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Abstract

The effect of temperature on the mechanical behaviour of clay-based geomaterials is relevant in several geotechnical applications (e.g., low enthalpy geothermal systems and energy geostructures, nuclear waste disposal, and heating in rapid shear deformation). Mechanical response of (saturated) clay to temperature variation is not always intuitive. According to literature, clay exhibits irreversible contraction in normally consolidated (NC) states and reversible expansion in highly overconsolidated (OC) states upon heating and subsequent cooling. As a result, volume changes not only occur due to thermal expansion of clay constituents but also to temperature-induced changes in clay microstructure. Therefore, describing the material at scales ranging from particle level to the macroscopic system is key to understanding thermo-mechanical clay behaviour.

This thesis presents a multiscale investigation into the physical mechanisms underlying macroscopic clay behaviour, focusing on its thermo-mechanical response. The aim is to develop a conceptual micromechanical model that mimics the particle-scale mechanisms involved in clay thermo-mechanical response.

A series of temperature-controlled isotropic compression tests were coupled with mercury intrusion porosimetry (MIP) tests to explore microstructural changes in remoulded non-active clay samples due to temperature changes. The macroscopic observations have been performed in a new temperature-controlled isotropic compression cell developed in this work with an accurate pore-water pressure monitoring system. The pore size distribution data highlighted that the thermoplastic response appears to be associated with a decrease in volume of clay macropores. It is proposed that the volumetric collapse upon thermal loading results from two competing mechanisms: the weakening of the electrochemical attraction at the edge to-face contacts in house-card clay fabric and the destabilising effect of the external stress. The competition between the two mentioned effects would explain the non-monotonic volumetric collapse as mechanical stress increases.

To validate this hypothesis, a second experimental campaign has been performed using a temperature-controlled oedometric setup focusing on characterising the irreversible thermal deformation of NC clay over a wide range of stress. This series of thermal loading experiments contributed to gaining an original insight into the non-monotonic dependency on stress level of volumetric collapse and, hence, the shape of the thermo-mechanical yield surface.

The first two experimental campaigns suggest that the thermo-plastic contraction observed for NC clay is associated with the modification of the non-contact (electrochemical) inter-particle forces network induced by temperature changes. Hence, the importance of electrochemical forces over contact body forces in finesized clay has been experimentally investigated for clay in suspension, self-weight consolidation, and compression from very low to high effective stress. Firstly, sedimentation tests have been performed to examine modes of clay particle aggregation in different settling environments through inferential image analysis of optical signals. Then, for selected samples, an accurate measurement of porosity distribution along the sediment column has been collected through Nuclear Magnetic Resonance (NMR) technique. Finally, the fabric of the self-weight consolidated settled bed was compared to the one obtained in heavily consolidated state (up to 1 MPa).

In parallel with the experimental investigation, analytical and numerical work has been carried out to lay down the fundamentals of particle-scale models for non-active clay, capable of capturing the effect of temperature on mechanical behaviour. The constitutive relationship of any clay particle scale model is the energy-separation function between finite-size platy particles. This thesis investigates the energy-separation relation based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which assumes that particle interactions are controlled by Van der Waals forces and Coulombic forces via the Electrical Double-Layer (EDL). Using the EDL interactions to develop energy-separation functions for thermo-mechanical models is convenient as EDL forces are controlled by temperature directly (via the Boltzmann equation) and indirectly due to the temperature dependency of the dielectric permittivity (via the Poisson equation).

DLVO equations have been solved in the literature for the case of parallel, uniformly charged, and infinite sheets. This configuration is not relevant for clay particle assemblies. Therefore, this thesis focused on developing a DLVO-based energy-separation function for a pair of particles in a generic 6DOF configuration. While there is no controversy on the equation employed to derive the spatial distribution of the electrical potential (i.e. the Poisson-Boltzmann equation), the derivation of the free energy of interacting EDLs is not straightforward. Therefore, preliminary work was carried out to disentangle the different approaches proposed in the literature and reconcile equations proposed for interaction energy and interaction pressure (related via integration/derivation).

The energy-separation function was derived numerically for elementary configurations (face-to-face, edge-to-face, and edge-to-edge) to calibrate the Gay-Berne potential energy function largely employed in Coarse-Grained Molecular Dynamics (CGMD) simulation of clay particles. The Gay-Berne potential is built from energy-separation functions for three elementary configurations (using the Lennard-Jones model) via an algorithm that generates the interaction energy for any generic 6DOF configuration. The calibrated Gay-Berne potential was tested 'as is' and after modifying the energy-separation function used to represent the elementary interactions.

This experimental, analytical and numerical blend at different scales provides a unique insight into unresolved questions regarding the role of the physicochemical interactions driving the response of fine-grained soils due to thermal loading.

Résumé

L'effet de la température sur le comportement mécanique des géomatériaux argileux joue un rôle important dans plusieurs applications géotechniques (systèmes géothermiques et géostructures énergétiques, stockage souterrain des déchets nucléaires et glissements de terrain avec déformation rapide par cisaillement). La réponse mécanique des argiles (saturées) aux variations de température n'est pas toujours intuitive. Selon la littérature, l'argile montre une contraction irréversible en conditions normalement consolidés (NC) et une expansion réversible dans les états fortement surconsolidés (overconsolidated, OC) lors d'une augmentation de température suivie d'un refroidissement. On en déduit que les variations de volume ne sont pas uniquement dues à la dilatation thermique des constituants de l'argile, mais aussi à des réarrangements de la microstructure induites par les variations de température. Afin de comprendre le comportement thermo-mécanique de l'argile, il est donc essentiel de décrire le comportement du matériau à partir de l'échelle des particules jusqu'à l'échelle du système macroscopique.

Ce travail de thèse présente une étude multi-échelle des mécanismes physiques sous-jacents au comportement macroscopique de l'argile, avec une attention particulière à sa réponse thermomécanique. L'objectif est de développer un modèle micromécanique conceptuel capable de reproduire les mécanismes à la microéchelle impliqués dans la réponse thermomécanique de l'argile.

Une série d'essais de compression isotrope à température contrôlée ont été combinés avec des mesures de porosimétrie par intrusion de mercure (PIM) pour évaluer les changements microstructuraux d'une argile remaniée non-gonflante suite aux changements de température. Les observations macroscopiques ont été réalisées à l'aide d'une nouvelle cellule de compression isotrope avec control de température développée dans le cadre de ce travail de thèse. La distribution de la taille des pores observée a mis en évidence que la réponse thermoplastique semble être associée à une diminution du volume des macropores des échantillons.

Une deuxième campagne expérimentale a été réalisée à l'aide d'une cellule oedométrique avec control de température. L'objectif de cette campagne était la caractérisation de la déformation thermique irréversible de l'argile NC soumise à différents états de contraintes. Cette série d'expériences représente une contribution originale qui a permis de caractériser la relation non-monotonique de la déformation volumétrique thermique (et, par conséquent, de la forme de la surface de charge thermomécanique) avec la contrainte appliquée. Sur base des résultats obtenus, l'hypothèse proposée est que la déformation volumétrique lors d'un chargement thermique dépend de deux mécanismes simultanés : l'affaiblissement de l'attraction électrochimique aux contacts bord-à-face des particules d'argile et l'effet déstabilisateur des liens inter-particulaires sous l'action d'une contrainte externe. La combinaison de ces deux effets expliquerait pourquoi la déformation volumétrique est non-monotone avec la contrainte appliquée.

Ces deux premières campagnes expérimentales suggèrent que la contraction thermoplastique observée dans l'argile NC est associée à la modification des forces électrochimiques inter-particulaires induite par les changements de température.

Pour cette raison, le rôle des forces électrochimiques par rapport aux forces mécaniques de contact entre les particules d'argile a été étudiée en suite expérimentalement analysant des suspensions d'argile, sa consolidation sous poids propre et sa compression sous des contraintes appliquées allant de très faibles à élevées. Tout d'abord, des essais de sédimentation ont été effectués pour examiner les modes d'aggrégation des particules d'argile dans différents fluides, au moyen d'une analyse d'image inférentielle des signaux optiques. Ensuite, pour des échantillons sélectionnés, une mesure précise de la distribution de porosité du sédiment a été faite utilisant la résonance magnétique nucléaire (RMN).

Parallèlement à l'étude expérimentale, des travaux analytiques et numériques ont été menés pour établir une relation d'interaction entre les particules d'argile non-gonflante, capable de reproduire l'effet de la température sur le comportement mécanique. Les relations constitutives existantes à la base de tout modèle discret pour les sols argileux sont représentées par une fonction d'énergie potentielle. Cette thèse propose une relation énergie-distance basée sur la théorie Derjaguin-Landau-Verwey-Overbeek (DLVO), selon laquelle les interactions entre les particules sont contrôlées par les forces de van der Waals et les forces de Coulomb via la double couche électrique (DCE). L'avantage de cette théorie est que les forces du DCE sont contrôlées directement par la température (via l'équation de Boltzmann) mais aussi indirectement par la dépendance de la permittivité diélectrique à la température (par l'équation de Poisson).

Les équations de la DLVO ont été résolues dans la littérature pour le cas des particules plates et parallèles, uniformément chargées et infinies. Cette configuration n'est clairement pas adaptée pour les assemblages de particules d'argile. Par conséquent, dans le cadre de cette thèse une fonction d'énergie potentielle a été développée pour deux particules finies dans une configuration générique à six degrés de liberté (6DoF). Bien qu'il n'y ait pas de controverse sur l'équation employée pour dériver la distribution spatiale du potentiel électrique (c.-à-d. l'équation de Poisson-Boltzmann), la dérivation de l'énergie libre des DCEs qui interagissent n'est pas simple. Des travaux préliminaires ont été effectués pour démêler les différentes démarches de dérivation proposées dans la littérature et réconcilier les équations proposées pour l'énergie d'interaction et la pression d'interaction (liées par intégration/dérivation).

La fonction d'énergie potentielle a été dérivée numériquement pour trois configurations élémentaires (face-à-face, bord-à-face et bord-à-bord) afin de calibrer la fonction énergétique potentielle de Gay-Berne, aujourd'hui largement utilisée dans les modèles Dynamique Moléculaire à Grains Grossiers (ou en anglais, Coarse Grained Molecular Dynamics -CGMD-). Le potentiel de Gay-Berne est construit à partir de fonctions d'énergie potentielle pour trois configurations élémentaires (en utilisant le modèle de Lennard-Jones) via un algorithme qui génère l'énergie d'interaction pour toutes les configurations 6DoF intermédiaires. Le potentiel de Gay-Berne calibré a été testé 'tel quel' et après avoir modifié la fonction d'énergie potentielle utilisée pour représenter les interactions élémentaires.

Cette combinaison d'études expérimentales, analytiques et numériques fournit des réponses uniques à des questions non résolues concernant le rôle des interac-tions physicochimiques dans la réponse mécanique des argiles aux variations de température.

Chapter 1 Introduction

The effect of temperature on the mechanical behaviour of geomaterials is a relevant problem of growing concern in geoenvironmental engineering.

The response of soils to the combined effects of stress and temperature has been studied in depth in the last decades, mainly in the context of nuclear waste geological disposal [START_REF] Hueckel | Thermoplasticity of saturated clays: Experimental constitutive study[END_REF][START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF][START_REF] Romero | Thermo-hydro-mechanical behaviour of two heavily overconsolidated clays[END_REF] focusing on the study of high-swelling clay subjected to high temperature and high swelling pressures resulting from the confinement of the engineered barrier systems. The effect of temperature changes has been investigated to a lesser extent in non-active or moderately active clay, which is of interest in several applications, including shallow geothermal plants [START_REF] Murphy | Seasonal response of energy foundations during building operation[END_REF], energy geostructures [START_REF] Laloui | Energy geostructures: innovation in underground engineering[END_REF], and heating in rapid shear deformation [START_REF] Sulem | Thermo-poro-mechanical properties of clayey gouge and application to rapid fault shearing[END_REF].

Energy geostructures are ground-embedded structures such as shallow foundations, bored piles, diaphragm walls, tunnel cut-and-cover walls and tunnel linings systems that can be used as absorber elements for ground heat exchange. The technology is based on absorber pipes installed within concrete elements and a heat carrier fluid circulated through the system; the soil is then used as a thermal bank in which heat is deposited in summer (heat sink) and withdrawn in winter (heat source). Every structure in contact with the ground can a priori be used as energy geostructure: its energy efficiency will depend on the local underground conditions and energy needs.

However, the performance of this technology is not been entirely assessed yet. In many countries, the development of this technology is lagging owing to the difficulty of characterising and modelling the thermo-hydro-mechanical (THM) behaviour of fine-grained soils [START_REF] Di Donna | Energy geostructures: Analysis from research and systems installed around the world[END_REF]. Most of the uncertainties regarding geotechnical safety are related to the volumetric behaviour of soft clay and its possible interplay with the shear response. Unlike most materials that undergo a reversible expansion upon heating, fine-grained soils subjected to heating under drained conditions can exhibit either reversible expansion or irreversible contraction, depending on their loading history. An in-depth understanding and characterisation of the coupled thermomechanical behaviour of clay subjected to varying temperature would substantially reduce the distrust towards energy Chapter 1 Introduction geostructures.

When subjected to combined thermal and mechanical loading, modelling clay's complex non-linear and irreversible behaviour requires advanced constitutive models. During the last thirty years, several elastoplastic models have been developed to consider the effects of temperature variations on the behaviour of clayey soils [START_REF] Baldi | Thermoplastic modeling of undrained failure of saturated clay due to heating[END_REF][START_REF] Modaressi | A cyclic thermoviscoplastic constitutive model for clays[END_REF][START_REF] Cui | A thermomechanical model for saturated clays[END_REF][START_REF] Graham | Modified cam-clay modelling of temperature effects in clays[END_REF].

However, continuum models are riven with uncertainty and difficulty regarding the sampling, characterisation and testing of natural materials [START_REF] Bolton | The role of micro-mechanics in soil mechanics[END_REF]. The primary sources of errors in these analyses come from the fact that soils are discontinuous matters with an extraordinary diversity arising from the variety of natural processes that created and modified them. Current continuum models rarely take into account the particulate nature of soils. Nevertheless, significant advances in the experimental micromechanics of granular materials have proven that micro-mechanics offers the appropriate tool to overcome the difficulty of soil characterisation and improve the understanding of phenomenological behavioural features of soils. The interplay between particle-scale interactions and the overall observed geomaterial response, including small strain stiffness, shear strain localisation, friction, yielding and crushing, has been investigated experimentally by way of X-ray computed tomography (Oda and Kazama, 1998;Oda et al., 1998;[START_REF] Andò | Experimental micromechanics: grain-scale observation of sand deformation[END_REF] and explored using analytical or DEM modelling [START_REF] O'sullivan | Particulate Discrete Element Modelling: A Geomechanics Perspective[END_REF].

On the contrary, the technical difficulties in the 'in-situ' observation of clay fabric (in the order of tens to hundreds of nanometers) as it evolves under loading makes it challenging to supplement the macroscopic behaviour with micro-scale evidence of changes in soil structure. As a result, mechanisms at the particle scale controlling the macro-mechanical behaviour of clay are still largely ignored. The lack of experimental evidence makes Discrete Element Modelling (DEM)/Coarse-Grained Molecular Dynamics (CGMD) a complementary tool to investigate particle-scale mechanisms driving clay mechanical macroscopic response to be integrated with post-mortem observation of clay fabric via 2D SEM images and Mercury Intrusion Porosimetry data. This thesis presents a bottomup multiscale approach to investigate the particle-scale mechanisms underlying the thermomechanical clay response. The specific aim is to create the enabling knowledge that will lead to a thorough understanding of the micromechanism involved in the thermoelastic-thermoplastic behaviour of clay. This chapter introduces a general overview of the current state-of-the-art on the thermomechanical behaviour of saturated fine-grained soils, emphasising the phenomenological speculations suggested in the literature for the interpretation of thermally induced deformation of clay at microscopic length scales. A critical review of fundamentals of non-active clay microstructure is also proposed to lay down the foundations of the multi-scale analysis apprehended in this research and to contextualise the adopted standpoints, methods of analysis and theoretical frameworks put forward.

1.1 Thermomechanical behaviour of fine-grained soils

Thermomechanical behaviour of fine-grained soils

The thermal expansion of the grains governs the thermal behaviour of granular materials. When sandy soil is heated under drained conditions, its volume increases as grains and water dilate thermo-elastically (proportionally to their thermal expansion coefficients, [START_REF] Agar | Thermal expansion and pore pressure generation in oil sands[END_REF]). Due to drained conditions established in coarse-grained materials, soil water thermal expansion does not contribute to the volume variation of the material itself [START_REF] Laloui | Energy geostructures: innovation in underground engineering[END_REF].

