, presented in chapter 4, and the possibility to control the flow of different liquids, as presented in chapter 5. The hydraulic scheme is shown in Figure 6.1. The whole system consists of three water tanks, a water/air interface, eight electrovalves to control the water flow and the confining pressure, a control box to control the valves, three air-trappers, two pressure regulators, a pump with two syringes, three pressure transducers, an LVDT, a National Instrument acquisition card, three power supplies, the cell, and the loading device.

Analysis

Chapter 3 presented a method involving high-speed neutron tomography coupled with new image analysis tools that enables the evolution of a fluid front to be tracked in 3D with unprecedented time-resolution and the 3D speed map to be determined at each voxel position. The 3D front tracking and flow speeds obtained for an undeformed sample of Vosges sandstone could be fitted to Darcy's law, which proved the quality and reliability of the method. This result also confirmed that the experiment and analysis method is relevant to cases where the water front evolves faster than one voxel width per tomography.

In the experiments presented in chapter 4, the contrast of the water front was not as high as in the previous chapter, due to the pre-saturation of the sample with heavy water and higher noise to data ratio. A new approach involving a sigmoidal fitting of the intensities in each voxel as a function of time provided an effective tracking of the front in the case of low contrast to noise ratio and enabled a temporal resolution below the acquisition time of the tomographies. The combination of this sigmoidal fitting approach with the method presented in chapter 3 results in quantitative measurement of the front speed in 3D, making it possible to detect changes of flow speed due to localised deformation features created during ex-situ deviatoric loading and/or to the intrinsic inhomogeneities of the sample. The sigmoidal fitting approach is defined by four parameters for each voxel and allows an estimate of the error of the fitted values for each voxel to be rigorously defined. The approach is able to adapt to the different evolution in grey scale of each pixel in the 3D volume. This methodology is also applied in chapter 5, where the resolution and signal to noise ratio of the images was much higher, but the speed of water flow was much faster than desired. Although the derived arrival time map result is not well resolved throughout the volume, it can be seen that data quality issues in the outer part of the sample (related, in part, to incoherent scattering from hydrogen, among other effects) are reliably handled by the sigmoidal fitting approach. A study comparing the sigmoidal fitting method and the image binarisation method and assessing their accuracy and robustness is presented in Appendix B.

In summary, multiple data analysis methods have been established that can provide robust tracking of a propagating fluid front in both dry and saturated samples, as well as the 3D speed map related to it. Further developments of the analysis should aim to provide the full velocity vector field of the flow rather than just its norm (the speed).

Results

Three experimental campaigns have been performed for different saturation conditions and specimens. In the first campaign, two dry samples of Vosges sandstone were tested.

The water was external pressure driven into an undeformed sample, and the speed map derived from the front tracking confirmed the homogeneity hypothesis. The second sample had been loaded, prior to the flow experiment, under triaxial compression with a confinement pressure of 30 MPa and was seen, through x-ray tomography and Digital Volume Correlation, to have developed a compactant shear band. The flow test was conducted so that, in the main part of the sample where the shear band is located, imbibition of water was the key operative driving force. Higher fluid flow speeds were observed in the localised deformation bands. This can be interpreted as being a consequence of higher air-water capillary pressure, which suggests smaller pore sizes in the band than in the rest of the sample.

In the second experimental campaign, fluid flow was driven by pressure into five heavy water saturated samples, each exhibiting different localization features due to different prior, ex-situ triaxial loading. The undeformed sample showed a homogeneous flow through most of the sample, however, in this specimen, intrinsic inhomogeneities appear to have led to local decreases in the speed of the fluid front. A similar observation was also made for sample VO03ME, which only exhibited a small localised deformation feature due to the prior triaxial loading (at 30 MPa confining pressure). Two samples, one sheared at 30 MPa and the other at 40 MPa confinement, were seen (from DVC analysis of x-ray tomography data) to have developed compactive shear bands. During the flow tests, the neutron imaging revealed that these compaction features acted as obstacles to the flow, causing reduced speeds. This confirms the expectation of lower permeability in a compactant shear band, caused by the reduction in porosity, and also represents the first such observation in 3D, as all previous such flow tests with 3D imaging have been performed either with intact specimens or with capillary driven flow. The last sample tested in this campaign (at 40 MPa confining pressure) showed complex patterns of localized deformation with regions of both compaction and dilation that, due to the spatial resolution of the images, could not be fully characterized.

The last experimental campaign considered the flow of water into a laboratory-made cemented sand sample that had been deformed in-situ at the neutron imaging station.

The main result from this, in addition to performing a proof of concept of the feasibility of an in-situ hydro-mechanical triaxial test, was the successful tracking of the complex flow front in a very heterogeneous material.

One of the main achievements of the presented experiments relates to the development of an in-situ hydromechanical triaxial testing system for use with neutron tomography that enables studies of the evolution of fluid flow in rocks due to mechanical deformation. Furthermore, new analysis procedures have been established that have provided 3D characterization of heterogeneous fluid flow described through 3D flow speed maps, which have been compared to 3D quantifications of the evolving strain fields in the specimens.

Perspectives

This project set out with the objective of establishing an experimental approach to study the coupled hydro-mechanical behaviour of geomaterials with in-situ neutron tomography. This ambitious objective has been largely fulfilled, in terms of defining the experimental approach and analysis methods. However, further successful experiments are needed to investigate the coupled hydromechanical behaviours of rocks with the defined methodologies. The work has laid foundations and has, thus, opened some extremely interesting perspectives.

The experimental approach has been developed through the project based on a series of experiments with increasing complexity. However, further developments are foreseen in the future. For an optimal saturation of the sample, the cell should be fitted to a vacuum pump. In this way, before the test starts and after placing the sample inside the heat-shrinkable membrane, the vacuum can be applied to the sample to slowly flush the water, thus saturating effectively the sample already in the cell. The system presented in this manuscript has been used up to a maximum pressure of 1 MPa. Upgrading the setup to withstand higher pressures would be of interest for rock mechanics studies and would, also, lead to any possible air bubbles dissolving in the liquid and improving the saturation conditions.

The development of the data analysis should aim to provide the full velocity vector field of the flow rather than just its norm (the speed). As shown in Appendix E, during this project an attempt to identify the 3D velocity map was made. However, it was observed that a realistic analysis should involve iterative corrections to account for the local boundary conditions and the convergence of the streamlines in specific regions i.e., bands.

The advantages and limitations of the sigmoidal fitting approach should be explored more in depth, especially the parameter related to the steepness of the sigmoidal curve (the D parameter in the fitting). This parameter provides information on how fast the grey scale of a pixel changes, which is directly connected to the local variation of the fluid speed. This technique has also limitations due to the mixture of both waters. Using two unmixable fluids, could help to avoid the smearing.

The main scientific perspective of the work is the further development of the first objective of the thesis: in-situ compression of specimens with characterization of the deformation through neutron tomography and DVC analysis, coupled with characterization of fluid flow performed at different deformation states using high-speed neutron tomography and 3D flow speed/velocity analysis that can be, ultimately, compared to the DVC-derived strain fields. This is now possible with the defined experimental and analysis approaches.

The experimental approach could be extended to other rocks or geomaterials, to only study flow under controlled conditions (dry or saturated) or to study coupled hydromechanical processes. For this purpose, as aforementioned, the setup should be upgraded to achieve higher confinement pressures, thus allowing a wider range of localization regimes and stiffer materials to be studied.