Observations of the mechanical response of clay upon heating are not always intuitive. Early experimental results focusing on the thermally induced deformation of (saturated) fine-grained soils have been obtained by [START_REF] Campanella | Influence of temperature variations on soil behavior[END_REF]; [START_REF] Plum | Some temperature effects on soil compressibility and pore water pressure. Effects of temperature and heat on engineering behavior of soils, special report 103[END_REF]; [START_REF] Demars | Soil volume changes induced by temperature cycling[END_REF]; [START_REF] Baldi | Thermal volume changes of mineralwater system in low-porosity clay soil[END_REF]Baldi et al. ( , 1991a) ) and have been widely confirmed by recent literature [START_REF] Towhata | Volume change of clays induced by heating as observed in consolidation tests[END_REF][START_REF] Burghignoli | A laboratory study on the thermomechanical behaviour of clayey soils[END_REF][START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Abuel-Naga | Thermally induced volume change and excess pore water pressure of soft Bangkok clay[END_REF][START_REF] Di Donna | Numerical study of the response of a group of energy piles under different combinations of thermo-mechanical loads[END_REF]. The evidence shows that heating clayey soils under drained conditions can produce either a contractive or a dilative volume variation, depending on the loading history of the soil. The latter is commonly described through the over consolidation ratio (OCR), defined in oedometric condition as [START_REF] Lambe | Soil Mechanics[END_REF]:

OCR = σ ′ p σ ′ v (1.1)
where σ ′ p is the preconsolidation stress and σ ′ v is the current vertical effective stress.

The variation of the thermally induced volumetric strain, ϵ v [%], with applied temperature variation, ∆T [ • C], characterising a variety of fine-grained soils at different OCR is reported in Figure 1.1. The mechanical response to thermal loading is typically thermo-elasto-plastic for Normally Consolidated (NC) clay (OCR=1) and thermo-elastic for highly Over-Consolidated (OC) clay (OCR≫1). The material irreversibly and non-linearly undergoes contraction upon heating in NC conditions, while OC materials experience a reversible volume expansion during heating. An intermediate case is represented by slightly OC clay (OCR>1): the material shows initial dilation and subsequent contraction upon heating, followed by contraction during cooling.

As depicted in Figure 1.1, similar results have been obtained for various clayey materials containing variable fractions of illite, kaolinite, chlorite and smectite. Interestingly, these responses can also be observed for fine-grained sedimentary rocks such as claystone and shale [START_REF] Favero | Thermo-mechanical volume change behaviour of opalinus clay[END_REF][START_REF] Braun | Effect of anisotropy on the thermal volume changes of the callovo-oxfordian claystone[END_REF]. It becomes clear that the volumetric response of clayey soils to temperature cannot be explained solely in terms of thermal expansion of the solid and pore fluid phases, as is the case of granular materials. Thermal dilations of water and clay minerals are positive (Table 1.1, [START_REF] Dixon | Thermal expansion testing to determine the influence of pore water structure on water flow through dense clays[END_REF]), and volumetric response upon heating should be characterised by a volumetric (elastic) expansion if controlled only Chapter 1 Introduction Figure 1.1: Thermal volumetric behaviour of saturated clay [START_REF] Campanella | Influence of temperature variations on soil behavior[END_REF][START_REF] Hueckel | Thermoplasticity of saturated clays: Experimental constitutive study[END_REF][START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Abuel-Naga | Thermally induced volume change and excess pore water pressure of soft Bangkok clay[END_REF][START_REF] Di Donna | Numerical study of the response of a group of energy piles under different combinations of thermo-mechanical loads[END_REF].

Material

Volumetric thermal expansion coefficient β s [10 -5 • C -1 ] Kaolinite 2.90 Smectite 3.90 Illite 2.50 Chlorite 3.12 Water* (β w ) 13.9 + 0.61T *T is the temperature in • C,considering constant pressure Table 1.1: Volumetric thermal expansion coefficients of minerals and water [START_REF] Dixon | Thermal expansion testing to determine the influence of pore water structure on water flow through dense clays[END_REF].

by thermal dilations of individual phases. However, NC clay undergoes volumetric contraction when subjected to an increase in temperature, and this volume change is not recovered during subsequent cooling.

While it is commonly accepted that the peculiar thermo-mechanical response of clay depends on the OCR, it is not completely clear if there is also a dependence on the stress level. [START_REF] Demars | Soil volume changes induced by temperature cycling[END_REF] showed experimentally that the magnitude of the heating contraction of NC clay does not depend on the effective stress applied to the material but only on the constituting clay minerals and the 1.2 Clay microstructure soil plasticity index. On the contrary, [START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF] highlighted a different amount of accumulated plastic strain when performing several drained isotropic compression tests on Boom clay applying the same thermal load under different confining pressures (Figure 1.2).

Figure 1.2:

Thermal volumetric isotropic response of Boom Clay under different confining pressures [START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF].

Complementary experimental results also showed how the "apparent" preconsolidation stress decreases at constant void ratio with increasing temperature [START_REF] Eriksson | Temperature effects on consolidation properties of sulphide clays[END_REF][START_REF] Tidfors | Temperature effects on preconsolidation pressure[END_REF][START_REF] Boudali | Viscous behaviour of natural clays[END_REF][START_REF] Moritz | Geotechnical properties of clay at elevated temperatures[END_REF]. In this case, the word "apparent" is used to underline that the applied mechanical load does not change, so the maximum load historically applied is always the same. However, the elastic domain is found to reduce with an increase in temperature, resulting in the thermally-induced softening [START_REF] Hueckel | Thermoplasticity of saturated clays: Experimental constitutive study[END_REF]. More details on advanced thermo-mehcanical constitutive modelling will be given in Section 3.5.

Uncertainties remain concerning basic mechanisms involved in the thermal contraction phenomenon, generally attributed to physicochemical interactions between clay particles at the microscopic and nanoscopic scale.

Clay microstructure

Natural soils are a mixture of particles of different sizes. The term clay is usually used to indicate particles smaller than 2µm. At the same time, the same term is generally used to describe natural soils whose response is dominated by the clay fraction (e.g. materials show distinct liquid and plastic limits). In this sense, clay soil may contain little more than 10 % of clay size particles, but it is so described because the presence of clay size particles significantly affects its Chapter 1 Introduction behaviour. For clarity, this work focuses on mono-mineral kaolinitic clay, with most particles having a size smaller than 2µm. This work's experimental results and conceptual models clearly cannot be extrapolated 'tout court' to natural multi-mineral clayey soils. They should be intended to contribute to a framework to interpret the behaviour of more complex natural clayey materials.

The macroscopic behaviour of clay has often been explained in terms of microstructural behaviour of the soil. The term microstructure, when applied to fine-grained soils, describes (i) the geometrical arrangement of the particles (i.e. the clay fabric) and (ii) the forces controlling the kinematics of such particles [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]. The following sections present a general description of the features of clay particles and the interparticle forces controlling their mutual interaction, with particular emphasis on the microstructural characterisation of kaolin clay, being the main character of this research.

Clay mineralogy

Clay minerals occur in small particle sizes. The structures of the common clay minerals are made up of combinations of two simple structural units: aluminium hydroxide octahedral sheets (gibbsite facet) and silicon oxide tetrahedral sheets (silica facet). These two layers are covalently bound together through ordinary oxygen atoms, forming a repeating unit of the layered structure. Hydrogen bonds between hydroxyl sites on the gibbsite basal plane and the oxygen of the silica tetrahedral sheet hold the repeating units together.

The high variety of clayey soils depends on the stacking arrangements of tetrahedral and octahedral sheets [START_REF] Van Olphen | An introduction to clay colloid chemistry for clay technologists, geologists, and soil scientists[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]. The combination of an octahedral sheet and one or two tetrahedral sheets is called a unit layer. The unit layer in the kaolinite group is composed of one silica and one octahedral sheet (Figure 1.3). Depending on clay mineralogy, the thickness-to-length particle ratio may vary significantly [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]. Generally, the ratio between the surface area of the faces and the total specific surface area is relatively high, ranging from 96 % for montmorillonite [START_REF] Macht | Specific surface area of clay minerals: Comparison between atomic force microscopy measurements and bulk-gas (n2) and -liquid (egme) adsorption methods[END_REF] to 85% for kaolinite (Zhou 1.2 Clay microstructure and Gunter, 1992). Kaolin clay particles comprise around 100 basic units stacked in the c direction. Scanning electron microscopy (SEM) images have revealed that kaolin stacks often result in hexagonal plate-like with a thickness-to-length ratio of about 1/10 (Figure 1.4). The inter-basal distance between a particular plane in the unit layer and the corresponding plane in the following unit layer along c is about 7.2 Å [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]. The bonding between successive unit layers is controlled by van der Waals forces and hydrogen bonds. The link is sufficiently robust that there is no interlayer swelling in the presence of water, as such space is small enough to prevent water-intercalation. This peculiarity determines kaolin clay's 'non-swelling' or 'non-active' nature. As a result, the unit layer distance in non-active clay is constant and is not affected by changes in the pore-fluid properties [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] or temperature [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]. Therefore, the particle itself can be considered the elementary unit when evaluating the microscopic behaviour of clay. [START_REF] Frost | Raman and infrared spectroscopic study of modification of kaolinite surfaces by intercalation[END_REF] from which the geometrical features of kaolin clay particles can be identified.

Clay surface electrical charge

Unlike granular materials, colloidal size particles (size range is typically between 10 nm and several microns) develop an electrical surface charge [START_REF] Sposito | On points of zero charge[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]. The discovery of surface charge on clay minerals had quite an impact on both fundamental and applied research in clay science. Many physical and chemical properties of clay are directly or indirectly controlled by the nature and the amount of surface charge, which directly affects inter-particle forces.

The crystal structure determines the physicochemical properties of clay particle surfaces. According to [START_REF] Sposito | On points of zero charge[END_REF], clay particles develop surface charge from (i) structural isomorphous substitutions (of Al 3+ ions for Si4+ in the silica tetrahedral layer and of Mg 2+ or other divalent ions for Al 3+ in the alumina octahedral layer) referred to as 'structural charge' and denoted σ 0 and ii) proton adsorption and desorption reactions referred to as 'proton charge' denoted σ H The sum of these two charges is referred to as 'intrinsic charge' denoted σ in :

Chapter 1 Introduction

σ in = σ 0 + σ H (1.2)
The Stern layer surface charge counterbalances the intrinsic charge denoted σ s and the counterions in the diffuse double layer denoted σ d (Figure 1.5).

Figure 1.5: Operational categories of surface charge (after Sposito (1998)).

The counterions in the Stern layer are immobilised in surface complexes, i.e. they do not engage in translational motions relative to the particle surface. Therefore, [START_REF] Sposito | On points of zero charge[END_REF] introduces the concept of total particle charge denoted σ P representing the net surface charge contributed by the adsorbent structure plus the adsorbed ions immobilised in the Stern layer:

σ P = σ in + σ s = -σ d (1.3)
Measurements of structural and net proton charge have been carried out on a reference kaolinite identified as KGa-1, classified as a 'well crystallised' kaolinite from the Source clay Repository of the Clay Minerals Society. However, one must take into account that the basal planes and edges of kaolinite have different surface structures and surface charges resulting from the alternating layers of alumina and silica sheets. The structural charge is attributed to the particle faces, i.e. the structural surface charge is determined by considering the specific surface area of the basal planes only. [START_REF] Schroth | Surface charge properties of kaolinite[END_REF] measured a structural surface charge σ * 0 equal to 6.3 mmol/kg for the reference kaolinite KGa-1 by measuring the cation exchange occurring in a solution saturated with Cesium. Supp[ose the particle to have a hexagonal shape with size d and thickness t (d/t=10, Figure 1.4), the ratio between the specific surface area of the faces, denoted SSA f aces , and the total specific surface area, denoted SSA total , is around 85% and the surface charge can be calculated as follows:

σ 0 = σ * 0 eN A SSA f aces 10 -3 (1.4)
where σ * 0 is the measured surface charge in mmol/kg, e is the electron charge, N A is the Avogadro's number, SSA is the specific surface area in m2/g, and σ 0 is the surface charge in mC/m 2 . The calculated structural surface charge is reported in Table 1.2.

The surface charge derived from isomorphous substitution only depends on the type and degree of the substitution. Thus, it is mainly independent of the pH 1.2 Clay microstructure and electrolyte composition of the solution. In contrast, the charge on the edges is pH dependent, as it is thought to be due to the protonation/deprotonation of exposed hydroxyl groups and thus depends on the solution pH (Wang and Siu, 2006a). Traditionally, in an acidic solution, the edge is expected to carry a positive charge, while in an alkaline solution, the edge is negatively charged, as sketched in Figure 1. 3 (van Olphen, 1963;[START_REF] Schofield | Critical state soil mechanics[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF][START_REF] Brady | The Nature and Properties of Soils[END_REF]Wang and Siu, 2006a;[START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF]. According to [START_REF] Schroth | Surface charge properties of kaolinite[END_REF], two values of pH [-] can be identified, the Point of Zero Net Charge (PZNC), where the positive charge at the particle edge balances the negative charge at the surface (PZNC=3-4 for kaolinite) and the Point of Zero Net Proton Charge (PZNPC) where the edge assumes zero charge (PZNPC=5-6 for kaolinite).

The Proton charge of KGa-1 kaolinite has been measured by proton titration by [START_REF] Schroth | Surface charge properties of kaolinite[END_REF] and [START_REF] Zhou | The nature of the surface charge of kaolinite[END_REF] [START_REF] Zhou | The nature of the surface charge of kaolinite[END_REF][START_REF] Schroth | Surface charge properties of kaolinite[END_REF].

Protonation and de-protonation have often been assumed to involve only particle edges. However, [START_REF] Zhou | The nature of the surface charge of kaolinite[END_REF] have demonstrated that attributing the proton charge only to the particle edge leads to values that exceed the physical limit imposed by kaolinite and concluded that the basal surface must also contribute to proton reactions. As a result: 

Chapter 1 Introduction pH Site σ 0 σ H σ in σ P [mC/m 2 ] [mC/m 2 ] [mC/m 2 ] [mC/m 2 ]
σ H = σ * H eN A SSA Al-f ace+edges 10 -3 (1.5)
where σ * H is the measured proton charge in mmol/kg, SSA ( Al -f ace+edge) is the specific surface area associated with the edge plus the alumina face in m 2 /g, and σ H is the proton surface charge in mC/m 2 . The calculated proton charge is reported in Table 1.2. Finally, the intrinsic charge was calculated as the sum of the structural and proton charges, as also given in Table 1.2. The values reported in Table 1.2 and summarised in Figure 1.7 are computed considering a homogeneous negative surface charge on the basal planes (pH-dependent on the alumina face) and a homogeneous pH-dependent surface charge on the edges.

The kaolinite surface electrical charge has recently been examined experimentally through surface force measurements using atomic force microscopy (AFM) [START_REF] Gupta | Surface force measurements at the basal planes of ordered kaolinite particles[END_REF]. These colloidal force measurements reveal that the silica tetrahedral face of kaolinite is negatively charged at pH > 4. In contrast, the alumina octahedral face of kaolinite is positively charged at pH < 6 and negatively charged at pH > 8 (Figure 1.8). On the other hand, the particle edge appears to be always negatively charged, and its charge is nearly independent 1.2 Clay microstructure of pH values (σ edge =-10 mC/m 2 ) [START_REF] Liu | Surface force measurements at kaolinite edge surfaces using atomic force microscopy[END_REF]. Values of the charge of the alumina and silica faces are shown in Figure 1.8. The measured surface charges are summarised in Figure 1.9. [START_REF] Gupta | Surface force measurements at the basal planes of ordered kaolinite particles[END_REF]. Based on these findings, one can determine that for the interaction energies between different surfaces of kaolinite particles, the silica face-alumina face asso-Chapter 1 Introduction ciation is possible and likely to be dominant for kaolinite particle association at low and intermediate pH conditions. Yet a difference up to two orders of magnitude in the particle surface charge is denoted between the traditional electrical charge measurement techniques (cation exchange and titration) and the most recent AFM measurements (Figure 1.7 and Figure 1.9, respectively). Since the Coulumbic interaction pressure between two platy particles is proportional to the square of the surface electrical charge, this uncertainty implies an uncertainty of four orders of magnitude on the Columbic interparticle forces.

So far, there is no clear answer on which of the two discussed methods provides the most realistic surface charge determination, as both techniques stand on several assumptions. This research only explores the traditional model, considering negative clay surface charge and positive/negative edges in acidic/alkaline environments. Examples are developed by assuming that the negative charge at the basal plane is characterised by a net value of σ net =-2 mC/m 2 (which is computed as the average surface charge of silica and alumina basal plane when pH=5 according to Figure 1.8). Nonetheless, the analytical framework and the conceptual model developed in this thesis can be easily adapted when considering a non-symmetrical surface charge on the alumina and silica basal planes.

Particles aggregation

Researchers have largely speculated about the nature of inter-particle forces. These can be divided into two different categories according to [START_REF] Sridharan | Mechanism controlling volume change of saturated clays and the role of the effective stress concept[END_REF]: (a) contact forces, which are mechanical forces transferred from one particle to another through a contact surface and (b) non-contact forces, which are electrochemical in nature.

When describing the dominant forces in clayey material, a distinction should be made between active (swelling) clay (characterised by a 2:1 mineralogical structure) and non-active clay (characterised by a 1:1 mineralogical structure). For the case of active clay, it is widely accepted that dominant forces are electrochemical [START_REF] Bolt | Physico-chemical analysis of the compressibility of pure clays[END_REF][START_REF] Sridharan | Mechanism controlling volume change of saturated clays and the role of the effective stress concept[END_REF][START_REF] Madsen | The swelling behaviour of clays[END_REF][START_REF] Di Maio | Residual strength of kaolin and bentonite: the influence of their constituent pore fluid[END_REF][START_REF] Gajo | The mechanics of active clays circulated by salts, acids and bases[END_REF]. Such an assumption is supported by the fair agreement between experimental data and qualitative prediction inferred from theoretical models describing the interaction between two particles (diffuse double layer).

On the other hand, the nature of interaction forces in non-active clay is quite unclear. Many authors, such as [START_REF] Olson | Mechanisms controlling compressibility of clays[END_REF], have suggested that particle contact exists in non-active clay and body friction develops between particles (i.e. dominant inter-particle interaction would be mechanical). Such a conclusion is consistent with one of the fundamental assumptions behind the 'original' Cam Clay model [START_REF] Roscoe | On the generalized stress-strain behavior of wet clays. Sachan, A[END_REF]): plastic deformations are ruled by frictional mechanisms; that is, energy is dissipated by particle friction when yielding occurs. At the same time, it has been shown that shear strength and volume change behaviour are generally affected by changes in the chemical composition of the pore fluid, implicitly suggesting that electro-chemical forces also control 1.2 Clay microstructure inter-particle interactions to some extent [START_REF] Sridharan | Mechanism controlling volume change of saturated clays and the role of the effective stress concept[END_REF][START_REF] Chen | Influence of pore fluid composition on volume of sediments in kaolinite suspensions[END_REF]Wang and Siu, 2006a;Sachan, 2007).

The investigation of the nature of electrochemical interaction between charged particles in electrolyte solution can be dated back to the problem of the stability of colloidal suspensions. According to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [START_REF] Derjaguin | Theory of the stability of strongly charged lyophobic soils and of the adhesion of strongly charged particles in solutions of electrolytes[END_REF] and [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF] that extended the Gouy-Chapman theory [START_REF] Gouy | Constitution of the electric charge at the surface of an electrolyte[END_REF]), the stability of several particles in an electrolyte solution depends on the balance of double layer electrostatic interactions (Coulombic forces) and Van der Waals attractive forces acting between the particles. Therefore, the total interaction force F [N] between a pair of interacting charged colloidal particles is the sum of the van der Waals F vdW [N] and Coulombic electrostatic F Edl [N] forces.

Although there is general agreement in the literature on the mathematical expression for F vdW [START_REF] Parsegian | Van der Waals forces: A handbook for biologists, chemists, engineers, and physicists[END_REF], inconsistencies arise in the definition of F Edl . Within the DLVO framework, the electrostatic force, F Edl , can be estimated using the electric potential distribution of the electric double layer (EDL) surrounding a charged particle, which satisfies the Poisson-Boltzmann (PB) equation (Appendix B). The electric field described by the PB equation is significantly affected by the particle surface charge, in turn dependent on clay mineralogy, environmental temperature and pore fluid chemistry (pH, electrolyte concentration and dielectric permittivity). As a result, clay particle interaction can be attractive if the surfaces are charged with an opposite sign or repulsive if the sign of the charges is the same.

As observed in the previous subsection, three different surfaces with two different electrical charges are exposed to the environment in kaolinite particles resulting in three different elementary modes of interaction (van Olphen, 1963):

• Face-to-face (FF): face and edge have the charge of the same sign. Thus, the particle interaction is governed by the balance between double-layer repulsion and Van der Waals attraction (net energy);

• Edge-to-face (EF): face and edge have charges of opposite sign. The interaction is due to the attraction between the opposite double layers at the face and the edge, respectively (Coulomb attraction);

• Edge-to-edge (EE): face and edge have the charge of the same sign. Thus, the particle interaction is governed by the balance between double-layer repulsion and Van der Waals attraction (net energy).

One of the three modes of particle interactions can be dominant, yet a mixture of two or three modes may exist. EE and the EF types of association of individual particles may lead to agglomerates, often called flocs. The thicker assemblages resulting from FF are often referred to as aggregates. Flocs and aggregates are frequently observed in post-mortem SEM images. It is often assumed that they form indivisible units, i.e. clay behaviour is governed by the interaction between aggregates or flocs rather than individual particles. While this is clearly Chapter 1 Introduction a plausible mode of interaction, in-situ observation has never proved that flocs and aggregates remain indivisible or dissociate depending on the mechanical and environmental actions applied to the clay-fluid system.

Clay fabric

Whether one considers an individual particle or an aggregate/floc as the fundamental unit of the soil microstructure, the combination of the arrangement modes presented in Subsection 1.2.3 gives rise to several different clay fabrics.

Many researchers have highlighted the importance of clay microstructure in the evolution of several clay engineering properties such as strength, compressibility, water permeability and water retention [START_REF] Romero | Microstructure investigation in unsaturated soils: A review with special attention to contribution of mercury intrusion porosimetry and environmental scanning electron microscopy[END_REF][START_REF] Delage | Microstructure of a compacted silt[END_REF][START_REF] Pusch | Impact of microstructure on the hydraulic conductivity of undisturbed and artificially prepared smectitic clay[END_REF]. Specifically for non-active clays, [START_REF] Griffiths | Change in pore size distribution due to consolidation of clays[END_REF] and Pedrotti and Tarantino (2018a) have reported that the deformation of clay during consolidation is due to a reduction in inter-aggregate/particle pores, and intra-aggregate/particle pores do not have much influence on the consolidation process. [START_REF] Prashant | Effect of microfabric on mechanical behavior of kaolin clay using cubical true triaxial testing[END_REF] have investigated the effect of clay fabric on the mechanical behaviour of kaolinite clay and have reported that permanent deformation during consolidation is much lower for samples with a packed structure when compared to the samples with a card-house network. Sachan (2007) reported the influence of fabric on the mechanical behaviour of kaolinitic clay and concluded that microfabric strongly affects the shear strength and volume change properties of soils. Further, the authors noted that normally consolidated clay with packed fabric exhibits dilation during shearing, whereas volumetric reduction was observed for the clay with an open card-house structure. [START_REF] Pillai | Effect of microfabric on undrained static and cyclic behavior of kaolin clay[END_REF] studied the fabric of kaolinite clay under static and cyclic loading and reported that samples with a closely packed fabric exhibit higher peak undrained strength. In contrast, their counterparts with a more porous microstructure offer higher resistance to cyclic loading.

As the overall engineering behaviour of clay strongly depends on its structure, the study of clay fabric formation is essential. Sedimentation of clay in natural fluid bodies leads to the formation of sediments which exhibit different types of fabric. The sedimentation process refers to the motion of soil particles in slurries and suspensions per gravitational and interparticle forces [START_REF] Kynch | A theory of sedimentation[END_REF]. The clay-fabric formation depends on (i) particle size and shape distributions (controlling the magnitude of body forces), (ii) particle mineralogical composition and (iii) pore-fluid chemistry (that strongly influences the charged surfaces and, thus, interparticle forces). These parameters determine the nature of the dominant forces acting on the particles (contact or non-contact forces) and, thus, the aggregation mode of particles in suspension, resulting in a flocculated (random orientation of the particles, predominant EE and EF particle association) or dispersed (i.e., the preferred orientation of particles, dominant FF alignment) sediment fabric [START_REF] Lambe | Soil Mechanics[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF][START_REF] Van Olphen | An introduction to clay colloid chemistry for clay technologists, geologists, and soil scientists[END_REF].

Several studies on kaolinite in the literature have been interested in investi-1.2 Clay microstructure gating clay fabric formation by altering the settling environment parameters such as pore-fluid pH, ionic concentration, dielectric permittivity [START_REF] O'brien | A method for the calculation of the effective transport properties of suspensions of interacting particles[END_REF][START_REF] Imai | Settling behavior of clay suspension[END_REF][START_REF] Anandarajah | Influence of particle orientation on one-dimensional compression of montmorillonite[END_REF][START_REF] Chen | Influence of pore fluid composition on volume of sediments in kaolinite suspensions[END_REF][START_REF] Sridharan | Influence of clay mineralogy and pore-medium chemistry on clay sediment formation[END_REF][START_REF] Palomino | Fabric map for kaolinite: Effects of ph and ionic concentration on behavior[END_REF]. In a standard sedimentometry analysis, when no dispersant is added to the clay suspension to prevent particle association, clay particles tend to come into contact and form flocs (EE and EF) or aggregates (FF). Physicochemical factors strongly influence the size of the aggregates as they affect the non-contact electrochemical forces arising between clay particles. The studies mentioned above have shown that, by increasing the electrolyte concentration and decreasing the pore fluid's relative dielectric permittivity, the size of clay flocs decreases, resulting in a longer sedimentation time and a packed sediment fabric. Similarly, it has been observed that the final sediment obtained for alkaline solutions (high pore fluid pH) is significantly smaller in void ratio than the one obtained for acidic solutions.

For instance, [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] provided SEM observations on Speswhite Kaolin Clay prepared with acidic and alkaline water (Figure 1.10) and interpreted the observed difference in fabric by considering an individual particle as the basic microstructural unit. According to the authors, in 'ordinary' acidic water (Figure 1.7 a), a three-dimensional card-house structure is expected to form with predominant EF interactions (due to negatively charged faces of the single particle attracted by positively charged edges). On the contrary, the EDL repulsion between the negative clay edge and faces in alkaline water would be expected to generate predominant FF interaction, also referred to as a 'dispersed' structure (Figure 1.7 b).

SEM technique allows for direct observation of particle arrangements but is intrinsically limited by 2D observation and the difficulty to obtain quantitative information due to the tiny 'field of view' even if multiple images are taken from different spots of the clay surface. Quantitative data on representative volumes, i.e. significantly larger than particle/aggerate size, can be obtained via Mercury Intrusion Porosimetry (MIP). Such a technique allows for determining a porous material's pore size distribution (PSD) for a range of pores from a few nanometres to tens of microns and for indirect speculation on particle arrangement. MIP has been used over the last 30 years for microstructural investigation in soil mechanics and has gained wide acceptance within the geotechnical community. Since the pioneering work of [START_REF] Delage | Study of the structure of a sensitive champlain clay and of its evolution during consolidation[END_REF], PSD and its evolution upon hydro-mechanical paths have been used to inform hydro-mechanical constitutive models including [START_REF] Romero | Characterisation and thermo-hydro-mechanical behaviour of unsaturated Boom clay: an experimental study[END_REF]; [START_REF] Tarantino | Compaction behaviour of clay[END_REF]; [START_REF] Romero | A microstructural insight into compacted clayey soils and their hydraulic properties[END_REF].

MIP observations have been employed by [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] to infer the particle fabric of mono-mineral kaolinitic clay indirectly. It has been inferred from PSD data in combination with compression tests carried out considering various pore-fluid chemistry that the smaller pores (around 0.1 µm) are associated with particles in non-contact configuration (FF and EE). On the other hand, larger pores (in the order of 1 µm) have been associated with contact configuration (EF), generated by the attraction between the positively charged edge and the negatively charged face of the clay particle. [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF].

Additionally, [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] employed the pore size distribution data at different vertical effective stresses to explain the plastic response of clay upon mechanical loading. Changes in PSD in the range of macropores were found to be dominant during mechanical loading. The deformation of the macropores appeared to be irreversible and was assumed to be associated, at the micro-scale, with the loss of edge-to-face contacts. As a result, macropores may gradually turn into micropores upon increasing vertical stresses. Therefore, individual particles are the main character of the micromechanisms conceptualised by [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF], and the mechanical responses in kaolinite clay depend on particle-to-particle interactions.

However, the MIP interpretation given by Pedrotti and Tarantino (2018b) about the micro-porosity and macro-porosity of Speswhite kaolin clay is not the only one available in the literature. A similar study conducted on the same material by [START_REF] Yu | Pore-size changes and responses of kaolinite with different structures subject to consolidation and shearing[END_REF] associated the dual-porosity of the 1D-consolidated samples to an intra-aggregate (0.1 µm) and inter-aggregate (0.5 µm) porosity. The intra-aggregate pores are the spaces created from the uneven packing of clay particles within an aggregate. On the contrary, inter-aggregate pores are the ones arising from the stacking of aggregates. According to [START_REF] Yu | Pore-size changes and responses of kaolinite with different structures subject to consolidation and shearing[END_REF], kaolinite clay's mechanical responses depend on aggregate-to-aggregate rather than 1.3 Hypotheses about micro-scale mechanisms driving thermally induced behaviour of clay particle-to-particle interactions. Upon consolidation, the associated deformation primarily comes from the compression of the inter-aggregate pores, whereas the intra-aggregate pores remain almost unchanged. Additionally, as the space between the inter-aggregate pores is considered too large for electrochemical forces to act through, the deformation is mainly controlled by purely mechanical changes in the aggregate's packing structure. As a result, [START_REF] Yu | Pore-size changes and responses of kaolinite with different structures subject to consolidation and shearing[END_REF] propose considering the aggregates of kaolinite clay analogous to sand particles. In this research, the particle-to-particle approach proposed by [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] is employed in interpreting all the results presented and in formulating a thermomechanical micro-conceptual model. However, many particlescale micromechanisms proposed can be extended to the aggregate-to-aggregate interactions when considering the aggregates as stacks of subparallel clay particles.

Hypotheses about micro-scale mechanisms driving thermally induced behaviour of clay

The thermomechanical behaviour of kaolinite can be very complex due to the unique features of kaolinite particles, including their anisotropic surface charge and platy particle shape and the dependency of particle interactions on the physicochemical characteristics of the pore-fluid. Early attempts to describe particle-scale mechanisms under thermal loading focused on the analysis of (i) the thermoelastic strain of the clay skeleton and (ii) the combined effective thermal expansion of the adsorbed water. All the soil constituents (i.e. solid minerals, adsorbed, and free water) dilate when temperature increases. Under drained conditions, the effects of free water thermal expansion dissipate with time, depending on the medium's permeability. On the contrary, the thermal volume change of adsorbed water and minerals produces a macroscopic thermal strain related to temperature variation. Adsorbed water does not expand as free water. [START_REF] Baldi | Thermal volume changes of mineralwater system in low-porosity clay soil[END_REF] determined a theoretical volumetric thermal expansion coefficient of adsorbed water by assuming that water density at the interaction between two clay particles is denser. Therefore, it undergoes a more significant expansion than free water (

β v,f reewat =2.1E-4 • C -1 ), approximately β v,adswat =4.5E-4 • C -1 .
The expected volumetric thermal expansion computed according to the thermal dilation of the clay constituents reasonably follows the thermal dilation observed in the literature in highly OC conditions. However, uncertainties remain concerning basic mechanisms involved in the thermal volumetric 'collapse' observed in NC clay. [START_REF] Baldi | Thermal volume changes of mineralwater system in low-porosity clay soil[END_REF] attributed the NC thermal contraction to the physiochemical interactions between clay and water, in turn, associated with the variation of the thickness of the double layer due to the temperature changes. An increase in temperature would result in the removal of bound water molecules and, hence, Chapter 1 Introduction an irreversible decrease in double layer thickness as hypothesised by [START_REF] Olson | Mechanisms controlling compressibility of clays[END_REF] and in [START_REF] Morin | The effects of high pressure-high temperature on some physical properties of ocean sediments[END_REF]. On the other hand, an increase in temperature also causes a rearrangement of particles [START_REF] Burghignoli | A laboratory study on the thermomechanical behaviour of clayey soils[END_REF] and generates structural disturbance together with mineral and adsorbed water thermal expansion. Combining such phenomena may lead to thermal expansion or compaction based on the dominant mechanism.