As a final remark, it is noted that the promising upgrading of NeXT-Grenoble instrument combining neutron and x-ray imaging opens the door to an effective complementary analysis of both techniques as presented by [START_REF] Tudisco | An extension of digital volume correlation for multi-modality image registration[END_REF]. The future possibility of acquiring tomographies from both techniques simultaneously and using them to reconstruct a single volume will be a great step forward for the hydromechanical analysis. Such a joint approach would profit from the different sensitivities of x-rays and neutrons to the different parts of the rock-fluid system. the empty pixels from the ones full of water. Finally the pixels that were filled in previous steps are subtracted. The remaining pixels are multiplied by the time at which this specific tomography was acquired and added to a 3D time map volume. The smallest time step with this method is the time between two tomographies.

In the second method, introduced in chapter 5, we reconstruct each tomography without any modification. The gray scale value of each pixel can then be plotted against time. This gray scale should be constant before the arrival tthe water, then it should increase in value until it arrives to a plateau where the value is again constant, once the pixel is saturated. This values are fitted to a sigmoidal function:

y = A + B -A 1 + C x D (B.1)
where A is the gray scale value of the dry pixel, B is the gray scale value of the saturated pixel, C is the time at which the pixel is half saturated and D is the parameter related with the acceleration of the process.

The output of the process are four 3D volumes of the same size as the 3D reconstructed volume with the maximum and minimum gray scale values of the pixels, the water arrival time of each pixel (time map) and the acceleration. The time map is finally filtered in some of the examples with a Gaussian or median filter to further smooth the gradients.

B.1 Metrological study of the accuracy of the models

In this chapter we develop a number of new methods and codes to simulate an artificial images representing eater fronts of increasing complexity and progressively closer to the truth experimental case to assess the accuracy of the front tracking method. The examples below are presented with increasing complexity and noise levels. The first group of synthetic images shows the evolution of a perfect semi-spheric front. In this images only the water is shown, so it will be accepted as an ideal situation, this is the image that we use as ground truth. Then more complex features are added in order to mimic the reality e.g., local variation of permeability, noise. Both methods are applied to this synthetic images obtaining different time maps. These time maps are then compared with the ground truth to assess the accuracy of the methods.

Each group of images shows the evolution of a front. They are made up of 34 volumes where each volume represent the front at a given time. In order to get the time map, the 'time step' between each volume is imposed to 1 minute. The size of each 3D volume is 500x500x500 pixels.

B.1.1 Simple water front

In our experiments the evolution of the water movement is in general vertical and the water front has a semi-sphere section shape in a cylindrical sample. Therefore our first synthetic images represent the vertical evolution of a semi-sphereical front. In When both methods are applied to get the time map, the result is substantially undistinguishable in the two cases and very close to respect to the ground truth. In this case the mean value is -0.0007 and the standard deviation is 0.02600. If the second method is applied the error varies between 0 or 1 pixel distance. The mean in this case is -0.6634 and the standard deviation is 0.4726.

B.1.3 Effect of the fingering

The water front does not move as a perfect semi sphere, normally it shows some kind of fingering. In this case the first method is clearly superior although also the second method's accuracy is close to the resolution of the image.

B.1.4 Effect of porosity and discontinuities

When the water is pushed trough the sample, some areas take longer to get saturated than others, which could be due to changes in the porosity of the sample or to small discontinuities. A chess pattern is added to the image in it is also close to zero but still higher than with the first method without filters. This highlights, how while adding Gaussian filter in some cases may help the front tracking, it increases the error linked to structured features, meaning that its use should be calibrated carefully.

B.1.5 Robustness to random noise

Finally, noise is added to the synthetic images. The vertical and horizontal slices of the volume at step 28 are shown in Figure B.12. This is the only feature that has been added to the image that is not related with the properties of the water evolution or the sample but rather on the limits of the acquisition system.

Following the same analysis as in previous sections, Figure B.13a shows the difference between the ground truth image and the distance map obtained with the first method.

In this case the threshold value is 0.5 and no filter is applied. .7127. Figure B.13c and Figure B.13d shows the difference between the ground truth image and the distance map acquired with the first method using a threshold of 0.5 and a Gaussian filter of 3. The mean value is -24.745 and the standard deviation is 0.957.

First example of this section, the results is better when the Gaussian filter is applied unlike previous section. Figure B.14c and Figure B.14d show the distance between both fronts when a Gaussian filter of radius 0.5 is applied. The mean value is -25.232 and the standard deviation is 2.126. The last row of plots represents the distance between the fronts after applying a median filter of radius 2 to the C matrix. The mean value and standard deviation are -25.636 and 1.820.

The results improve when the filters are applied in the second methods, although the improvement is less marked than in the first method. However both approaches give a similar result, so we could not say both are acceptable with the resolution. If the first method is compare with the second one, the results are very similar when the filtered options are compare. The mean values of the second method are closer to the -30 pixels as is expected but the standard deviation of the filtered first method is lower.

In ure B.15d are the result of using the first method with a Gaussian filter of 3. The mean value is -3.268 and the standard deviation is 2.537.

In this case also the results of the time map acquired with the first method without filters is almost the same as the filtered figure. As happened with the first method when the filters are applied the error increases. In this case the first method without any filter got the best results. Both results are very far from the -30 that we were expecting, the accuracy of the results when the filter is applied is improved. .19 shows the difference between the ground truth image and the second method time map with and without filters. Figure B.19a and Figure B.19b represent the distance when no filter has been applied to the C matrix. The mean value of the distribution is -2.4371 and the standard deviation is 2.4952. Figure B.19c and Figure B.19d shows the distance between both fronts when a Gaussian filter of radius 0.5 is applied. The mean value is -3.865 and the standard deviation is 2.803. The last row of plots represents the distance between the fronts after applying a median filter of radius 2 to the C matrix.

The mean value and standard deviation are -6.719 and 2.615.

If we compare the results of the two methods the second method with mean filter is the one with the mean value closer to -30, we expected the value. Anyway the standard deviation of the first method when the filter is applied is considerably smaller than the others. The effect of the noise is clear in this example however the average difference is almost zero still for the method without filters. In this last case the first and the second methods barely have any difference. 

B.2 Conclusions

When the time maps are compared with the ground truth image shown in Figure B.1 the mean value of the difference is -30 pixels. That value comes from the threshold applied in the first method, the 0.5 and the arbitrary use of the C parameter in the second method as arrival time. In both cases around 50% of the area where the gradient is applied is counted as dry. The difference between the first method without filters and the second method also without filters is normally around one pixel. In the first examples the results of the first method without filter is better, however once the noise is added filtered images gave better results, the mean is closer to -30 and the standard deviation decreased. The values between the first method with the Gaussian filter and the second method with the mean filter are very similar to be able to accept one over the other.

In the second part of each subsection the time maps are compared with the filtered images of each section. When the first method without any filter is applied the difference is almost zero. That means that the time map is the same as the image of the water front, even when random noise was added to the image. For the time maps acquired with the second method the differences normally are around one pixel, except in the examples were random noise is introduced. In these cases the differences are higher, meaning that the second method is more robust to random noise.

Overall the effect of filtering is beneficial although it adds spread, it is a trade off that have to be analysed depending on the data acquired.