Several studies have hinted at the mechanisms of particle rearrangement governing the behaviour of fine-grained soils at the microscopic (and nanoscopic) scale to explain the related thermally induced deformation at the macroscopic scale. The most debated aspect of the thermomechanical behaviour of clay is the mode of particle interaction responsible for the thermo-plastic contraction observed in normally consolidated clay. The amphoteric nature of the edges of clay platelets and the resulting possibility of a positive edge-negative face contact is well documented [START_REF] Van Olphen | An introduction to clay colloid chemistry for clay technologists, geologists, and soil scientists[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]Wang and Siu, 2006a;Pedrotti and Tarantino, 2018a). However, there is debate about whether edge-to-face interactions dominate the TM macroscopic response as much as they do in the plastic deformation under mechanical load. [START_REF] Towhata | Volume change of clays induced by heating as observed in consolidation tests[END_REF] associates the decrease in shearing strength of clay upon heating to the modification of the contact force network due to the different thermal expansion of the clay minerals involved. This decrease in inter-particle strength increases the probability of particle slippage, which is maximised when the mobilised force producing such slippage is higher.

Along the embryonic idea of [START_REF] Towhata | Volume change of clays induced by heating as observed in consolidation tests[END_REF], the first microscopic observation to detect a possible particle re-orientation due to temperature changes can be found in [START_REF] Houhou | Microstructure observations in compacted clays subjected to thermal loading[END_REF]. The experimental campaign, conducted via MIP and XCT tests on remoulded samples of kaolinite and illite, revealed a strong dependency between the volumetric plastic contraction of NC clay and the stress state. In illite, higher vertical effective stresses induced a more diffused collapse of macropores upon temperature variations. In kaolinite, no appreciable changes in PSD were recorded. [START_REF] Houhou | Microstructure observations in compacted clays subjected to thermal loading[END_REF] concluded by ascribing the thermal collapse in NC clay to changes of the contact particles network induced by the combination of thermal and mechanical load and figured that modifications of the diffuse double layer due to temperature changes would not be the main reason behind the observed thermally-induced volumetric strain.

More recent investigations have been trying to use fully atomistic molecular dynamics simulations to provide a nano-scale interpretation of the thermomechanical behaviour of clay [START_REF] Smith | Molecular simulations of the pressure, temperature, and chemical potential dependencies of clay swelling[END_REF][START_REF] Teich-Mcgoldrick | Swelling properties of montmorillonite and beidellite clay minerals from molecular simulation: Comparison of temperature, interlayer cation, and charge location effects[END_REF][START_REF] Brochard | Nanoscale origin of the thermo-mechanical behavior of clays[END_REF]. For instance, [START_REF] Brochard | Nanoscale origin of the thermo-mechanical behavior of clays[END_REF] attributes the anomalous thermo-elastoplastic behaviour of clay to water adsorption and shows that an increase in temperature decreases the amplitude of the confining pressure oscillations with the clay basal spacing. This nanoscale interpretation works reasonably well with a large amount of adsorbed water (tens of % of all water in saturated clay, typical of large specific surface clay such as smectites or heavily overconsolidated materials). Still, it seems less effective for the soft non-active clay analysed in this research.

Research objectives and approach

This thesis aims to investigate the micromechanisms occurring in fine-grained soils upon thermal loading and provide a micromechanical interpretation of the peculiar thermomechanical behaviour of non-active clayey materials.

Unlike granular materials, mechanisms at the particle scale controlling the macro-mechanical behaviour of clay are still largely ignored. Understanding these processes is critical to interpreting experimental data, understanding fundamental modes of stress-strain behaviour, informing 'continuum' macroscopic constitutive models, and developing quantitative predictive tools based on Discrete Element Method (DEM) approaches.

To address the challenges above, this doctoral research has been devoted to investigating the thermomechanical features of the behaviour of non-active clay by linking different scales, from the electrochemical effect at the nano-scale induced by temperature changes to the thermomechanical response observed at the REVscale.

The ultimate goal is to formulate a thermo-micromechanical conceptual model to unify the different responses of NC and OC clay upon heating and lay down the energy-separation functions to enable escalating the conceptual model into a numerical particle-scale model incorporating temperature effects.

The development of the conceptual model involves analytical, experimental and numerical multi-scale analysis:

1. Macro-scale: Experimental study of the thermomechanical macroscopic behaviour of non-active clay subjected to different stress history and different stress levels via 1D and isotropic compression tests;

2. From macro-scale to particle-scale: Experimental investigation of the evolution of clay microstructure via pore-size distribution upon heating and subsequent cooling;

3. Particle scale: Indirect observations of the nature of particle-to-particle electrochemical forces and their temperature dependency.

4. From nano-scale to particle-scale: (i) an analytical investigation of the electrochemical forces describing the particle-to-particle interaction; (ii) a numerical analysis of DLVO interactions between idealised finite clay particles in elementary configuration;

5. From particle-scale to macro-scale: Development of a 3D energy separation function representing interaction energy for generic 6 DoF configuration of particle pair to be included in a CGMD model.

Layout of the thesis

To address these points, a multiscale investigation of the thermomechanical response of kaolinite is proposed in this doctoral thesis. The outline is separated Chapter 1 Introduction into three principal sections, presenting the experimental methods and analyses of the thermomechanical response of kaolin clay under isotropic and oedometric conditions (Part I), the experimental study for the indirect evaluation of the nature of electrochemical forces in non-active clay (Part II) and the analytical, numerical and conceptual modelling for the implementation of a DLVO-based energy-separation function to be implemented in CGMD simulation tools (Part III). The contribution in each part of this work presents advancements in methodology, analysis tools and original results, which can be essentially summarised for each part.

Multi-scale experimental study (Part I)

• Chapter 2 illustrates the development of the experimental installation, methods and testing procedures for temperature-controlled isotropic compression cell and presents a series of laboratory tests on Speswhite kaolin clay coupled with post-mortem MIP observations of the macroscopically tested samples;

• A second experimental campaign on the thermomechanical behaviour of Speswhite Kaolin clay under oedometric conditions is presented in Chapter 3 to address the effect of stress level on the thermo-plastic response of NC clay.

Indirect observations of inter-particle forces (Part II)

Part II explores the nature of electrochemical forces in non-active clay from colloidal to sediment state, including:

• An experimental analysis of the differences in settling and self-consolidation behaviour of two non-active clay depending on particle size and surface charge (Chapter 4);

• An investigation of the environmental parameters controlling the electrochemical forces in the colloidal state, with particular attention to thermal effects (Chapter 5).

Analytical, numerical, and conceptual modelling (Part III)

• Chapter 6 proposes a critical review of the analytical solutions available in the literature to describe DLVO interactions. The chapter addresses the problem of the choice of the most appropriate electrical boundary condition to analyse Coulombic interactions via the Electrical Double Layer (constant surface potential or constant surface charge), details the analytical procedure to derive the free-energy formulation which describes clay particle Coulombic interactions and provides some guidelines for the choice of a DLVO-consistent interaction function in DEM modelling;

• The analytical 1D analysis carried out in Chapter 6 is extended in Chapter 7 to numerically investigate the 3D interaction of finite-size particles.

1.5 Layout of the thesis Chapter 7 presents a numerical analysis of the DLVO interaction energy and uses it to calibrate the Gay-Berne potential energy function, primarily employed in Coarse-Grained Molecular Dynamics (CGMD) simulation of clay particles and implemented in the open-source MD code LAMMPS;

• Chapter 8 investigates the effect of temperature changes on particle-toparticle kinematics by looking at the evolution of the DLVO interaction energy in non-isothermal conditions. The numerical analysis at the particle scale is employed to formulate a micro-conceptual model explaining the thermo-elastoplastic macroscopic response of non-active clay.

Part I

MULTI-SCALE EXPERIMENTAL STUDY

Chapter 2

Temperature controlled isotropic compression tests

This chapter describes the experimental program and results obtained for a series of thermomechanical tests performed on remoulded Speswhite Kaolin Clay samples in normally-consolidated and over-consolidated conditions. A newly developed temperature-controlled isotropic compression cell described in Section 2.1 is utilised to obtain insights into the volumetric behaviour of non-active clay under non-isothermal conditions. After the material description and testing methods described in Section 2.2 and Section 2.3, the principal objective of the experimental campaign presented in Section 2.4 is to analyse the global deformation macroscopically observed due to temperature variation and compare the effect of different loading histories on the intrinsic thermomechanical behaviour of Speswhite Kaolin Clay. The macroscopic results are then discussed in Section 2.5 in light of the microscopic observations obtained through post-mortem MIP analysis of the tested samples.

Development of a temperature-controlled isotropic compression cell

This section describes the laboratory testing system and acquisition methods employed in this experimental campaign to conduct non-isothermal isotropic compression tests on remoulded clay. Initially, a brief historical overview contextualises advancements in developing advanced experimental tools for laboratory testing of fine-grained soils under non-isothermal conditions. The following subsections detail specific design characteristics of a new temperature-controlled isotropic compression cell developed in the context of this thesis at Laboratoire 3SR. The objective is to emphasise all the innovative precautions to ensure the homogeneity of the temperature field in the sample and the drained thermal condition during testing.

Temperature controlled triaxial and isotropic cells: an overview of the literature

This research mainly focuses on the volumetric behaviour of saturated non-active clays under temperature changes. When it comes to experiments on the volumetric thermal behaviour of fine-grained soils, temperature-controlled oedometer cells have been the most utilised equipment [START_REF] Finn | The effect of temperature on the consolidation characteristics of remolded clay[END_REF][START_REF] Paaswell | Temperature effects on clay soil consolidation[END_REF][START_REF] Plum | Some temperature effects on soil compressibility and pore water pressure. Effects of temperature and heat on engineering behavior of soils, special report 103[END_REF][START_REF] Di Donna | Numerical study of the response of a group of energy piles under different combinations of thermo-mechanical loads[END_REF][START_REF] Favero | Thermo-mechanical volume change behaviour of opalinus clay[END_REF]. Oedometric apparatus seems particularly advantageous in isothermal conditions: accurate direct volume change determinations (volumetric resolution between 0.013% and 0.025%, depending on the LVDT employed) and K 0 condition testing paths, similar to the static compaction process undergone by the soil in situ. This experimental equipment comprises a standard oedometer cell designed to accommodate a heating element in the water bath surrounding the sample. Heating the sample is made possible by increasing the temperature of the surrounding water. However, stress state information is usually incomplete when performing an oedometer test. Under the assumption of zero lateral strain, it is possible to determine the full sample deformation tensor, but uncertainties remain in estimating the radial stress. Additionally, in a temperature-controlled oedometer test, the assumption of zero lateral strain is no longer valid (due to the thermal expansion/contraction of the oedometric ring surrounding the specimen). As a result, to determine the sample strain tensor, the thermal deformation of the oedometric ring is required to be relatively low. This has been achieved in a few testing equipment described in the literature by accommodating the tested material in an Invar oedometric ring [START_REF] Di Donna | Numerical study of the response of a group of energy piles under different combinations of thermo-mechanical loads[END_REF], owing a considerably small thermal dilation due to temperature increase (β invar =1.2E-6 • C -1 ).

On the other hand, isotropic compression tests offer the unquestionable advantage of knowing the stress state of the sample. However, the volume change measurement has to be subjected to calibrations and indirect procedures, which affect the resolution and accuracy of the measure itself.

The first triaxial equipment permitting the control of both temperature and stress was developed by [START_REF] Campanella | Influence of temperature variations on soil behavior[END_REF]. Since then, many authors have performed thermomechanical triaxial or isotropic compression tests [START_REF] Eriksson | Temperature effects on consolidation properties of sulphide clays[END_REF][START_REF] Baldi | Thermoplastic modeling of undrained failure of saturated clay due to heating[END_REF][START_REF] Moritz | Geotechnical properties of clay at elevated temperatures[END_REF][START_REF] Sultan | Etude du comportement thermo-mécanique de l'argile de Boom: expériences et modélisation[END_REF][START_REF] Romero | Characterisation and thermo-hydro-mechanical behaviour of unsaturated Boom clay: an experimental study[END_REF][START_REF] Cekerevac | Thermal effects on the mechanical behaviour of saturated clays: an experimental and constitutive study[END_REF][START_REF] Abuel-Naga | Thermally induced volume change and excess pore water pressure of soft Bangkok clay[END_REF]. The main differences among the utilised apparatus concern how the temperature is applied to the sample. Several heating systems to impose a uniform temperature field in triaxial cells are described in the literature. Temperature changes are provided by circulation of a fluid heated in an external chamber, usually water or oil [START_REF] Romero | Characterisation and thermo-hydro-mechanical behaviour of unsaturated Boom clay: an experimental study[END_REF]; by installing an internal heater or internal circulating coils [START_REF] Demars | Soil volume changes induced by temperature cycling[END_REF][START_REF] Moritz | Geotechnical properties of clay at elevated temperatures[END_REF][START_REF] Cekerevac | Thermal effects on the mechanical behaviour of saturated clays: an experimental and constitutive study[END_REF]; and by surrounding the cell with lateral heaters [START_REF] Baldi | Thermally induced strains and pore pressure in clays[END_REF][START_REF] Agar | Thermal expansion and pore pressure generation in oil sands[END_REF][START_REF] Delage | On the thermal consolidation of Boom clay[END_REF]. Although the circulating fluid technique allows maintaining a constant fluid cell temperature [START_REF] Saviddou | Numerical and experimental investigation of thermally induced effects in saturated clay[END_REF], it comes at the cost of the fluid having both a heat exchange function and a confining function. Therefore, the fluid pressure in the 2.1 Development of a temperature-controlled isotropic compression cell circulation pump has to be as high as the cell pressure, resulting in difficulties in testing and possible damage to the equipment. As far as temperature imposition to the soil sample is concerned, heating the cell fluid by power internal/external heaters seems to be an adequate technique, ensuring both high-pressure and high-temperature testing conditions.

Based on the preceding, a new temperature-controlled isotropic apparatus with an external heating jacket was specifically designed for soil testing with simultaneous stress, pore pressure and temperature control. The following sections detail the new THM isotropic cell, the external heating system, the loading system and all the pressure, displacement and temperature transducers involved in the sample monitoring. Finally, particular emphasis is placed on the thermal calibration required to correct errors in the measurements of the employed transducers due to the temperature effects on the testing apparatus.

General description

The design of an isotropic thermal apparatus requires the adoption of a proper procedure to monitor the volume change of the specimen due to temperature (expected axial and radial displacements in the order of hundreds of µm) and an adequate heating system to allow for drained thermomechanical paths (sufficiently low thermal rating is needed during heating or cooling to avoid undesired excess pore water pressure generation inside the sample).

The isotropic compression equipment has been built according to the crosssection scheme in Figure 2.1. The basic design of the cell is based on a standard isotherm isotropic apparatus for controlled stress path testing, to which a system of managing temperature has been added. The cell is designed to test saturated clay samples of 38 mm diameter and 76 mm height under different mechanical loadings and a controlled rate of thermal loading. The main body consists of a 30-mm thick stainless steel cylinder surrounded by four flexible silicon rubber heaters and externally enclosed by an insulation system made of glass wool to prevent heat dissipation. The cap, the bottom of the cell, the sample pedestal and all lines are stainless steel.

Water has been chosen as confining fluid as no unduly high confining pressure will be applied to the studied specimens (up to 2 MPa). However, a security valve was incorporated in the cell cap never to overcome the pressure limit of 2 MPa.

The maximum testing temperature has been limited to 90 • C. Neoprene membranes, better suited to long-term use in high-temperature (up to 120 • C) applications than standard latex membranes, were employed.

The complete thermomechanical isotropic equipment is shown in Figure 2.2. Confining and back pressure are imposed by two volume-pressure controllers (GDS volume-pressure advanced controllers). The controller monitoring the cell pressure is also employed to measure the volume of confining liquid moving in and out of the cell, from which the volumetric deformation of the sample can be inferred after accurate calibration. In addition, vertical and radial displacements are locally measured with hall effect transducers glued on the neoprene membrane covering the sample. Diaphragm pressure transducers measure pore water pressure on the sample's top and bottom. At the same time, the temperature measurement is possible through a set of thermocouples scattered over the neoprene membrane.

All the low-voltage cables are led through the cell base by bulkhead fittings adequately sealed with a two-component epoxy paste adhesive to resist high temperature and pressure variations. Figure 2.3 shows a top view of the cell base detailing all the bulkhead fittings positions of thermocouples, transducers and water lines employed.

Finally, an acquisition system continuously collects and stores the applied and measured pressures, stresses, the temperature close to the sample, the water volume exchanges and the vertical and radial displacements of the Hall effect transducers.

2.1 Development of a temperature-controlled isotropic compression cell More details on each component will be given in the following sections.

Heating system and temperature measurement

The heating system consists of four silicon flexible rubber electrical heaters (240 V) covering the stainless steel cell cylinder. The amount of power supplied to the heater is regulated using a programmable temperature display and control unit. A temperature probe installed in the water cell gives a feedback signal to control the power input required to maintain a target cell's water temperature. So that, if a temperature higher than the target value is detected, the input power is switched off after a delay of 10 s. A precision measuring temperature display with a resolution of 0.1 • C shows the temperature evolution of the silicon heater surface and the water cell during heating-cooling cycles. The overall precision of the temperature regulation system is 0.1 • C. A 10-mm layer of glass wool covering the silicon heaters acts as an insulator to minimise heat transfer from the cell to the surrounding environment. The whole system is located in a temperature-controlled room maintained at a constant temperature of 20±1 • C.

Temperature measurement is made by 8 K-type thermocouples glued on the sample membrane by a two-component epoxy paste adhesive. The accuracy of this type of thermocouple is within ±2.2 • C in the range of 0 • C and 200 • C (ASTM STP 470B). Thermocouplwereeen calibrated by comparison technique by submerging them in a heated water bath with a certified reference mercury 2.1 Development of a temperature-controlled isotropic compression cell thermometer (resolution 0.1 • C). The acquisition system records the eight temperature values with a 0.1 • C resolution.

Preliminary calibration tests were performed to ensure the homogeneity of the temperature field inside the sample. The calibration procedure consists in imposing a temperature rate on the heating system and monitoring the difference in temperature recorded between two thermocouples (Figure 2.4a) inserted in the centre of the sample (T1) and close to its lateral surface on the inside and the outside of the neoprene membrane (T2 and T3, respectively). For the calibration procedure only, the thermocouples T1 and T2 were let pass through tiny holes in the neoprene membrane. To avoid contamination between the water cell and the sample, the gaps in the membrane were carefully sealed with liquid neoprene waterproof sealant. Starting from a constant temperature of 25 • C, a thermal loading of ∆T = ±65 • C was imposed at a rate of 3 • C/h to the electric heater to establish the time lag needed to equilibrate the temperature inside the sample (T1). The thermal rate was chosen accordingly to the vertical water permeability calculated for a Spweswhite Kaolin clay sample isotropically loaded up to 1500 kPa (the highest isotropic stress applied in the experimental campaign presented in this chapter), being equal to 0.6•10 -9 m/s (refer also to [START_REF] Al-Tabbaa | Some measurements of the permeability of kaolin[END_REF] for comparison). Figure 2.4b shows the evolution of T1, T2 and T3 compared to the temperature measured on the surface of the heating system. At the selected heating rate, the increase in temperature inside the sample closely follows the temperature imposed on the heater. Almost no time lag is required to reach a stable temperature inside the specimen. Moreover, negligible differences in temperature monitored by the sensor placed in the middle of the sample (T1) and the one located on the external perimeter (T2) are recorded (the maximum recorded difference between T1 and T2 is 2.0 • C which is lower than the K-type thermocouples maximum error). One can assess that continuous heating at 3 • C/h ensures a homogeneous temperature field.

The same calibration procedure was performed on an undisturbed sample (no thermocouples on the inside and intact membrane) subjected to a constant isotropic stress of 1500 kPa to ensure that any excess pore water pressure u [kPa] was recorded at the selected heating rate. The calibration was performed on a remoulded clay sample isotopically compressed at 1500 kPa, as this sample has the lowest possible permeability among the ones tested in this experimental campaign. Over the same thermal loading of ∆T = ±65 • C (Figure 2.4b), the pore water pressure was measured at the top and the bottom of the sample using two diaphragm pressure transducers. Figure 2.5 shows minor fluctuations of the excess of pore pressure ∆u around 0 kPa. Therefore, a temperature increment of 3 • C/h also satisfies the drained thermal conditions we want to ensure. This temperature increment is used for all the thermomechanical paths followed in the experimental campaign presented in Section 2.4. Δu max =8 kPa 

Volume measurement

In standard isothermal triaxial and isotropic tests on saturated soil samples, volume changes are measured by monitoring the exchanges of pore water and/or confining cell water (cell liquid measurement technique). This is no longer accurate in non-isothermal conditions because of the thermal dilation of the experi-2.1 Development of a temperature-controlled isotropic compression cell mental equipment. Therefore, the cell liquid measurement technique (using the GDS advanced controllers) was coupled with local displacement measurements made possible by radial and axial local Hall effect displacement transducers.

GDS Advanced Controllers

GDS volume-pressure advanced controllers apply the confining and back pressure to the sample and measure the amount of water getting in and out of the cell and sample. However, the temperature and water pressure in the controller cylinder influence the volume measurement. According to the manufacturer specifications, the error can be estimated by the following relationship:

δV err = 0.02%V / • C + 0.2%V /M P a (2.1)
where V is the water volume in the controller, the first term represents the volumetric thermal expansion in % of the water in the cylinder per 1 • C, while the second term is the increase in volume in % per 1 MPa. According to (2.1), in isobaric conditions, δV err depends on the thermal expansion of the volume of water inside the controller cylinder. To minimise the water volume measurement error, the controller has to contain as little water as possible. Experience shows that a volume of 100 cm 3 (1/10 the capacity of the controller) is a satisfactory compromise in the selected operational range of temperatures. Indeed, 100 cm 3 is a quantity of water large enough to perform the cell liquid measurement technique and small enough to obtain a reasonable δV err , as the estimated error over a ∆T = ±65 • C is:

δV err = 0.02%100cm 3 • 65 • C = 1.3cm 3 (2.2)
This quantity needs to be added to the water volume exchanged between the controller and the confining water in the cell. However, considering a sample of 38mm diameter and 76mm height (V sample = 86.2cm 3 ), δV err corresponds to 1.6% of the volume of the sample, which is in the same order of magnitude of the thermal contraction we expect from normally consolidated clay samples. Therefore, the cell liquid measurement technique is not accurate enough in nonisothermal conditions, and local displacement measurements are needed.

The accuracy of volume change measurements with the cell liquid measurement technique during heating tests is also affected by the thermal expansion of the experimental equipment. The thermal calibration of the cell liquid measurement technique was carried out by imposing a thermal cycle of 25 • C → 90 • C → 25 • C on a blank metallic sample with a known value of volumetric thermal dilation. Upon heating, the undesired volume change corresponds to the quantity of water introduced in the cell by the GDS controller minus the estimated amount of cell water expelled because of the volumetric dilation of the metallic sample and vice versa for the subsequent cooling. The calculated values (Figure 2.6) account for the volume changes of the cell, including all the metallic lines, the water used for confining pressure, and the water contained in the pipes. The measurement was repeated at two different mean effective stress p ′ [kPa]. This information and the error calculated in Eq. 2.2 are used to correct the observed volume change for each performed test (the curves in Figure 2.6 already take into account the error in Eq. 2.2).

p'=100 kPa p'=200 kPa 

Axial and radial displacement transducers

Local axial and radial displacement transducers provide the opportunity to measure small deformations locally on the specimen. In this research, local deformation measurements are performed by one radial and two axial Hall effect transducers (Figure 2.7). Besides the benefit of a light structure (28 g for the radial transducer and 9 g for the axials), Hall effect transducers provide accurate deformation measurements. The Hall effect sensor detects the magnetic flux variations occurring due to the displacement of a magnet mounted at the opposite end of the transducer. The nominal calibrated working range of the transducers is ±2mm, with an accuracy of ±0.25% of the scale range. More details are given in Appendix A.

Sensors are directly glued onto the neoprene membrane according to the scheme shown in Figure 2.7. Two-component epoxy paste adhesive, Araldite 2014-2 (nominal working temperature range between -40 • C and +140 • C), is employed for bonding.

A detailed calibration at room temperature and under cyclic thermal loading is provided in Appendix A.

Pore pressure measurement

Each controller is a microprocessor-controlled screw pump to regulate and measure fluid pressure and volume changes. It can keep a constant pressure and Both the controllers have a volumetric capacity of 1000 cm 3 and a pressure range from 0 to 2 MPa. More details are given in Appendix A.

Additionally, two diaphragm-type pressure transducers, with an operating range of up to 2.5 MPa, were employed to measure pore pressure on the top (" PRESSURE UP") and on the bottom (" PRESSURE DOWN") of the sample to ensure that any excess of pore water pressure is recorded. Figure 2.8 shows a picture of pressure transducer "UP", connected to the top of the sample.

Data acquisition system

National Instrument USB-6210 data acquisition system with a 16-bit A/D converter connected to an IBM PC has been used for data logging. The logger offers 16 channels of a single-ended input. Analog input varies between ±10 Vdc with a resolution of 4.88 mV.

Before being acquired by the data logger, the pressure and displacement transducer's signals are preconditioned and amplified to increase resolution from an external conditioner (LMV842, more details in annexe A), which powers the transducers and auto-scales their voltage output. Channel description and sensitivity of data logger are given in Table 2.1. 
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Thermocouples have a separate condition and acquisition system equipped with a direct computer interface (USB port). GDS controllers connect directly to the computer via an IEEE cable. In summary, the acquisition system registers six output signals from the National Instrument USB-6210, four output signals from the GDS controllers (both volume and pressure are monitored for each of the two) and eight output signals from the 8 K-type thermocouples.

Data acquisition was carried out continuously by a logging program written in LabVIEW, an interpreter which converts the output voltages in engineering units. Sensitivities and zero shifts calculated in the previous sections are incorporated into the program through a text file which can be imported at the beginning of the test.

When the test is running (ON mode enabled in the user interface), the current readings of each signal are saved as zero references. The converted results are held at different time intervals in a spreadsheet for posterior analysis. The time interval (available intervals from 1s to 6h) can be selected in the user interface 2.2 Tested material at the beginning and varied during the test. The conventional time interval used during long-term testing is 5 minutes. The logging program provides test control with an online presentation of the running test in the user interface, where several plots are available.

Tested material

The following experimental study was performed on artificially prepared (dry side statically compacted) powder of Speswhite Kaolin clay produced by IMERYS France. Speswhite Kaolin is a highly refined clay of ultrafine particle size extracted from deposits in the South West of England.

Mineralogy and physical properties

According to ASTM D422, particle size distribution tests were carried out to obtain a basic understanding of the clay powder's nature. The obtained curves in Figure 2.9 reveal 80 % of clay fraction (<0.002 mm) and 20 % of silt fraction (<0.05 mm) and an average particle diameter of D 50 = 1.3µm. .9, as well as the measurement of particle size performed with the Static Light Scattering (DLS) technique (that will be discussed more in detail in Chapter 4), revealed polydispersity (particle size between in the range 0.3-10 µm) and significantly small mean particle size (1.3 µm).

X-ray diffraction analysis showed that the soil is mainly formed by kaolinite with a small amount of quartz and muscovite. No significant swelling properties The specific gravity of the soil platelets is G s = 2.6 (ASTM D854). Moreover, the clay powder pH is slightly acidic, pH = 5.5.

The specific surface area S s,BET = 14m 2 /g of the Speswhite Kaolin clay powder was determined by BET analysis, quantifying the physical absorption of nitrogen molecules on the solid particle surface. At the same time, specific surface S s,M IP = 10m 2 /g was also evaluated through Mercury Intrusion Porosimetry (MIP) data gathered for the discussion in Section 2.5. The MIP technique allows determining the pore size distribution of a porous material by measuring the volume of mercury (non-wetting fluid) intruded in the accessible material empty pores when applying a given pressure p[kP a] to the mercury surrounding the specimen. Under the assumption of cylindrical pores, one can relate the applied pressure to the apparent pore diameter D [START_REF] Griffiths | Change in pore size distribution due to consolidation of clays[END_REF]:

p = 4σ Hg cos θ nw D (2.3)
where σ Hg = 0.484 N/m [START_REF] Diamond | Microstructure and pore structure of impact-compacted clays[END_REF] is the surface tension of the mercury and θ nw = 147 • [START_REF] Diamond | Microstructure and pore structure of impact-compacted clays[END_REF] is the contact angle between the mercury and the clay pore wall. The incremental intruded mercury volume can be related to the incremental specific surface dS s such that:

S s = - 1 σ Hg cos θ nw Vmax 0 pdV (2.4)
with V max [cm 3 /g] being the maximum intruded volume normalised by sample dry weight.

It can be noticed that the mercury intrusion technique reports lower specific surface values than the nitrogen adsorption method. According to [START_REF] Romero | Characterisation and thermo-hydro-mechanical behaviour of unsaturated Boom clay: an experimental study[END_REF], this might be due to the limited accessibility of the apparatus to pores of an apparent pore size D < 6nm. A wet measurement of the specific surface would Standard consistency limits were investigated according to ASTM D4318. The liquid limit was measured using both a Casagrande grooving tool and the fall cone method. The obtained index properties are listed in Table 2.3.

In conclusion, this specific clay was mainly selected to distinguish thermal effects from viscous phenomena (typical for highly plastic clay) and inter-layer swelling. Furthermore, highly permeable clay was preferred to shorten prolonged thermomechanical test time (k kaolin = 3 • 10 -9 m/sec).

Sample preparation protocol

Temperature-controlled isotropic compression tests were performed on remoulded Speswithe Kaolin clay samples saturated with acidic de-ionised de-aired water. The choice of employing acidic pore fluid lies behind the attempt to emphasise the occurrence of a card-house structure in the testing sample before heating. An open fabric would maximise the probability of particle realignment due to temperature increase resulting in an unmistakable macroscopic contraction in normally consolidated conditions.

The first step of the sample preparation protocol is to determine the natural concentration of dissolved salt in the pore bulk liquid. The electrical conductivity of the pore bulk fluid is related to the osmotic pressure of the soil. Thus, it can be approximately linked to the total concentration of salt [START_REF] Castellan | Physical Chemistry[END_REF]. To measure the electric conductivity of the bulk liquid, Speswhite Kaolin clay powder was thoroughly mixed with de-ionised de-aired water with an electrical conductivity of 20µS/cm at 25 • C and pH = 4.0 ± 0.2 to create a suspension of 100 grams of kaolinite per litre of water. The suspension was left to settle for 72h before the supernatant liquid conductivity was first measured. The supernatant liquid conductivity was measured periodically with a Fisherbrand Conductivity meter (AET30). The clay was considered 'monoionic with no excess salts' (concentration of salt <10 -5 mol/L) when the supernatant liquid conductivity was < 100µS/cm [START_REF] Palomino | Fabric map for kaolinite: Effects of ph and ionic concentration on behavior[END_REF]. If this was not the case, the supernatant liquid was siphoned, and the excess salt was removed through several further washings with de-ionised de-aired water. When the desired conductivity was reached, the clay was oven-dried and ground into powder using a pestle and mortar.

Special attention has been given to manufacturing remoulded clay samples to obtain adequate sample homogeneity and repeatability. Various techniques have been investigated to find the optimal sample preparation protocol that would limit air bubbles in the tested specimens. The static compaction method of a semi-liquid mixture of clay powder and water (slurry) was assessed to give the best uniformity and repeatability [START_REF] Sivakumar | A critical state framework for unsaturated soil[END_REF]. However, the degree of homogeneity of the final consolidated specimen strongly depends on the slurry preparation procedure. Three different mixing techniques before one-dimensional consolidation up to 200 kPa were attempted:

• Slurry_1.5LL: demineralised de-aired water was manually mixed with oven-dried clay powder (oven temperature kept constant at 50 • C) to achieve a starting water content w slurry = 1.5w L = 96% [START_REF] Burland | 30th Rankine Lecture: On the compressibility and shear strength of natural clays[END_REF], then the slurry was poured into a preassembled oedometer mould (consolidometer) of 17 cm in diameter;

• Slurry_MIX_2LL: demineralised de-aired water was mechanically mixed into the preassembled oedometer mould with oven-dried clay powder at a water content w slurry = 2w L = 128%. An electric mixer mixed at 700 RPM until a uniform mixture was obtained. After that, the consolidometer was placed on a shaker table, and the slurry was vibrated at 125 RPM for 20 minutes;

• Slurry_SEDIMENT_5LL: the slurry was obtained by sedimentation of pluviated oven-dried kaolinite powder (Figure 2.10a) into a 17 cm diameter and 120 cm high cylindrical mould filled with demineralised de-aired water (clay concentration of the suspension around 320 g/L which corresponds to w suspension = 5w L = 320%). Then kaolinite particles were left to settle until a clear supernatant liquid was visible on top of the sediment. The height of the sediment was measured once a day to an accuracy of within ±1mm until identical results were obtained for two consecutive days. Once the sediment height reached equilibrium, the supernatant water was removed from the cylinder by siphoning (Figure 2.10b).