The smaller time step achieved with the first method is the time between tomographies, in the case of the example shown in this document 1 minute. Whit the second method we could go to much higher time resolution, since the C parameter is given in seconds, albeit is an interpolation.

Finally we can say that the first method appears more accurate although it is less robust to noise. However when real images are analysed this is a major key point. The reconstructed volumes in chapter 3 have sharp boundaries and less noise, therefore the binarissation method is applied. For the analysis of chapter 4, where the boundaries of the front are extremely diffuse and the noise:data ratio is high, the second method (the sigmoidal fitting) seems a better choice. The use of the binarisation method in noisy images lead to find water trough out the volume and not just at the front.

The methods needs:

• The mean attenuation of the beam for different thickness of the sample full of H 2 O.

• The mean attenuation of the beam for different thickness of the sample full of D 2 O.

• A sinogram of the analysed slice of the sample full of H 2 O.

• A first guess of the arrival time in the nodes. It is not possible to determine the attenuation of a pixel full of light water by itself, since the attenuation depends on the number of total pixels full of light water that the beam has crossed, not only its own contribution. In Figure C.1, the scattering effect is observed when comparing the theoretical attenuation with the real measurements. Green dots represent real measurements of the attenuation of the cemented sand for different sample thicknesses. They are fitted to a linear equation of slope 36 cm -1 (the red line), the macroscopic cross-section of the material according to Equation 2.6. The purple line is the theoretical attenuation of the light water for a monochromatic beam of 3 Å, considering the absorption and the incoherent scattering. Blue dots are show the measurements of the sample saturated of light water. These data are fitted with a 6 th degree polynomial, the orange curve. Finally, the brown line plot represents the summed contribution of the sample attenuation (red line) and the theoretical light water (purple line), which is in compliance with the measurement done for the sample full of light water (orange curve) for sample thicknesses smaller than 17 mm. As a result when calculating the attenuation suffered by the neutron beam the total amount of pixels full of light water in the path will be taken into account, based in the orange curve.

In order to reduce computational effort, the arrival time of the water is calculated over a mesh of points defined inside the boundaries of the slice, instead of at each pixel. At the beginning of the iterative process, the values of these points are interpolated to each of the pixels. The flow geometry inside the sample is expected to be relatively smooth. Therefore, the arrival time slice cannot be extremely rough. A median filter is applied to soften the variation between close pixels, to then truncate the values between 0 (the minimum arrival time) and n+1 (where n is the time required for the acquisition of a tomography, plus 1, for the cases in which the pixel is full in a later tomography).

The amount of pixels full of light water is summed for each of the projections through a path. This results in a 'sinogram like' 2D image where the pixels represent the number of pixels full of light water that the neutron beam crossed in this specific projection angle. It is referred here as the 'synthetic path'. issue of the streamlines going out of the sample or the convergence of the streamlines into the band, as it was proposed in 2D by [START_REF] Hall | Characterization of fluid flow in a shear band in porous rock using neutron radiography[END_REF]. Eventually, a complete and rigorous method would be a fluid dynamic simulation accounting for the complete geometry, where we move further and further from image analysis and introduce an increasing number of hypothesis. This goes beyond the purpose of this work, which intentionally kept away from any simulation.
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Figure 2 .

 2 Figure 2.1: X-ray CT scanner at Laboratoire 3SR with the background faded out for clarity. The blue edges are the door frame of the cabin (after Andò, 2013).

Figure 2 . 2 :

 22 Figure 2.2: Schematic representation of the Compton scattering ( after Hsieh, 2009).

  Figure 2.3 shows one of the samples deformed by Bésuelle at 30 MPa confining pressure.Darker areas reflect lower x-ray attenuation and therefore, higher porosity than the surrounding area.

Figure 2 . 3 :

 23 Figure 2.3: Reconstructed slices of a localisation pattern inside a specimen tested at confining pressure of 30 MPa in compression. White lines in (a), (b) and (c) show the position in the plane in (d)[START_REF] Bésuelle | A new true triaxial cell for field measurements on rock specimens and its use in the characterization of strain localization on a vosges sandstone during a plane strain compression test[END_REF].

Figure 2 . 5 :

 25 Figure 2.5: CONRAD-2 instrument design[START_REF] Kardjilov | CONRAD-2: the new neutron imaging instrument at the Helmholtz-Zentrum Berlin[END_REF].

Figure 2 . 6 :

 26 Figure 2.6: Spectrum of the beam in (a): CONRAD-2 (b): NeXT-Grenoble.

Figure 2 . 7 :

 27 Figure 2.7: Time-lapse neutron radiographies of the water imbibition for every fifth image of a sample with two inclined shear bands. Lower neutron transmission intensity values are associated with increased water (and oil) saturation. Oil accessed the top of the sample during the previous loading test, therefore, lower transmitted neutron intensity can be observed in the top during the whole test. After 2013.

Figure 2 . 8 :

 28 Figure 2.8: 3D visualisation of the water uptake process acquired with neutron tomography as a function of time in Ytong buiding stone. After Masschaele et al., 2004.

  Several experimental campaigns have been introduced in subsection 2.1.2 for the characterization of flow in geomaterials. However, due to the late development of highspeed/high-resolution tomography and the blurriness that the scattering of the hydrogenrich fluids generate, the quantitative analysis of flow velocity is not fully developed.[START_REF] Hall | Characterization of fluid flow in a shear band in porous rock using neutron radiography[END_REF] presented a 2D velocity map for the radiographies shown in Figure2.7. The front was characterized in each of the radiographies normalising them with the first radiography of the experiment (the dry radiography) and then binarising the images (Figure2.9(a)). The velocity map was based on the gradient of the image near the front, which indicates the directions of the flow. To avoid crossing of vectors and excessive distortions of the flow front, a regularization is applied. By knowing the time interval between the images, the flow velocity map can then be obtained (Figure2.9(b)). The image analysis developed provided the local fluid flow velocities, indicating that the flow was faster within compactant shear bands in a dry sample where the flow was driven by imbibition process.

Figure 2 .

 2 Figure 2.9: (a). Tracked fluid fronts overlain on the final neutron radiography (color represents neutrons intensity). (b). Quantified local flow velocity. Modified from Hall (2013). The promising evolution of the imaging techniques and the upgrade of the available instruments open new doors for the hydro-mechanical localised characterization in rocks. The understanding of the new tools and development of the original setup and softwares is required in this contest.

Figure 3 . 1 :

 31 Figure 3.1: Undeformed Vosges sample used during one of the hydraulic test.

Figure 3 .Figure 3 . 2 :

 332 Figure 3.2: (a). Photo of the inside of the lower half of the cell with the mounted sample wrapped into the membrane (b). The pumps on the left side and the full cell closed on the right (c). Sketch of the triaxial apparatus: (1)Lower cell, (2)Specimen, (3)Upper cell, (4)Piston, (5)Top chamber, (6)Bolts, (7)Membrane, (8)Load caps, (9)Enlarged platens.

Figure 3 . 3 :

 33 Figure 3.3: Stress deviator vs. axial stress for the previously deformed sample.

Figure 3 . 4 :

 34 Figure 3.4: Preparation of the sample before the test (a). Sample wrapped with teflon and the FEP membrane (b). Membrane being shrunk with the heat gun (c). Cup (d). Sample placed in the cup

Figure 3 . 5 :

 35 Figure 3.5: Viton membrane, latex membrane, neoprene membrane and Fluoroplastic membrane scanned in the neutron beam to analysed the interaction with neutrons.

Figure 3 . 6 :

 36 Figure 3.6: Attenuation of a Vosges sample with a membrane and plot of the attenuation values of the vertical green line (a). Latex. (b). Vinyl. (c). Fluoroplastic. (d). Viton3SR. (e). VitonCB.

  Figure 3.6d shows the attenuation of the same sandstone sample covered by a 0.25 mm thickness Viton membrane. In this case, it is clear how the membrane reaches the top of the image. Figure 3.6d plots the attenuation values through the central vertical line of the image. The macroscopic cross-section of this Viton membrane in cold neutrons is Σ=1.40 cm -1 .

Figure 3

 3 Figure 3.7: (a). The setup in the beam. On the left hand, the water reservoir in the adjustable platform and on the right hand, the sample in front of the scintillator of the detector (b). Sketch of the setup in the neutron beam.

Figure 3 .Figure 3

 33 Figure 3.8: (a). Projection of the undeformed sample at minute 10. (b). Projection of the undeformed sample at minute 100. (c). Projection of the previously deformed sample at minute 10. (d). Projection of the previously deformed sample at minute 150.

Figure 3 . 9 :

 39 Figure 3.9: Two central vertical slices and an horizontal slice of the reconstructed volume of the water-filled deformed sample. The darker regions are due to the higher amount of water in the localisation; the lighter area on the top left of a, is the sample still dry.

Figure 3 .

 3 Figure 3.10: (a). Vertical cross-section slice through the high-speed neutron tomography images of the undeformed sample at tomography 30 (time = 30 min). (b). The same slices reconstructed after subtracting the radiographies of the initial tomography. (c). Previous image filtered twice with a Gaussian filter of radius 5. (d). Corresponding slices through the binarisation of b.

Figure 3 .

 3 Figure 3.11: The procedure to get the speed map between two equal fronts separated for 100 pixels.

Figure 3 .

 3 Figure3.12 shows the procedure to get the speed map between two symmetric fronts separated by 150 pixels. The result reproduces the expected values in the center as well as at the sides of the sample.

Figure 3 . 12 :

 312 Figure 3.12: The procedure to get the speed map between two symmetric fronts separated for 150 pixels.

Figure 3 . 14 :

 314 Figure 3.14: Procedure to get the speed map between two consecutive fronts in the undeformed sample.

Figure 3 .Figure 3 . 15 :

 3315 Figure3.15 shows, for the undeformed sample, the position of the waterfronts (at 2 minute intervals) in two vertical central slices and a horizontal one through the imaged volume. These fronts are determined by the binarization of the 3D reconstructed volumes of the water front. The black box that delimits each of the images represents the boundaries of the sample. The distance between the surfaces is smaller as the test advances, revealing the reduction of the speed in the water. In Figure3.16, a selection of six fronts with a time step of 26 minutes are plotted in 3D, where the whole surface can be observed.Alterations of the front,e.g., in the form of two external more elevated areas, are visible already in the first 3D front plot. However, the shape of the front is fairly flat during the whole test.
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 3317 Figure 3.16: The water front surfaces at different moments of the hydraulic test in the neutron beam for the undeformed sample.

Figure 3 . 18 :Figure 3 . 19 :

 318319 Figure 3.18: Slices of the strain maps obtained through the Digital Volume Correlation analysis. (a)(b)(c) Shear strain field. (d)(e)(f) Volumetric strain field.

Figure 3 . 20 :

 320 Figure 3.20: The water front surface of the deformed sample at different times of the hydraulic test in the neutron beam.

Figure 3 . 21 :

 321 Figure 3.21: Two vertical and an horizontal slice of the 3D speed map of the previously deformed sample. The central are with a bigger constant value is due to the black-out of the camera.

Figure 3 .

 3 Figure 3.22: (a). Height of the water front in the undeformed sample against the speed for the experimental data acquired in Figure 3.17 and analytical data. (b). Vertical slice showing the area acquired for the plot in (a).

Figure 4 . 1 :

 41 Figure 4.1: Deviator stress versus axial strain in triaxial compression of Vosges sandstone. After Bésuelle, 2001. The stars represents the levels of strain/stress at which the test explained below are stopped.

Figure 4 . 2 :

 42 Figure 4.2: Attenuation of the Vosges sample saturated with heavy and light water for a 39 mm diameter sample.

Figure 4 . 3 :

 43 Figure 4.3: The five cylindrical Vosges samples used during the experiments.

Figure 4 . 4 :

 44 Figure 4.4: (a). Deviator stress vs. axial strain curve of the first triaxial test performed on the sample VO02ME. (b). Deviator stress vs. axial strain curve of the second triaxial test done on the sample VO02ME. (c). Photo of the deformed sample.

Figure 4 . 5 :

 45 Figure 4.5: (a). Deviator stress vs. axial strain curve of the triaxial test performed on the sample VO03ME. (b), (c). Sample VO03ME at the end of the test.

Figure 4 .

 4 8. In both images, the pores (in black) and the grains (in white and gray) are visible. From the top left to the bottom right of Figure4.8 the localisation can be observed, especially closed when getting close to the boundaries of the sample. The resultant strain field maps are presented in section 4.5.

Figure 4 . 8 :

 48 Figure 4.8: X-ray reconstructed horizontal slice of the sample VO02ME (a). Underformed (b).After the second loading.

Figure 4 . 9 :

 49 Figure 4.9: Experimental setup inside the CONRAD II neutron beam. 1: Cell 2: Top valve and pressure transducers 3: Bottom valves and pressure transducer 4: Water tanks 5: Pump 6: Water/air interface 7: Pressure transducers.

Figure 4 . 10 :

 410 Figure 4.10: Scheme of the hydraulic setup.

Figure 4 . 11 :

 411 Figure 4.11: Sample preparation process at the neutron instrument before the hydraulic test.

Figure 4 .

 4 Figure 4.12: (a). Radiography of the medium resolution tomography for sample VO05ME. (b). Radiography of the high speed tomography for sample VO05ME.

Figure 4 .

 4 Figure 4.13: (a). Radiography at which the tomography started sample for sample VO03ME. (b). Horizontal offset for every 50 tomographies. (c). Tilt for every 50 tomographies.

Figure 4 .

 4 Figure 4.14: (a). Horizontal offset for various tomographies of sample VO05ME. (b). X displacement of the 1035 slice of all the reconstruccions with respect to the 462 slice of tomography 322. (c). Y displacement of the 465 slice of all the reconstruccions with respect to the 465 slice of tomography 322. (d). Rotation angle of the 465 slice of all the reconstruccions with respect to the 465 slice of tomography 322.

Figure 4 .

 4 Figure 4.15: (a). Vertical slice of the VO01ME reconstruction at t=100 min. The sample is saturated with heavy water and light water is being pushed into the sample from the bottom. (b). Plots of the gray scale of the four lines drawn in image a.

Figure 4 . 16 :

 416 Figure 4.16: Sigmoidal fitting of the gray scale value of a pixel in time. The first 4 plots: For position (160,100) in the horizontal different highs. (a). 400 (b). 300 (c). 200 (d). 100. The last 4 plots: For a given horizontal slice (200), pixels with decreasing distance from the center: (e). (86,86) (f). (107,107) (g). (128,128) (h). (149,149).

Figure 4 .