The same consolidometer accommodating 170 mm in diameter samples was used for slurry consolidation. Overburden vertical stress was applied to the top of the three semi-liquid mixtures up to 200 kPa. As a result of one-dimensional compression, the specimens were expected to have a certain degree of cross-anisotropy about the vertical axis. Sample anisotropy will be further discussed and used for results interpretation in the Section 2.5.

Finally, the clay samples to be isotropically tested (38 mm diameter and 76 mm high) were trimmed from the three 170 mm clay cakes obtained (Figure 2.10c).

The homogeneity of the three resulting samples was analysed by x-ray tomography (Figure 2.10d). Figure 2.11 shows the horizontal cross-sections of the three tentative samples. The sample obtained with the first method (Slurry_MIX_1.5LL, air bubbles in the specimen (Slurry_MIX_2LL Figure 2.11b, equivalent bubbles diameter up to 1 mm). However, the Slurry_MIX_2LL technique still does not ensure REV homogeneity. On the other hand, the x-ray tomography scan of the sample prepared by sedimentation (Slurry_SEDIMENT_5LL, Figure 2.11c) shows a good uniformity of the clay matrix (similar findings are reported in [START_REF] Stallebrass | Manufacture of samples of overconsolidated clay by laboratory sedimentation[END_REF]). No micro-bubbles can be detected in the scan. Thus, their equivalent diameter must be smaller than the pixel size (the pixel size of the radiographs in Figure 2.11 is 0.04608 mm), which is in the same order of magnitude as the macro-porosity expected for Speswhite Kaolin Clay (refer to Section 1.2).

Finally, the Slurry_SEDIMENT_5LL preparation protocol was selected as the optimal procedure for manufacturing specimens to be tested under thermomechanical loading.

All samples tested in the following experimental campaign were prepared accordingly and identically to maintain similar initial conditions. At the end of the trimming process, each piece was weighed and measured (calliper resolution of ±0.01mm), and the initial water content was calculated from the same clay cake. A summary of the properties of the initial state samples is given in Table 2.4.

Testing procedure

Testing procedure

Saturation Process and B-Check Test

After a 38 mm diameter and 76 mm high specimen has been prepared, it must be installed into the cell. Before installation, drainage lines of the bottom fixed pedestal and the movable top cap were filled with de-aired water at pH = 4. The top and the bottom porous stones and two filter papers were soaked in water and then placed on top of the movable upper cap and the fixed pedestal on a thin film of water at atmospheric pressure. A thin film of water was also left over the top of the ceramic filers during the setting up process, preventing the possibility of their drying and ensuring better contact with the soil. A neoprene membrane (Φ = 38mm) with a thickness of 1.0mm was sealed on the cell pedestal using two standard O-rings. Then the membrane was stretched using a split mould fitted and clamped around the membrane and the pedestal. The specimen was gently forced through the split mould and installed on the fixed pedestal. As soon as the sample is brought into contact with the porous stones connected to an open water pressure system, it begins absorbing water due to its initial suction (gained after the unloading following the one-dimensional consolidation). To equalise the pressure in the sample, a water back pressure of 20 kPa was maintained in an open system. After that, the second filter paper, the porous stone and the top cap were placed on the consolidated sample. Two O-rings surrounding the top cap sealed the neoprene membrane on the top. The specimens' length and diameter were carefully measured after removing the split mould.

At this stage, the axial and radial transducers were installed according to the procedure described in Subsection 2.1.4, whereas the 8 K-type thermocouples were glued symmetrically on the membrane and positioned at four different heights along with the sample profile (Figure 2.12).

After 16 hours of glue drying, the specimen is ready for saturation. The isotropic chamber and top plate are carefully assembled without touching the sample. The cell is slowly filled with de-aired water by gradually pumping and evacuating trapped air through an upper outlet. Once filled, the same upper valve purges the chamber. Accurate measurement of pore water pressure is fundamental for our purposes. As good practice in isotropic and triaxial testing procedures, the pore-pressure coefficient B (the ratio of an increment in pore water pressure to a corresponding increment in confining pressure applied to the specimen under undrained conditions), introduced by Skempton (1954), is measured at the beginning of testing to ensure the saturation conditions of the specimen. For the test described in this experimental campaign, B Skempton = 0.95 was considered reasonably acceptable to start the consolidation process [START_REF] Sheahan | Rate-dependent undrained shear behavior of saturated clay[END_REF]. When saturation is not fully achieved B Skempton < 0.95, the measured B value increases with increasing backpressure. Undrained conditions are imposed by closing the valves at the inlet and outlet of the cell drainage lines. Total stress is increased isotropically, and the pore water pressure response is registered thanks to two pressure transducers. A mean total stress increment of 50kPa has been selected for all the B-value measurements. The B coefficient is computed for each 

Isotropic consolidation and heating-cooling phase

After the B-check, drained conditions were re-established by opening the bottom drainage valve. Thanks to the high permeability of the chosen clay, it was possible to allow drainage only on one side of the sample while constantly measuring the pore pressure on the top of the sample using a diaphragm transducer. Subsequently, the specimens were isotropically loaded or loaded and unloaded to the desired confining pressure and overconsolidation ratio. A constant water back pressure of 200 kPa was maintained throughout the consolidation and consequent heating phases. For a target mean effective stress higher than 250 kPa, the confining pressure was increased by steps of 250 kPa each. At each step, enough time was allowed to ensure the dissipation of the generated excess pore water pressure (Figure 2.14). Consolidation time at each step of 250 kPa was about 120 hours. One heating-cooling cycle (up to 90 • C) was performed after consolidation to the desired effective stress. The sample was slowly heated at 3 • C/h to avoid the occurrence of excess pore water pressure (Section 2.1.3). Afterwards, a cooling phase at the same rate was started until reaching room temperature (25 • C). Thanks to the slow heating-cooling pace and the constant pore pressure monitoring, thermal expansion/contraction of the material was evaluated continuously, i.e., without waiting for stabilisation of displacement over a specific temperature increment, as is common practice in temperature-controlled macroscopic testing. The heating-cooling cycle lasted for a total of 50 hours (Figure 2.5).

Right after the thermal cycle, undrained conditions were re-imposed by closing the valves at the inlet and outlet of the cell drainage lines. Undrained unloading is preferred to preserve the microstructure obtained at the end of cooling as much as possible, in view of the MIP measurements. The confining pressure was lowered in one single step to 200 kPa (backpressure value) to achieve 0 kPa mean effective stress.

At this stage, all the tested samples were extracted from the isotropic compression cell, sealed with paraffin and stored under a vacuum to preserve moisture content.

Mercury intrusion porosimetry

Mercury intrusion tests have to be performed on dehydrated samples. After stripping away the paraffin coat and carefully severing a few millimetres of the external sample surface disturbed by the hot paraffin in the sealing process, the remaining part of the post-mortem sample was divided into small specimens of approximately 1.5 cm 3 . The new small soil specimen were individually dehydrated using the freeze-drying technique. This technique involves rapidly freezing small samples in cryogenic liquid and subsequent sublimation in a controlled vacuum chamber (lyophilisation).

Nitrogen has been employed because of its low freezing temperature (-210 • C). The low temperature should maximise the water's freezing speed within the sample. [START_REF] Delage | Influence de la lyophilisation sur la structure d'une argile sensible du québec[END_REF] showed that submerging clay samples in liquid nitrogen at its melting point (-196 • C) is not the optimal technique for freeze-drying. When a sample is submerged in liquid nitrogen, the heat transfer between the soil and the freezing liquid brings nitrogen to its boiling point. A gaseous layer of boiling nitrogen occurs around the immersed sample, slowing the heat transfer between the soil and the nitrogen liquid phase. On the other hand, minimum disturbance of pore structure can be obtained by submerging the sample in a container full of Freon 22 (melting point -145 • C, [START_REF] Delage | Use of the cryoscan apparatus for observation of freeze-fractured planes of a sensitive quebec clay in scanning electron microscopy[END_REF]) or Isopentane (melting point -159 • C, [START_REF] Tarantino | Compaction behaviour of clay[END_REF]) in turn submerged in liquid nitrogen. In this case, the amount of heat transferred by the sample to the freezing fluid during immersion is insufficient to bring the temperature of either Freon 22 or Isopentane to its boiling point. Freezing occurs in the liquid phase, and heat transfer is much faster than during direct immersion in liquid nitrogen [START_REF] Pedrotti | An experimental investigation on the micromechanisms of non-active clays in saturated and partially saturated states[END_REF].

In the context of this experimental campaign, using the nitrogen-isopentane or the nitrogen-Freon 22 technique was impossible. Soil samples were frozen by direct submersion in liquid nitrogen. Particular care was placed into monitoring any occurrence of boiling around the sample during the submersion process. In general, it was observed that although the temperature increased because of the sample's heat, no boiling occurred. However, to ensure the validity of the obtained results, a few pieces were frozen with the nitrogen-isopentane technique for comparison. The cumulative trend of the void ratio of two identical samples frozen with the two different methods, dehydrated by freeze drying and then mercury intruded, were compared. The difference between the two measured void ratios is in the same order of magnitude as the accuracy of the transducer employed in measuring the mercury intruded volume. Therefore, fast direct submersion in [N/m] [ • ] 2.605 0.484 147 liquid nitrogen is acceptable and used as a freezing technique for all post-mortem samples analysed in this campaign.

After freezing, a lyophilisation process in an Alpha 2-4 LDplus lyophilisation apparatus was initiated. The ice within the sample is removed by its direct conversion to the vapour phase (sublimation), i.e. without passing through the liquid phase. Indeed, if the pressure is below the water's triple point pressure, the ice will meet the sublimation line and sublimate into vapour.

After freeze-drying, all the small-size soil samples prepared were stored under a vacuum until MIP testing.

Mercury intrusion porosimeter tests were carried out using a Poremaster-60 manufactured by Quantachrome Instruments. The equipment is designed to measure pore entrance diameters from about 1000 µm to 0.003 µm corresponding to 1.5 to 420000 kPa mercury intrusion pressure, respectively. Blank tests were performed for the porosimeter to correct system compressibility and temperature effects errors. The slowest intrusion/extrusion rate available in the employed machine was selected to maximise mercury intruded volume.

The porosimetry output raw data consists of the cumulative intruded volume, V , and the corresponding applied pressure, p. The cumulative pore-size distribution in terms of intruded volume per unit volume of solids versus pore entrance diameter is derived assuming the parameters already presented in Section 2.2.1 and summarised in Table 2.5 [START_REF] Diamond | Microstructure and pore structure of impact-compacted clays[END_REF][START_REF] Tarantino | Compaction behaviour of clay[END_REF].

Experimental program

This experimental campaign examines the thermomechanical volumetric behaviour of Speswhite Kaolin Clay at different scales. The experimental program is divided into two parts:

1. Macroscopic testing a) Isotropic compression tests at room temperature; b) Thermal cyclic test under constant isotropic mechanical conditions.

Microscopic mercury intrusion porosimetry (MIP) observation.

The first part is devoted to temperature-controlled saturated low-pressure isotropic compression tests on four remoulded clay samples. The thermomechanical stress paths of the four tests are depicted in Table 2.6 and Figure 2.15. Two samples were isotropically compressed at ambient temperature (K1-SW-I250 and K6-SW-I250 in Table 2.6). The first was solely loaded to 250 kPa (K1-SW-I250, All the samples were rapidly unloaded at the end of the heating-cooling cycle in undrained conditions (∆p ′ =0) to preserve as much of as possible the sample microstructure. The second part of the experimental campaign is dedicated to microscopic observations. As visually represented in Figure 2.15c and Figure 2.15d, postmortem samples microstructure was analysed using MIP to gain insight into the micro-mechanisms underlying the reversible and non-reversible thermomechanical behaviour of clays. The macroscopic and the MIP tests were performed at least twice to ensure the results' repeatability.

Motivation

The loading paths were chosen to investigate OCR's peculiar role in clay's thermomechanical volumetric response. According to the data available in the literature (Section 1.1), normally consolidated (NC, OCR=1) clay and heavily overconsolidated clay (OCR>5) show an opposite behaviour under thermal loading: a non-reversible volumetric collapse is usually observed for the normally consolidated state, whereas highly overconsolidated clays elastically dilate upon heating (Figure 2.16). Samples at OCR of 1 and 6 (250kP a → 1500kP a → 250kP a) were tested in this experimental campaign as illustrative examples of this antithetical thermal response.

MIP tests carried out a quantitative description of the morphology of the porosity of the sample. The overall goal of this fabric examination is to elucidate the micro-scale phenomena occurring under thermal loading. As a result, the approach pursued in this work is to monitor the evolution of the pore size distribution (PSD) along with non-reversible and reversible thermal volume changes by purposely modulating the stress history (and, thus, the fabric) of the macroscopic sample before being subjected to any temperature change. A similar experimental program was proposed by [START_REF] Houhou | Microstructure observations in compacted clays subjected to thermal loading[END_REF] kaolinite with promising preliminary results. Heating and cooling tests on illite showed a thermal contraction which could be attributed to the deformation/collapse of macro-pores in its dual-porosity structure assemblage, whereas results on kaolinite were inconclusive. Following [START_REF] Houhou | Microstructure observations in compacted clays subjected to thermal loading[END_REF], the experimental campaign presented in this research proposes further investigating the micromechanisms occurring in kaolinite due to temperature variation. The novelty of this campaign's coupled micro and macro-observations lies in (i) the sample preparation procedure. The kaolin clay powder is saturated with acidic water to maximise the occurrence of edge-to-face particle/aggregates contacts and, thus, the number of macropores artificially generating an open card-house fabric. If the plastic contraction observed in NC clay occurs due to deformation/collapse of macro-pores, this technique would highly increase the magnitude of the phenomena both at the macroscopic and the microscopic scale; (ii) the accurate monitoring of the stress state of the sample due to temperature variation. Differently from [START_REF] Houhou | Microstructure observations in compacted clays subjected to thermal loading[END_REF], which performed thermal oedometer tests, the planned macroscopic tests will be conducted in a temperature-controlled isotropic compression cell allowing an accurate description of the stress state of the sample at any test stage; (iii) the accurate temperature control and monitoring, which secures continuous thermal drained conditions. The selected slow heating and cooling rate (3 • C/h) ensures no excess pore water pressure in the sample. Pore water pressure variations are constantly monitored at any test stage.

All the macroscopic thermal tests were carried out at a constant mean stress of 250 kPa. The value of constant mean pressure was selected for multiple reasons. First, the volumetric strain recorded upon heating and cooling fine-grained soils is modest. Inspections of the pore size distribution (PSD) during one-dimensional consolidation of non-active clays performed by [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] reveal that the higher the preconsolidation pressure, the lower the number of macro-pores. Under the assumption that thermal loading induces a reduction in macro-porosity in normally consolidated clay, the thermal collapse would be maximised when the sample microstructure presents a very open card-house fabric (same consideration was made in Section 2.2.2 to motivate the choice of acidic water as a pore fluid). The lower the mean effective stress, the higher the probability of observing an open microstructure in the samples at the initial state. However, the constant mean stress should be higher than the effective vertical stress applied during slurry consolidation (Section 2.2.2). The maximum vertical effective pressure applied upon slurry consolidation is selected to ensure the appropriate consistency of the trimmed sample. When the clay cake is extruded from the consolidometer, and the to-be-tested sample is trimmed, it is fundamental to obtain a self-standing specimen which would support the weight of the top cap and local transducer when placed in the cell. After multiple trials, it has been observed that the minimum vertical load which fulfils the conditions above is σ ′ v,slurry = 200kP a. After being installed in the isotropic compression cell, every sample was isotropically consolidated up to mean effective stress of 250 kPa (higher than σ ′ v,slurry ) to ensure normally consolidated conditions after re-loading in the isotropic compression cell.

Finally, most of the tests listed in Table 2.6 were carried out twice to ensure the reliability of the results.

Results and discussion

This section presents the result obtained for the experimental campaign detailed in Section 2.4.

Thermomechanical volumetric response

The volumetric response of Speswhite Kaolin Clay upon heating and cooling is analysed in this subsection. Non-isothermal phases were carried out at the same mean effective stress but under different loading histories of the material to investigate the effect of the OCR. Thermal compaction is observed in normally consolidated conditions. During heating, the NC sample settles with a non-linear volume variation. During cooling, the soil does not recover the deformation accumulated upon heating. The apparent minimal expansion upon temperature decrease in Figure 2.17 is of the same order of magnitude as the thermal correction in Figure A.2,Figure A.4 and Figure A.6, not allowing any conclusive observations on the expansive or contractive behaviour of the material upon cooling. Nevertheless, the behaviour over the whole cycle indicates the irreversibility of strain due to thermal loading, which is representative of thermal hardening. Even though there has been no physical change in effective stresses, this can be interpreted as the soil undergoing densification. In contrast to the NC state, heating produces mainly reversible dilation in the highly overconsolidated (OC) sample. Both the results presented in Figure 2.17 are consistent with the experimental data available in the literature and summarised in Section 1.1.