 4 Figure 4.17: A vertical and a horizontal slice of the A, B, C and D parameters plus the error values obtained in the Sigmoidal fitting of sample VO01ME.

Figure 4 .

 4 18b. The result is a smoother time map, where the invalid values are replaced by real values. The most problematic errors, which are difficult to correct, are those due to ring artefacts in the reconstructed volumes. They are concentrated in the center of the volume and they result in higher arrival time values than expected.

Figure 4 .

 4 Figure 4.18: (a). Vertical central slice of the C parameter of the sample VO01ME. (b). Vertical central slice of the C parameter of the sample VO01ME filtered, the arrival time map.

Figure 4 .

 4 Figure 4.19: (a)(b)(c). Two vertical and an horizontal slice of the speed map of sample VO01ME.

Figure 4 . 20 :

 420 Figure 4.20: Two vertical and a horizontal slices of the Digital Volume Correlation for sample VO02ME. (a)(b)(c). Shear strain field. (d)(e)(f). Volumetric strain field.

Figure 4 .

 4 Figure 4.21: (a). Water front at the 60 th minute. (b). Evolution of teh front for sample VO02ME. The color refers to the speed values of the front.

Figure 4 .Figure 4 . 22 :

 4422 Figure 4.22: Two vertical and a horizontal slices of the Digital Volume Correlation for sample VO03ME. (a)(b)(c). Shear strain field. (d)(e)(f). Volumetric strain field.

Figure 4 .

 4 Figure 4.23: (a)(b)(c). Two vertical and an horizontal slice of the speed map from the flow test on sample VO03ME.

Figure 4 .

 4 Figure 4.24: 24 equally separated horizontal slices along 3D the porosity map from the flow test on VO03ME.

Figure 4 . 25 :Figure 4 .

 4254 Figure 4.25: Two vertical and a horizontal slices of the Digital Volume Correlation for sample VO04ME. (a)(b)(c). Shear strain field. (d)(e)(f). Volumetric strain field.

Figure 4 . 27 :Figure 4 .

 4274 Figure 4.27: Two vertical and a horizontal slices of the Digital Volume Correlation for sample VO05ME. (a)(b)(c). Shear strain field. (d)(e)(f). Volumetric strain field.

Figure 4 .

 4 Figure 4.29: (a)(b)(c). Two vertical and an horizontal slice of the porosity of the samples VO02ME.

  [START_REF] Tudisco | Neutron imaging and digital volume correlation to analyse the coupled hydro-mechanics of geomaterials[END_REF] for neutron imaging. It is an analogue of real cemented granular materials and has a porosity of 35%. The sample is prepared by compacting a hydrated mixture of Ordinary Portland Cement (OPC) and HN31 Hostun sand of 327 μm grain diameter (50% of cement: sand ratio in weight) in a cylindrical mould in layers of 2 mm. The procedure is deeper explained in[START_REF] Tudisco | Development and application of time-lapse ultrasonic tomography for laboratory characterization of localized deformation in hard soils/soft rocks[END_REF].

  Figure 5.1: (a). First cemented sand sample tested in the beam. (b). Second cemented sand sample placed on the base of the cell.

Figure 5 . 2 :

 52 Figure 5.2: (a). Loading device and cell (b). Valves control box, cables and one of the power supplies (c). Electronics box of the loading device (d). Three water/air interfaces with the displacement transducers attached (e). The pressure regulators (f). Three pressure transducers and two electromagnetic valves (g). National instrument card.

Figure 5 . 3 :

 53 Figure 5.3: (a). Overall scheme of the experimental apparatus. (b). Scheme of the fluid circuits.

Figure 5 . 5 :

 55 Figure 5.5: Steps followed to set the sample in the cell: (i). Wrap the sample in teflon and place it in the cell. (b). (c). Fill the gaps with synthetic rubber. (d). Place the FEP shrinkable membrane. (e). Shrink the membrane with a hot-gun. (f). Add the o-rings. (g). Close the cell. (h). Keep the water outlet aligned. (i). Sample wrapped into a teflon membrane and set between the two bases and the piston.

Figure 5 . 6 :

 56 Figure 5.6: Siemes star radiography acquired to measure the resolution of the 2,5 seconds exposure time radiography.

Figure 5 . 7 :

 57 Figure 5.7: Medium resolution radiography corrected by dark and flat fields. (a). Dry sample. The 3 radiographies at the same angular position have been averaged (b). Sample full of heavy water.

Figure 5 . 8 :Figure 5 . 9 :

 5859 Figure 5.8: High speed radiography corrected by dark and flat fields (a). Sample saturated of heavy water. (b). Sample full of heavy water while light water is being pushed.

Figure 5 . 10 :

 510 Figure 5.10: Stress deviator vs. axial strain fro the 2 nd sample.

Figure 5 .

 5 Figure 5.11: (a). Horizontal offset computed for the high speed tomographies of the deformed sample. (b). Tilted angle computed for the high speed tomographies of the deformed sample.

Figure 5 . 12 :

 512 Figure 5.12: Horizontal central slices of the tomographies 40 and 80 reconstructed for different values of the x-offset.

Figure 5 . 13 :

 513 Figure 5.13: Sigmoidal fitting of the gray scale value of a pixel in time. First four plots: Pixel (143,143) in the horizontal for different vertical heights. (a). 400 (b). 300 (c). 200 (d). 100. Last four plots: For a given horizontal slice (200), pixels with decreasing distance from the center: (e). (110,100) (f). (132,132) (g). (154,154) (h). (175,175).

Figure 5 .

 5 Figure 5.14: A, B, C, D parameters and the error of the fitting in the sigmoidal function for the cemented sample.

  Figure 5.15a, shows the dry sample inside the cell. The 2.5 h of tomography are enough to capture the finer structures of the sample. The apparent change of resolution between both horizontal slices could be due to vertical changes in the material structure itself, since measurements of the sharpness of the membrane do not indicate any actual changes in the quality of the image. The slices in Figure 5.15b show the cemented sample full of heavy water. The black regions are air bubbles stuck in the sample that move slowly during the flow tests.

Figure 5 .

 5 Figure 5.15: (a). Vertical slice and two horizontal ones of the reconstructed medium resolution tomography, with the sample dry. (b). Vertical slice and two horizontal ones of the reconstructed medium resolution tomography, with the sample full of water. (c). Vertical slice and two horizontal ones of the reconstructed high-speed tomography.

Figure 5 . 16 :

 516 Figure 5.16: Vertical slices of the reconstructed medium tomographies at different loading stages.

Figure 5 . 17 :

 517 Figure 5.17: Vertical slices of the reconstructed medium tomographies at three different times of the hydraulic test.

Figure 5 .

 5 Figure 5.18 shows the front surface at five different time steps. These volumes are the result of the Gaussian filtering of the C parameter 3D volume. The images suggest that the water flows through the external part of the sample, leaving the central part full of heavy water. Instead of having a homogeneous surface, the flow behaves as fingers going up in the sample. In Figure 5.18d and Figure 5.18e the front is slowed down most likely due to the presence of a shear band in the sample.

Figure 5 .

 5 Figure 5.18: 3D evolution of the light water front into the sample saturated with heavy water. The structure of the sample, as well as the heavy water have been thresholded from the sample in order to show only the light water front.

Figure 5 .

 5 Figure 5.19: (a)(b)(c). Two vertical and an horizontal slice of the speed map of sample.
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 61 Figure 6.1: Hydraulic scheme of the setup.

Figure A. 3 :Figure A. 4 :Figure A. 5 :

 345 Figure A.3: 2D drawing of the outer cylinder

Figure A. 9 :

 9 Figure A.7: 2D drawings of the piston

  Figure B.1 a vertical slice of the front at three different times is shown. The values of the gray scale are 1 for the area of the sample with water and 0 for the area of the sample without water. Gray scale gradient or noise is not simulated in this example.

  Figure B.1: synthetic image of the artificial front at three arbitrary subsequent steps (a). 5. b). 11. (c). 28.

Figure B. 2 :

 2 Figure B.2: Based on Figure B.1 (a). Histogram of the difference in height between the ground truth front and the first method time map. (b). Histogram of the difference in height between the ground truth front and the second method time map.

Figure B. 4 :

 4 Figure B.4: Based on Figure B.3 (a). Difference in height between the ground truth front and the first method time map. (b). Histogram of Figure B.4a. (c). Difference in height between the ground truth front and the second method time map. (d). Histogram of Figure B.4c.

Figure B. 5 :

 5 Figure B.5: Based on Figure B.3 (a). Difference in height between the filtered synthetic front and the first method time map. (b). Histogram of Figure B.5a. (c).. Difference in height between the filtered synthetic front and the second method time map. (d). Histogram of Figure B.5c.

  Figure B.8: Based on Figure B.6 (a). Difference in height between the filtered synthetic front and the first method time map. (b). Histogram of Figure B.8a. (c). Difference in height between the filtered synthetic front and the second method time map. (d). Histogram of Figure B.8c.

  Figure B.10: Based on Figure B.9 (a). Difference in height between the ground truth front and the first method time map without Gaussian filter. (b). Histogram of Figure B.10a. (c). Difference in height between the ground truth front and the first method time map with a Gaussian filter of 3. (d). Histogram of Figure B.10c. (e). Difference in height between the ground truth front and the second method time map. (f)..Histogram of Figure B.10e

  Figure B.13b is the histogram of the same results. The mean value and the standard deviation for this distribution are -21.6229 and 2

Figure B. 14

 14 Figure B.14 shows the difference between the ground truth image and the second method, with and without filters. The filters are applied to the whole C matrix. Figure B.14a and Figure B.14b represent the distance when no filter has been applied to the C matrix. The mean value of the distribution is -20.5099 and the standard deviation is 2.3289.Figure B.14c and Figure B.14d show the distance between both fronts when a Gaussian filter of radius 0.5 is applied. The mean value is -25.232 and the standard deviation is 2.126. The last row of plots represents the distance between the fronts after applying a median filter of radius 2 to the C matrix. The mean value and standard deviation are -25.636 and 1.820.

  Figure B.11: Based on Figure B.9 (a). Difference in height between the filtered synthetic front and the first method time map without Gaussian filter. (b). Histogram of Figure B.11a. (c). Difference in height between the filtered synthetic front and the first method time map with a Gaussian filter of 3. (d). Histogram of Figure B.11c. (e). Difference in height between the filtered synthetic front and the second method time map. (f). Histogram of Figure B.11d.

Figure B. 16

 16 Figure B.16 shows the difference in height when the second method is used with and without filters. The two first images (Figure B.16a and Figure B.16b) show the difference on height when the second method is used without any filter. The mean value is 1.0311 and the standard deviation is 3.0807. The Figure B.16c plots the difference in height after applying a Gaussian filter of radius 0.5 to the C matrix. The Figure B.16d is the histogram of the image. The mean value and the standard deviation are -3.755 and 3.137. The Figure B.16e plots the difference in height when a mean filter of radius 2 is applied to the time map. The histogram of the difference is shown in Figure B.16f. The mean value is -4.2177 and the standard deviation 3.0721.

  Figure B.16: Based on Figure B.12 (a). Difference in height between the filtered synthetic front and the second method time map. (b). Histogram of Figure B.16a. (c). Difference in height between the filtered synthetic front and the second method when a Gaussian filter is applied to the distance map. (d). Histogram of Figure B.16c. (e). Difference in height between the filtered synthetic front and the second method when a median filter is applied to the distance map. (f). Histogram of Figure B.16e.

Figure

  Figure B.20 plots the differences between the time maps got from the Figure B.17 and

  Figure B.20 plots the differences between the time maps got from the Figure B.17 and

  Figure B.18: (a). Difference in height between the ground truth front and the first method time map without Gaussian filter. (b). Histogram of Figure B.18a. (c). Difference in height between the ground truth front and the first method time map with a Gaussian filter of 3. (d). Histogram of Figure B.18c.

  Figure B.19: Based on Figure B.17(a). Difference in height between the ground truth front and the second method time map. (b). Histogram of Figure B.19a. (c). Difference in height between the ground truth front and the second method when a Gaussian filter is applied to the distance map. (d). Histogram of Figure B.19c. (e). Difference in height between the ground truth front and the second method when a median filter is applied to the distance map. (f). Histogram of Figure B.19e.

  Figure B.20: Based on Figure B.17(a). Difference in height between the filtered synthetic front and the first method time map without Gaussian filter. (b). Histogram of Figure B.20a. (c). Difference in height between the filtered synthetic front and the first method time map with a Gaussian filter of 3. (d). Histogram of Figure B.20c.

Figure B. 21

 21 Figure B.21 show the same analysis for the second method. The two first images (Figure B.21a and Figure B.21b) show the difference on height when the second method is used without any filter. The mean value is -0.9054 and the standard deviation is 1.7702. The Figure B.21c plots the difference in height after applying a Gaussian filter of radius 0.5 to the C matrix. The mean is -3.859 and the standard deviation is 2.805. The Figure B.21d is the histogram of the image before. The mean value and the standard deviation are -6.714 and 2.618.

  Figure B.21: (a). Difference in height between the filtered synthetic front and the second method time map. (b). Histogram of Figure B.21a. (c). Difference in height between the filtered synthetic front and the second method when a Gaussian filter is applied to the distance map. (d). Histogram of Figure B.21c. (e). Difference in height between the filtered synthetic front and the second method when a median filter is applied to the distance map. (f). Histogram of Figure B.21e.

Figure C. 1 :

 1 Figure C.1: Attenuation of the beam vs. thickness of the sample for: cemented sand sample, measured in a radiography; Light water for a monochromatic beam (Σ = 5.04 cm -1 ); cemented sand sample saturated of light water, measured in a radiography; cemented sand sample, measured in the beam, plus the theoretical contribution of the light water.

  The contribution of heavy and light water in the synogram is computed based on the synthetic path and attenuation curves measured (Figure C.1). Finally, the real sinogram of the sample full of D 2 O is corrected by the heavy and light water contributions, obtaining the synthetic sinogram for the given arrival time map. The error to minimize during the iterative process is the difference between this synthetic sinogram and the real sinogram for the given tomography interval.

Figure C. 2

 2 Figure C.2(a) shows the sinogram for slice 415 of the cemented sand sample saturated by heavy water while light water is being flushed through. Figure C.2b shows the evolution of the synthetic sinogram generated after 15134 iterations. The first image in Figure C.2b corresponds to the first guess provided as the input value to the algorithm.

  Figure C.2: (a). Sinogram of the slice 415 of the cemented sand sample saturated of heavy water while light water is flushed. (b). Synthetic sinograms of slice 415 created during the iterations.