When the temperature increases, all the soil constituents (i.e. solid minerals, adsorbed and free water) dilate. Under drained conditions, the effects of bulk water thermal expansion dissipate with time, depending on the medium's permeability. On the contrary, the thermal volume change of adsorbed water and minerals produces a macroscopic thermal strain proportional to the temperature variation. Adsorbed water does not expand as bulk water. [START_REF] Baldi | Thermal volume changes of mineralwater system in low-porosity clay soil[END_REF] determined a theoretical volumetric thermal expansion coefficient of adsorbed water by assuming that water density at the interaction between two clay particles is denser. Therefore, it undergoes a more significant expansion than free water [START_REF] Kingery | Introduction to Ceramics[END_REF] proposed the following expression to determine the global thermal expansion coefficient of a composite material β s :

(β v,f ree wat =2.1E-4 • C -1 ), approximately β v,ads wat =4.5E-4 • C -1 .
β s = α β v,α F α K α /ρ α α F α K α /ρ α (2.5)
where F α , K α and ρ α are the mass fraction, the bulk modulus and the bulk elastic density of the α soil component, respectively. Following the procedure reported in [START_REF] Laloui | ACMEG-TS: A constitutive model for unsaturated soils under non-isothermal conditions[END_REF], the global thermal expansion coefficient is estimated below.

For the solid skeleton, kaolinite is the only component included in the mass fraction. Therefore, ρ s =ρ kaolinite =2605 kg/m 3 and bulk modulus K s =46 GPa. However, thermal anisotropy has to be considered. According to [START_REF] Mckinstry | Thermal expansion of clay minerals[END_REF], the particle's thermal expansion is not isotropic due to clay's layered structure. The coefficient of linear thermal expansion β l,N =18.6E-5 • C -1 perpendicular to the layers is significantly greater than coefficient β l,P =5.2E-5 • C -1 parallel to the layers. Given the plate-like shape of kaolin particles, to calculate the resulting volumetric thermal dilation coefficient, one can calculate the volumetric thermal expansion coefficient of the clay skeleton as follows:

β v,s = 2β l,P + β l,N (2.6)
The volume fraction of the adsorbed water is readily computed from the specific surface area (Table 2.3) by assuming 2-4 H 2 O monolayers at the solid particle surface (around 10 Å).To calculate the mass fraction, a mean adsorbed water density ρ ads wat =1400 kg/m 3 was selected as the average density along 10 Å from the solid surface computed by molecular dynamics simulations in [START_REF] Carrier | Influence of water on the short-term and long-term mechanical properties of swelling clays: experiments on self-supporting films and molecular simulations[END_REF]. Without precise information on the bulk modulus of adsorbed water, a modulus similar to that of free water was considered (K ads wat =2GPa). Knowing that the total porosity of the sample is n=0.41 (computed by the moisture content calculated at the end of the isotropic compression), the mass fraction F ads wat of adsorbed water may be assessed as follows:

F ρ K β v Consituent [%] [kg/m 3 ] [GPa] [ • C -1 ] Kaolinite 78
F ads wat = n ads wat ρ ads wat n ads wat ρ ads wat + n f ree wat ρ f ree wat + (1 -n)ρ s = 1.2% (2.7)
where the total porosity is the sum of the adsorbed water volume fraction, n ads wat , and the free water volume fraction, n f ree wat . An analogous procedure can be followed for the mass fraction of the free water for which one obtainsF ads f ree = 20.1 %.

From Eq. 2.5, the global volumetric thermal expansion coefficient of the tested sample is β s =3.46E-5 • C -1 . A summary of the linear and volumetric thermal expansion coefficient for kaolinite and adsorbed water is given in Table 2.7.

The recorded thermal dilation in OC conditions reasonably follows the expected volumetric thermal expansion controlled by the global coefficient computed. Two observations might justify the albeit minor difference: (i) in addition to the effect of the expansion of each constituent on the macroscopic thermal dilation of the medium, the stress distribution between solid particles and adsorbed water may be modified due to a temperature change; (ii) the sample anisotropy induced by the one-dimensional slurry consolidation during sample preparation procedure might need to be taken into account.

For the latter, Figure 2.18 shows the displacement recorded by axial and radial transducers over an iso-thermal (25 • C ) consolidation step of 250 kPa for K1-SW-I250 and K6-SW-I250. A discrepancy between the measured axial strain and the measured radial strain is observed for both tests. At lower mean effective stress, the axial strain (average measurement between the two local axial transducers installed on the sample) is 2.5 times higher than the radial strain (Figure 2.18a). When the isotropic load is increased, this disparity tends to narrow, and it is almost wholly recovered at a mean effective stress of 1500 kPa (Figure 2.18b).

This might imply that the layered fabric created during pre-consolidation in one-dimensional conditions enhances particle realignment along the vertical direction upon isotropic loading, resulting in a more significant recorded axial strain of the sample. The memory of the initial one-dimensional compression is almost entirely erased when the mean effective stress is increased. An analogous phenomenon is observed under thermal loading on the NC sample (Figure 2.19). ε a,cooling =-0.058% ε r,cooling =-0.041%

Figure 2.19: Evaluation of samples anisotropy upon thermal loading in K1-SW-IT250: comparison of axial and radial strains over a heating cooling cycle (25

• C → 90 • C → 25 • C).
The axial thermal expansion recorded over temperature increase is 1.8 times larger than the radial strain (Figure 2.19). The same preferential direction noticed during mechanical compression emerges upon thermal loading. However, it is interesting that the disparity decreases over cooling, where the radial strain 2.5 Results and discussion is 1.4 times smaller than the average axial strain (Figure 2.19). A positive temperature variation in NC clays seems to induce changes in the fabric in the same fashion as an increase in mean effective stress. One can suggest an irreversible rearrangement of particles to explain the plastic contraction upon heating, a rearrangement analogous to the one proposed by Pedrotti and Tarantino (2018a) to describe the plastic contraction of clays upon vertical compression, as discussed in Section 1.2.

Microstructure evolution upon heating

The pore size distribution (PSD) obtained through the MIP is bi-modal (two modal values). This means that two different classes of pores may be identified. Micro-pores are defined as the porosity corresponding to the primary modal value of the pore size distribution(around 0.1 µm), and macro-pores as the porosity corresponding to the tail (on the right side of the primary modal value) of the same distribution.

By looking at Figure 2.20, no difference can be detected in the dominant part (micro-porosity) of the PSD for all the tested samples. In contrast, the "tail" part of the PSD (macro-porosity) is affected by the increment in mean effective stress and the heating-cooling cycle. In Figure 2.20a, it can be seen that the pore size distribution of the sample pre-consolidated to 250 kPa and then subjected to a heating-cooling cycle has the same micro-pores as the sample solely pre-consolidated to 250 kPa. On the other hand, the frequency of macro-pores reduces after the sample undergoes thermal plastic deformation.

In contrast, the two samples in Figure 2.20b show similar PSDs. No significant changes in either macro-pores or micro-pores are observed. The post-mortem ob-servations reveal that if a volumetric microstructure changes due to temperature variation, it is entirely reversible.

Figure 2.21 shows the pore size evolution associated with the accumulation of thermal plastic deformation.

YIELDING

Figure 2.21: Comparison of PSD of NC clay subjected to thermomechanical loading (blue line) and heavy isotropic compression (dashed grey line).

The dominant part of the PSD remains the same over the stress range between 250 and 1500 kPa. In contrast, the volume change associated with mechanical yielding (K6-SW-I250) is clearly visible in the evolution of the tail porosity. An evolution of the tail upon thermal loading is also recorded. The frequency at any given pore diameter in the tail for K1-SW-IT250 is lower than that observed for K1-SW-I250. Despite the difference in magnitude, an akin phenomenon might control the plastic response of clay under mechanical and thermal load.

The evolution of the macro-pores upon thermal loading can be better appreciated when the cumulative pore-size distribution is considered. Figure 2.22 shows the cumulative pore size distribution of the samples in Figure 2.20. The total volume associated with the micro-pores remains essentially unaltered regardless of the thermal loading. On the other hand, a reduction of the total volume associated with the macro-pores is recorded after thermal loading.

An interpretation of the micro-mechanism occurring at the particle scale upon a heating-cooling cycle is given below. According to (Pedrotti and Tarantino, 2018a), the smaller pores are associated with particles in non-contact configuration, that is, those interacting only by way of the overlap of the repulsive electrical field generated by the negatively charged faces. On the other hand, larger pores are associated with contact configuration caused by the attraction between the positively charged edge and the negatively charged face of the clay particle. The electrochemical unbalance induced by temperature changes might affect the macroscopic behaviour of clay. From reversible behaviour of OC clays upon heating and subsequent cooling appears to be mainly associated with reversible (potentially elastic) interaction of particles in a non-contact configuration related to changes in the repulsive electrical field occurring due to temperature changes. On the other hand, along the lines of clay's plastic contraction upon mechanical loading, the thermo-plastic response in NC conditions might be associated with the loss of edge-to-face contacts. This micro-mechanical interpretation of the clay's thermo-elastic/thermo-plastic response upon heating is further analysed and extended in Chapter 3.

Conclusions

The results from an experimental study investigating the effect of OCR on the thermal volume change of non-active clay were presented in this study. Temperaturecontrolled isotropic compression tests on Speswhite Kaolin Clay were coupled with mercury intrusion porosimetry (MIP) measurements to induce, detect, and quantify microstructural alterations within remoulded non-active clay samples due to temperature changes.

The results confirm that the response of fine-grained soil is strongly affected by the overconsolidation ratio (OCR) during drained heating. The clay exhibits irreversible contraction for NC conditions. The contractive volumetric strain accumulated upon heating in the NC sample is not recovered after cooling, where an expansive trend is observed. In contrast, reversible expansion is observed for highly OC conditions. The thermal volumetric expansion observed in the OC sample is entirely recovered upon cooling. However, its trend does not follow the expected fashion ruled by the global volumetric thermal expansion coefficient computed for the sample. This might be due to changes to the stress distribution between solid particles over a temperature gradient, to the pore water's density change upon thermal loading [START_REF] Brochard | Nanoscale origin of the thermo-mechanical behavior of clays[END_REF] or to the sample anisotropy generated by the selected sample preparation procedure.

Limited information on anisotropy before and after thermal loading and at different mean effective stress was collected in this experimental campaign. Further investigations on the preferential direction of compaction upon mechanical and thermal loading might be investigated by observing the thermomechanical response of samples with different artificially induced fabrics.

Although not investigated in this experimental campaign, the effect of the initial void ratio on the thermal volume change of normally consolidated clay is a critical factor to be considered when dealing with soft soil deposits. Due to the limited effective stress range available for the temperature-controlled isotropic compression cell employed in this study (from 250 kPa to 1700 kPa), this aspect is analysed in an additional experimental campaign performed exclusively on samples in NC conditions using a temperature-controlled oedometer cell (Chapter 3).

The macroscopic results obtained in this study are discussed in light of the microscopic observations obtained through post-mortem MIP analysis of the tested samples. Samples for MIP testing were taken along the normal consolidation line (NCL) and one unloading-reloading line before and after a heating-cooling cycle to characterise the evolution of clay microstructure upon non-reversible and reversible thermal volumetric deformation. Inspection of PSDs revealed a reduction in macro-pore frequency after the NC sample undergoes thermal plastic deformation. Along the lines of clay's plastic contraction upon mechanical loading, a tentative micro-mechanical interpretation of the thermo-plastic response of the soil is given. The potentially reversible behaviour of OC clays upon thermal loading is mainly associated with the reversible change in the repulsive electrical field in face-to-face configuration. On the contrary, the thermo-plastic response of NC clays appears to be associated, at the micro-scale, with the loss of edge-to-face contacts.

The MIP data gathered in this experimental campaign would benefit from Scanning Electron Microscope (SEM) observations of the post-mortem samples to visualise particle arrangement at different stress levels. However, based on the small macroscopic plastic deformation reported for Speswhite Kaolin Clay in Figure 2.17, the author believes that no significant changes in particle arrangements would be visually appreciated when comparing SEM scans of heated and non-heated post-mortem samples. The current impossibility of monitoring particles' kinematics over time upon mechanical and thermal loading does not allow a direct experimental validation of the micro-mechanism proposed in this chapter. Therefore, chaprefrevisitingDLVO and Chapter 7 offer an analytical and numerical investigation of the clay particle-to-particle interaction with the scope of elucidating the possible kinematic motions induced by temperature changes.

Chapter 3

On the thermo-plastic behaviour of normally consolidated clay

Uncertainties remain concerning basic mechanisms involved in the thermal consolidation phenomenon observed in normally consolidated clay. The macroscopic response of clayey soils to temperature cannot be explained solely in terms of thermal expansion of the solid and pore fluid phases, as is the case of granular materials. Thermal dilations of water and clay minerals are positive (Table 2.7), and volumetric response upon heating should be characterised by a volumetric (elastic) expansion if controlled only by thermal dilations of individual phases (macroscopically observed in OC condition in Chapter 2). However, NC clays undergo volumetric contraction when subjected to an increase in temperature, and this volume change is not recovered under subsequent cooling.

The first conceptual model for the strain response of clay to heating was given by [START_REF] Campanella | Influence of temperature variations on soil behavior[END_REF]. Thermal consolidation has been studied by [START_REF] Schiffmann | A thermoelastic theory of consolidation[END_REF], [START_REF] Derski | Equation of linear thermo-consolidation[END_REF], and [START_REF] Bear | A mathematical model for consolidation in thermoelastic aquifer due to hot water injection or pumping[END_REF]. However, no irreversible strains were considered explicitly in these works.

Several studies, as well as the experimental campaign discussed in Chapter 2, have hinted at temperature-induced re-arrangement of clay microstructure in explaining the irreversible volumetric 'collapse' observed in normally consolidated clays upon heating. The temperature might affect the electro-chemical interactions between clay particles giving rise to a more complex response of the clay-water-electrolyte system. Kaolinite particle surface is negatively charged, and the particle edge is positively charged when the clay is mixed with 'ordinary' acidic water. Under these conditions, clay microstructure occurs as a house of cards where particles arrange themselves in face-to-face (non-contact) or edge-to-face (contact) configurations. According to the micro-conceptual model developed by [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] on the plastic behaviour of nonactive clays, plastic volumetric deformation occurring upon mechanical loading is associated with the disengagement of edge-to-face contact when particles move from edge-to-face to face-to-face configuration (Subsection 1.2.3). Slippage occurs when the mobilised force proportional to the external mechanical load becomes more significant than the frictional resistance at particle contact. For the case of thermally-induced plastic volumetric collapse observed in NC clays, it can therefore be tentatively assumed that an increase in temperature encourages the weakening of the net attractive force at the edge-to-face configuration promoting particle disengagement with consequent plastic deformation. Thus, the combination of heating and mechanical loading produces a contractile non-reversible reorganisation of the house-card clay fabric.

If true, the probability of particle rearrangement upon temperature increase is maximised when the mobilised force that can produce particle slippage is highest. In an open card-house structure(i.e. relatively low mechanical loads), under a given thermal load, the more the external mechanical load is increased, the higher the number of particle slippages occurring. Accordingly, thermally-induced plastic deformation should depend on the effective stress applied to a material.

Multiple constitutive models have been developed to predict the thermomechanical (TM) behaviour of soft clays [START_REF] Cui | A thermomechanical model for saturated clays[END_REF]Laloui et al., 2003;[START_REF] Abuel-Naga | Thermally induced volume change and excess pore water pressure of soft Bangkok clay[END_REF]. These models assume that the thermal volume change of normally consolidated clay during drained heating is independent of the initial mean effective stress. Based on the experimental data available in the literature, TM constitutive models can predict that heating a normally consolidated clay will lead to an increase in the preconsolidation pressure after cooling back to the initial temperature, an expansion of the yield surface, and contractile volume change. Still, for all these models, normally consolidated clay is expected to have the exact thermal volume change regardless of the sample's initial void ratio.