  

  

/ Coh. Scattering Inch. Scattering Absorption

  

	Isotope	(barn)	(barn)	(barn)
	H	1.757	80.26	0.555
	D	5.592	2.050	0.001
	O	4.232	0.001	0.000
	Al	1.495	0.008	0.385
	Si	2.163	0.004	0.285
	Ca	2.780	0.050	0.717

Table 2 .1: Microscopic

 2 cross section of some of the element and isotopes used in the geomechanical experiments for cold neutrons (E = 12.3 meV, wavelength = 3 Å )

Figure 2.4: Neutron absorption microscopic cross section as function of the kinetic energy for some isotopes

  

Table 3 .1:

 3 Parameters of the x-ray tomographies

	Voxel Size (µm)	Projections (num)	Time taken (min)	Source -Sample Distance (mm)
	30	2316	39.03	179

Table 3 . 2 :

 32 Percentage of neutrons counts after the beam has crossed the membrane for different thicknesses.

Table 4 . 1 :

 41 Properties of the five samples. The flatness error is the discrepancy in the height of the sample in different points of the vertical. Measured with a granite precision table.

	NAME	WEIGHT (g)	SIZE (mm)	FLATNESS ERROR (mm)
	VO01ME	190.27	78.10 x 39.13	0.05
	VO02ME	195.00	77.90 x 39.87	0.02
	VO03ME	190.63	78.10 x 39.91	0.05
	VO04ME	193.87	78.00 x 40.02	0.03
	VO05ME	194.11	78.20 x 39.68	0.04

Table 4 . 2 :

 42 Parameters of the x-ray tomographies

	Voxel Size (µm)	Projections (num)	Exposure time (s)	Source -Sample Distance (mm)
	50	1280	0.2	301.43

Table 4 . 3 :

 43 Parameters of the second x-ray tomography of the sample VO02ME post-mortem

	Voxel Size (µm)	Projections (num)	Exposure time (s)	Source -Sample Distance (mm)
	23	7200	1	138.78

Table 5 . 1 :

 51 Parameters for the medium resolution tomography

		MEDIUM RESOLUTION TOMOGRAPH	
	Voxel size	Binning	Exposure time	Rotation	Number of projections
	50 µm	1	2.5 s	360	

• 1400 good enough to clearly discern the membrane, around 2 mm thick.

Table 5 . 2 :

 52 Parameters for the medium resolution tomography

	DRY SAMPLE WET SAMPLE	number of projections per angle	3 1	Duration	2.5 h 50 mins

Table 5 . 3 :

 53 Parameters for the high speed tomography

		HIGH SPEED TOMOGRAPHY	
	Voxel size	200 µm	Binning	4	Exposure time	0.120 s
	Rotation	180 •	Projections	500	Rad/position	1

Table 5 . 4 :

 54 Tests performed during the experimental campaign

		HYDRAULIC STATE	NEUTRON IMAGING
	1 st sample	Dry Full of D 2 O	Medium resolution tomography Medium resolution tomography
	2 nd sample	Dry Full of D 2 O	Medium resolution tomography Medium resolution tomography
		Flush H 2 O into D 2 O	High-speed tomography with flow
			Compression up to 40 N
		Full of D 2 O	Medium resolution tomography
		Compression up to 152 N (failure)

  2D technical images of the bottom plate and the plate attached to the piston.
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  To mimic this behaviour a sinusoidal function is added, locally parallel to the surface. Equation B.3 is used to apply the radial gradient but in this case the R max of Equation B.2 becomes:

R = R max + Asin(Bθ 1 ) + Asin(Bθ 2 ) (B.3)

LiZnS:Ag scintillators of 200 or 400 µm thickness. The beam size is 10x10 cm 2 and the exposure time of a single radiography can go from 0.05 to 1 s. There is also the possibility of placing a 5 mm thick graphite filter between the guide and the pinhole to act as a diffuser to avoid line patterns that exist in the beam cross-section due to the gaps in the neutron guides.
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the pressure and measuring it in different points for higher accuracy.

Electronics

The electronic system includes: the circuit that controls the electro-valves, the loading system and the system controlling the devices which regulate the flow. The circuit of the pressure regulators, displacement transducers and pressure transducers is connected to two cards, as sketched in Figure 5.4. The regulators are able to work as input and output at the same time. They apply pressure in the system while they measure it. However, since independent and reliable pressure transducers are separately installed, the regulators are used only as output. The displacement and pressure transducers are connected as input to the National Instruments cards. Both cards are connected by USB to the computer.

The electronic system of the loading device is designed in Laboratoire 3SR. It is a complex system with several options, even though in this test only the force and the displacement are measured. The load transducer and the loading device are connected to the box shown in Figure 5.2c, which is then connected to the control computer. The parts of the apparatus that need to be close to the beam are properly shielded with boron carbide sheets and lead wherever possible (given the sensitivity of the electronic devices to the radiation). The computer, the electro-valve control box and the National Instruments electronics card are placed outside the testing hutch. The electronics box of the loading device has to be inside due to the short cables of the pre-existing device.

LabView

Two LabView programs control the devices from outside the hutch during the experiment. The loading device has its own program developed at Laboratoire 3SR. The relative position is controlled, as well as the speed of the piston and the force measured by the load transducer. These values are plotted in real time and controlled during the

Appendix A

Design of the cell

In the experimental campaigns presented in this PhD work two aluminium cells have been used. The technical images of the first cell are shown in this appendix. The cell consist on: bottom base with the inlet for the confinement fluid and the flow; top base with the outlet for the confining fluid; plate screwed to the bottom base; piston with a second plate screwed; outer cylinder.

The second design varies in the diameter of the cell, in order to get the sample closer to the detector and increase the resolution, and the size of the space available for the water in the piston and the bottom base. In both cases the volumes were reduce in order to avoid heavy and light water mixture before arriving to the sample.

In the experiments shown in chapter 5, the distance between the rotation table and the center of the beam is 25 cm, therefore some pieces have to be designed to bridge the gap. Since the loading device is set under the rotation table, this pieces work also as keep the piston straight. 

Appendix B

Metrological study of the accuracy and robustness proposed front tracking methods

A possible approach to investigate the evolution of the fluid flow in a dry sample is to study the arrival time of the water. During the experiments hundred of tomographies are acquired while the fluid is pushed through the sample. This tomographies are reconstructed to obtain 3D images whose voxel-wise gray scale is related to the local amount of water. Based on these gray scales a 3D time map is built, which shows the arrival time of the fluid to each pixel. In chapter 3 the front is characterized in a dry sample based on the binarisation of the reconstructed volumes, in chapter 5 the front is tracked in saturated samples based on the sigmoidal fitting method. In this appendix both methods are applied to synthetic images to 1). Asses the accuracy and precision of the method 2). Stablish their robustness to noise and artefacts 3). Found their domain of relevance. Furthermore when multifluid, the boundary of the front is not as sharp and therefore we may be outside the domain of validity of the binarisation method. This reduced sharpness might limit the applicability of the front detection method we presented in chapter 3 based on the binarization of the reconstructed volume and the one in chapter 3 based on the sigmoidal fitting. Both methods are therefore compared in this chapter, applied on artificial images. The ultimate purpose is to choose the ideal methods for the different cases as well as to be able to evaluate the error bars on the measures reported in this dissertation.

As detailed in chapter 3, in the first front tracking method the tomography is reconstructed subtracting the dry sample (first tomography). Each radiography is divided by the radiography at the same position during the first acquisition, the one where the sample is still dry, resulting in a reconstruction where only incremental changes (water in this case) are shown, not the sample. The volume is then filtered with Gaussian 3D filters twice in order to smooth the front. The volume is then thresholded to discern 

B.1.2 Effect of partial saturationfront gradient

Radial gradient was added to the front to simulate the fact that the pixels do not pass from a dry state to a saturated state in one tomography, but there is a transition zone where the pixels have different saturation levels. Closer the pixel is to the top of the front, lower is the saturation level. The equation that follows the semi-spheric area is:

The gray scale value depends on the coordinates of each pixel, R(x,y,z), the maximum radius defined for the semi-sphere, R [max] and an independent parameter simulating the spread of the partial saturation. When the first method is applied two parameters have to be chosen: the Gaussian filter and the threshold value. In this case no filter has been applied and the threshold was 0.5, all the pixels with values higher than this were counted as dry. The mean value and the standard deviation with the first method are -31.0022 and 0.7215, with the second method -31.6649 and 0.7847. The mean values are always negative because the fact that the partial saturation was simulated on the negative side of the front. This distance, 31 pixels, is due to the fact that the 50% of the pixels where the gradient has been applied are not taking into account. We can see therein how the accuracy of the two methods is comparable and that the difference in precision is below The difference between both fronts when the first method without filter is used is close to zero, but when the filter is used the difference increases and with the second method

Appendix C

A method to determine the water front, based on radiographies

One of the key limiting factors in neutron imaging is the acquisition speed. While in most experiments analysed in this work, the fluid front speed imposed was such to allow movements below one pixel per tomography, this is not always the case. For example, in the test presented in chapter 5, where light water was flushed into a sample full of heavy water, the front moved more than one pixel per tomography in the vertical direction generating blurriness and badly defined pixels in the interface between both waters in the reconstructed volumes. The reconstruction method applied to our tomographies is based on Beer-Lambert law Equation 2.6. As it was already commented in the chapter 2, the reconstructions done with volumes full of light water do not result in homogeneous distributions of the attenuation values. Instead, higher attenuation coefficients are assigned for the pixels close to the boundaries due to the beam hardening and scattering effects. Therefore, new analytical methods have been investigated in this project in order to obtain a time map of the water inside the sample with a time resolution equal to the radiography acquisition step, without the need of reconstructing the tomographies. Due to time limitations, this aspect of the thesis work was not fully developed and represents a direction for future work.

In this chapter, an iterative process is introduced, where the arrival time of the water is determined by minimizing the error between the real sinogram and the synthetic sinogram derived from an artificial model of the process which is progressively updated. A sinogram represents the attenuation of the beam for a single horizontal slice through all the projections in a tomography.

The method creates a synthetic sinogram from the arrival time provided as first aproximation and then, comparesthe synthetic one with the real synogram acquired during the test. The synthetic synogram is computed based on the synogram of the sample full of heavy water and the attenuation of those pixels already full of light water. Finally, the iterative process is computed to try to reduce the error between both synograms. The minimization of a single parameter (based on many data, the difference between both sinograms) to solve a system with so many unknowns, would require an enormous amount of time and computer power, including the additional risk of finding and getting stuck in local minimum as happened in the example shown above. The algorithm also requires a better calibration of the scattering process and the effect of the different amount of light water in the attenuation, as well as further understanding of the iterative algorithm.

While the high computational cost and the complexity of finding a true minimum make this approach too complex for the purpose of this study, the method is promising when coming to low-frequency imaging (with respect to the speed process).

Appendix D Flow in cemented sand samples

Cemented sand has been used in some preliminary tests and also in the experimental campaign of chapter 5, where the flow in the sample showed fingering and late saturation of the central area. In this appendix some other examples of the fluid flow inside the same material are shown and the suitability of the material for further hydraulic tests is discussed. All the samples presented here were prepared following the procedure described in section 5.2.

In the first example a sample, previously saturated in light water , is set it in the cell to then apply the confining pressure and flush the sample with heavy water. The test is imaged with neutrons in order to characterized the flow. Once the test is finished a medium resolution tomography of 2400 projections, with 50 µm pixel size, is acquired for a total acquisition time of 6 h. Two vertical slices and two horizontal ones of the reconstructed volume are shown in Figure D.1. The sample is saturated in heavy water (dark areas), while some patches of light water are visible (lighter areas). Black spots in the images are air bubbles trap in the sample. During the saturation process of the sample (around two weeks for this specific specimen), the bottom edge has been damaged as it can be seen in the bottom left of Figure D.1A. Due mainly to the damaged edge but also to the internal structure of the sample, the water path does not reach all the regions of the sample, precluding a correct front characterization, since the flow is confined in a specific area inside the sample

In the second example, the sample is saturated in heavy water in just 9 h. The specimen is then placed in the cell and, after applying the confining pressure light water is pushed through flow. the central area of the sample, especially in the first half of the specimen. The fluid is not circulating in a major part of the bottom area of the sample, thus the heavy water is trapped there.

In the third example, shown in Figure D.3, the same procedure than in the second example was followed. In this case, the light water flooded through the entire bottom region of the specimen, but, subsequently, the front split to follow two different paths.

The cemented sandstones are very fragile under saturated conditions, complicating the handling and transportation of the samples. The high heterogeneity of the specimen results in very complex water front geometries even in undeformed samples. Although the study of this complex geometries and the correlation of the porosity distribution is a very interesting field, it felts far from the scope of this PhD work. Therefore, this kind of samples should be handle carefully in future works and be avoid in this specific project, since the permeability characterization of the whole sample is not possible. 

Appendix E A method to track the flow streamlines of water in the sample

The velocity is a vectorial quantity, which is composed of speed and direction. In this section, a new code is introduced. An in-house code designed to follow the streamlines of the water and estimate the velocity based on the local normal to the fluid front. 3D surfaces of the fluid front at each tomography are the starting point, as detailed in Figure 3.15 during the chapter 3. The first surface, t=0, is subdivided into segments by a regular grid. For each node in the grid, the normal vector is computed, creating a planar surface comprising the closest neighbouring points. The velocity is then defined as the vector connecting the considered node to the intersection between its local normal and the subsequent front. The intersection is set as the new node and the calculation is repeated until the streamline arrives at the last surface (last front position), or until the streamline crosses the boundary of the sample. As a result, flow streamlines starting from first surface are defined and speed values in each of the nodes in the surfaces. This method is also applied for the predeformed sample introduced in the chapter 3.

The front position at each tomography needed in the code as the starting point is shown in The main shortcoming of the hypothesis that flow is perpendicular to the front geometry is that in the case of downward concave front geometries the water is pushed outside the boundaries of the sample. The concave geometry is due to the edges of the sample. The flow is slightly slowed down in the boundaries, which gives the false impression of water flowing outside the sample. However, the flow is not expected to be horizontal and out of the sample, as some of the flow streamlines suggest in In Figure E.2a, the flow follows the streamlines of the localized deformation, but since the majority of the streamlines are redirected into the band, it seems that no water arrives at the top part of the sample.

While this method provides essential information regarding the flow streamlines and local fluid velocity (rather than just the speed, as in the other presented methods), the simplifying hypothesis of normality to the surface is perhaps too restrictive. A possible improvement of this method should include local boundary conditions to address the