This feature is not consistent with some experimental studies available in the literature. Experimental data on the thermomechanical behaviour of soft clays and clay rocks have highlighted that the thermal volume change of normally consolidated clay depends on the initial mean effective stress [START_REF] Tanaka | Stress-strain behaviour of reconstituted illitic clay at different temperatures[END_REF][START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF][START_REF] Favero | Thermo-mechanical volume change behaviour of opalinus clay[END_REF][START_REF] Houhou | Microstructure observations in compacted clays subjected to thermal loading[END_REF][START_REF] Samarakoon | Impact of initial effective stress on the thermo-mechanical behaviour of normally conoslidated clay[END_REF]. According to [START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF][START_REF] Favero | Thermo-mechanical volume change behaviour of opalinus clay[END_REF], at high mean effective stress (p'> 1000kPa), a lower initial void ratio results in a lower amount of accumulated thermal volumetric strain upon heating and subsequent cooling. On the other hand, [START_REF] Samarakoon | Impact of initial effective stress on the thermo-mechanical behaviour of normally conoslidated clay[END_REF] observed the opposite tendency at low mean effective stresses (p'< 300kPa). A systematic investigation over a wide range of effective pressure is required to characterise the dependency of the irreversible thermal volumetric strain on the initial effective stress.

This chapter aims to experimentally characterise the irreversible thermal deformation of NC clay over a wide range of stress. A series of temperaturecontrolled oedometer tests involving heating-cooling cycles at different constant vertical effective stresses were coupled with selected MIP observations to investigate the micromechanisms induced by the combination of thermal and mechanical load in soft non-active clay. The final goal is to formulate a conceptual constitutive model that unifies the thermomechanical response of non-active clay in normally-consolidated and overconsolidated conditions. In light of the proposed microscopic thermomechanical conceptual model, the thermomechanical macroscopic observations available in the literature are revised to inform constitutive 3.1 Testing equipment modelling.

Testing equipment

The device employed for the experiments is an oedometric cell adapted to include temperature control (Figure 3.1). The vertical stress is imposed through calibrated dead weights. The vertical displacement is measured by one LVDT (operating scale OS ±2.5mm, sensitivity 0.099 mm/mV, accuracy ± 0.21% OS) in contact with the loading piston, which is fixed on an external frame. The thermal load is provided by a spiral tube positioned around the sample and connected to a cryostat. A relationship between the imposed temperature of the heating system and the measured temperature in the sample was experimentally found to select the adequate heating system temperature to reach the target temperature in the sample. The amount of power supplied to the heater of the cryostat to get the desired heating bath temperature is automatically regulated using a programmable temperature display and control unit. A pump circulates the water at the desired temperature inside the spiral tube from the thermo-controlled bath to the cell. Both heating and cooling are possible. During the tests, the temperature is constantly monitored through a system of thermocouples (type-K, an accuracy of 0.1 • C). The cell is insulated with a polystyrene box to minimise thermal losses. An oedometric ring made of invar (coefficient of linear thermal expansion of 5.5 • 10 -7 • C -1 ) is used to minimise the thermal radial deformation and guarantees the oedometric conditions during temperature changes. A water supply system is installed to face the water evaporation during heating and maintain saturated conditions. Finally, a computer continually stores the measured vertical displacement, the temperature inside the cell, the temperature of the water bath and the temperature on the LVDT.

Calibration

Despite the standard calibrations of the LVDTs and dead weights to impose the vertical stress, the apparatus was calibrated to consider the deformation of the device induced by the thermal loading. The calibration tests were carried out using a dummy sample made of aluminium with Young's modulus of 210 GPa and a linear thermal expansion coefficient of 1.2 • 10 -5 • C -1 . The exact configuration adopted during the actual tests was also used during the calibration, including two filter papers above and below the dummy sample, the invar oedometric rings and the insulation system. The dummy sample was initially mechanically loaded up to the desired vertical stress at 25 For the temperature calibration, a thermal cycle of 25

• C → 95 • C → 25 • C was
imposed on the heater by continuously increasing the temperature by 3 • C every hour. To ensure the complete dissipation of possible excess pore water pressure arising from heating, after three increments (i.e., for about every nine degrees of temperature increase), the total dissipation of excess pore water pressure was permitted. The following three heating steps were applied when the excess pore water pressure had entirely dissipated and thermal expansion/contraction in the material had fully stabilised. Thermal expansion/contraction in the material was evaluated based on the 9-degree increments, i.e. when complete vertical expansion/contraction stabilisation for a specific temperature increment was observed (a time lag of around 4 hours, Figure 3.3). Since temperature is not measured directly inside the sample during the tests to avoid disturbances, two additional thermocouples (T2 and T3, Figure 3.2a) were employed to monitor the water cell temperature. Finally, a relationship between the imposed temperature to the heating system and the measured temperature in the sample was found to select the adequate heating system temperature to reach the target temperature in the sample (Eq. 3.1 and Figure 3.4).

T sample = 0.693 T imposed + 7.63

(3.1)

Figure 3.4: Correlation between the heating system temperature and the temperature inside the sample.

Tested material

Speswhite kaolin (already introduced in Section 2.2) was chosen for the tests presented in this chapter. Two kinds of pore fluid were used for sample preparation: acidic (pH=4±0.1) water and alkaline (pH=10±0.1) water. The purpose of acidic and alkaline samples is to analyse the effect of temperature on clay samples having significantly different fabrics at the same vertical stress. As already discussed in Section 5.1, the value of pH chosen for the acidic pore fluid ensures that the overall pH of the tested sample (measured value of pH after exposure to clay is 5±0.3) is below the Kaolin clay Point of Zero Charge (PZC) (Wang and Siu, 2006a;Pedrotti and Tarantino, 2018a). As a result, clay particle edges are positively charged in acidic environments promoting an open card-house clay fabric.

On the other hand, the alkaline samples (measured pH value after exposure to clay is 9±0.2) are meant to modify the charge of the particle edge from positive to a negative value (i.e. to de-activate edge-to-face contacts), inducing a packed initial clay fabric.

Acidic water was prepared by adding a few drops of 2% M nitric acid solution (HNO 3 ) to deionised water. A potassium hydroxide (KOH) solution with a molar concentration of 0.01M was used to prepare alkaline water. The salt concentration measured at the preparation's end was always less than 10 -5 M.

Experimental program and testing procedure

Experimental program and testing procedure

The first series of tests consists of several thermomechanical 1D compression tests on acidic and alkaline water-saturated samples at different vertical stresses three on acidic water-saturated samples (OEDO-T2, OEDO-T70, OEDO-T1040) and one on an alkaline water-saturated sample (OEDO-T70-ALK). The thermomechanical stress path of the four tests is summarised in Figure 3.5. For all four tests, the oedometer ring (72 mm diameter) was initially filled with oven-dried powder (maximum stove temperature 50 • C). After applying vertical stress of about 0.55 kPa (associated with the weight of the loading cap and the top porous stone), the cell was saturated with either acidic or alkaline water. Upon imbibition, time was allowed for the sample to thoroughly saturate (point A in Figure 3.5). A preliminary study on the degree of saturation of the flooded powder was carried out to ensure complete saturation of the tested samples. A standard 1D consolidation of a powder-flooded sample was compared with the mechanical response under 1D compression of a slurry-mixed sample. The normal consolidation lines of the powder-flooded and the slurry-mixed sample tend to coincide starting from a vertically applied load of 6 kPa. The more considerable void ratio changes recorded for the powder-flooded sample between 0.55 (top cap only) and 6 kPa are associated with a different particle fabric arrangement generated by the two sample preparation procedure. Therefore, the comparable mechanical response of the two samples ensures a correct saturation of the to-betested specimen with the powder-flooding technique.

Chapter 3 On the thermo-plastic behaviour of normally consolidated clay After saturations, the samples were compressed in incremental loading steps to the vertical target stress (σ ′ c,0 , i.e. either 2 kPa or 70 kPa or 1040 kPa, point B). Samples were allowed to consolidate under any loading step thoroughly. Thanks to the high permeability of the selected clay, the average consolidation time per step was about 10 minutes.

Once the desired vertical stress was reached, the samples were heated up to 70 • C by increasing the heating bath temperature as described in Section 3.1.1 and pictured in Figure 3.3. The specimens were subsequently let cool down to laboratory temperature (point D) and mechanically loaded in steps up to 1000/1500 kPa (point E). When complete consolidation was ensured for the last loading step, unloading was performed in one step (down to 0.55 kPa), allowing the elastic rebound upon the unloading stage.

The second series of thermomechanical tests were performed to prepare samples to be tested with the MIP technique to observe the differences in microporosity arising from the thermal load. A total of eight specimens were prepared. No thermal cycle was applied to the first four specimens: the material was mechanically loaded in steps up to the target vertical stress (2 kPa, 70 kPa, 1040 kPa in an acidic environment and 70 kPa in an alkaline environment). To preserve the microstructure of the specimens laying on the normal consolidation line, the samples must be removed from the oedometer to prevent rebound. To this end, once the desired vertical stress was attained, the four samples were unloaded quickly to hinder complete consolidation upon unloading and generate undrained conditions.

The other four specimens were subjected to a thermomechanical path. After vertical compression at laboratory temperature (25 • C) up to the desired vertical stress (2 kPa, 70 kPa, 1040 kPa in an acidic environment and 70 kPa in an alkaline environment), the samples were gradually heated up to 70 • C. Subsequently, they cooled down to 25 • C (as shown in Figure 3.3). In this case, the samples were not reloaded to preserve the microstructure induced by the thermal cycle. Additionally, this time, the elastic rebound upon unloading was hindered from preserving the void ratio achieved right after cooling.

Mercury intrusion porosimeter (MIP) tests were carried out using an apparatus that measures pore entrance size from 0.003 µm to 1000 µm, as described by Pedrotti and Tarantino (2018a). Before testing, samples were dehydrated using the freeze-drying technique described in Section 2.3.3.

Results and discussion

In the following sections, the results obtained on the thermomechanical volume change behaviour of normally consolidated Speswhite Kaolin clay samples are reported and analysed in detail. Subsection 3.4.1 describes the volumetric behaviour of acidic water-saturated and alkaline water-saturated samples when subjected to temperature changes, focusing on the role of the applied vertical stress. Subsection 3.4.2 characterises the effect of the thermal load on the samples yielding behaviour. 

Volumetric behaviour under non-isothermal conditions

Figure 3.6 depicts the measured volumetric strain (equivalent to the axial strain when assuming negligible radial thermal deformation of the invar oedometric ring) during a complete thermal cycle. Table 3.1 summarises the specimen properties at the time of the thermal process. 

Temperature, T [°C]

CONTRACTION All the samples saturated with acidic water undergo an irreversible thermal contraction upon heating and subsequent cooling (Figure 3.6). The amount of thermoplastic volumetric strain accumulated over the non-isothermal path depends on the effective vertical stress imposed on the material and, thus, on the preconsolidation pressure before heating. However, the change in thermal volumetric strain is not monotonic with respect to the increase in initial preconsoli-dation pressure. In particular, a more significant volume increase is observed at the intermediate vertical level (mechanical loading up to 70 kPa before heating, test OEDO-T70). On the other hand, relatively small thermal compaction was recorded at high-stress levels (OEDO-T1040: σ ′ c,0 =1040 kPa), smaller than the plastic strain measured when the heating-cooling cycle was performed at 2 kPa vertical stress (OEDO-T2). Conversely, after heating and subsequent cooling, a reversible thermal expansion is recorded for the alkaline-water saturated sample (OEDO-T70-ALK, Figure 3.6).

ε v [%] Volumetric strain, σ' v,c0 =70kPa (alkaline) σ' v,c0 =1040kPa (acidic) σ' v,c0 =2kPa (acidic) σ' v,c0 =70kPa (acidic)
Nonetheless, the plastic strain recorded in Figure 3.6 might be affected by the side friction developing on the fixed oedometer ring walls. To evaluate the effect of friction on the volumetric deformation, the height-to-diameter ratios of the tested samples right before the thermal cycle are listed in Table 3.1. Although OEDO-T1040 frictional area is 1.43 and 1.35 times smaller than OEDO-T2 and OEDO-T70, respectively, the plastic contraction recorded at the highest vertical stress is the smallest. As a result, even though the side friction quantitatively alters the volumetric results presented in Figure 3.6, it does not affect the qualitative non-monotonic trend in terms of applied stress highlighted in the discussion.

Temperature-induced mechanical hardening

The results of each loading/unloading step in terms of settlement versus time curves were analysed by best fitting Terzaghi's consolidation model. This method allows one to separate the primary consolidation settlement from the secondary consolidation settlement and the immediate settlement due to material extrusion and mechanical deformation of the testing apparatus under vertical load. The oedometric curves are presented in Figure 3.7 for the four tests performed in terms of void ratio versus effective vertical stress. Void ratio values were referred to the end-of-primary consolidation settlement and corrected to exclude immediate settlement. As vertical displacement was monitored during the test, the void ratio could be back-calculated at any stage from the final fluid content measured at the end of the test.

As already observed in Figure 3.6, Figure 3.7 shows how the heating-cooling cycle induces a volumetric collapse in the acidic water-saturated samples translating into an irreversible decrease in the samples' void ratio. On the contrary, a reversible expansive thermomechanical behaviour is recorded for the alkalinewater saturated sample. In addition, from Figure 3.7, one can analyse the effect of the heating-cooling cycle on the reloading phase. After the thermal loading, all the acidic water-saturated samples initially show an elastic response (following an unloading-reloading line) and then undergo plasticity when joining the normal compression line (NCL). Therefore, the thermal cycle induces an overconsolidation of the material. The effective vertical stress at which the material re-joins the NCL (σ ′ c,f ) can be graphically computed through the Casagrande method as indicated from the arrows in Figure 3.7. As a result, one can calculate the overconsolidation ratio (OCR) induced by the heating-cooling cycle 25 at high initial preconsolidation pressure (OCR T,1040 =1.11), smaller than the one recorded for lower initial vertical stress (OCR T,70 =1.57 and OCR T,2 =1.45). Similarly to what has been observed for the volumetric thermo-plastic strain, the maximum OCR is recorded for the sample subjected to an initial intermediate stress level.

• C→70 • C→25 • C as σ ′ c,f /σ ′ c,0 . A

Microstructure evolution upon heating and cooling

At the moment of the submission of this thesis, only part of the MIP tests planned for this research and listed in Section 3.3 have been accomplished. However, the upcoming results are expected to be consistent with the microstructure investigation conducted in Chapter 2. The main experimental findings achieved in Section 2.5.2 are summarised below:

• Two different classes of pores can be identified in the pore size distribution, micro-pores (i.e. porosity corresponding to the main modal value of the pore size distribution) and macro-pores (i.e. the porosity corresponding to the tail on the right side of the main modal value);

• The total volume associated with the micro-pores before and after temperature changes remains essentially unaltered regardless of the thermal loading. If a change in volume of the micro-porosity happens due to heating, it is completely recovered after cooling;

• An irreversible reduction of the total volume associated with the macropores is recorded after heating and subsequent cooling.

The reversible thermal expansion of the alkaline-water saturated sample (OEDO-T70-ALK) in Figure 3.6 mimics the thermomechanical behaviour observed for heavily OC Speswhite Kaolin Clay in Chapter 2, even though the considered sample before thermal loading lays on a normal compression line. The analogous thermomechanical behaviour of the two samples can be attributed to their similar fabric. The PSD presented in Section 2.5.2 for a heavily over-consolidated (OC) Speswhite Kaolin Clay sample (OCR=6) revealed a packed clay fabric where the predominant porosity can be ascribed to the inter-particle space in face-to-face configuration (i.e. micro-porosity). A similar fabric is observed by Pedrotti and Tarantino (2018a) for the same clay type when pH>pH P ZC (pH P ZC,Speswhite ≃5.5) as the edge-to-face attractive interaction between clay particles is deactivated by the high pH and the particles tend to arrange in sub-parallel configuration [START_REF] Van Olphen | An introduction to clay colloid chemistry for clay technologists, geologists, and soil scientists[END_REF]. Upon heating and subsequent cooling, the micro-porosity remains unaltered. As a result, the sub-parallel particle arrangement remains essentially fixed, and only thermo-elastic strain is produced.

The same clay subjected to the same stress level but saturated with acidic water presents a more open structure as edge-to-face attractive interaction dominates. When subjected to a thermal load, the card-house fabric induced by the low pH experiences an irreversible thermal collapse (OEDO-T70). The macroscopic thermal collapse observed under constant vertical effective stress is analogous to the one recorded for test K1-SW-IT250 in Chapter 2 under constant mean effective stress. It is reasonable to assume that even for OEDO-T70, the documented sample volume reduction is associated with a decrease in the macro-pores (pores related to the contact configuration) upon thermal loading. Upon thermal loading, macropores frequency decreases while micro-pores increase, suggesting that macro-pores change into micro-pores. A rearrangement of the particle network can be tentatively assumed where particles at the edge-to-face contact might disengage due to the combination of the applied vertical effective stress and the electrochemical unbalance caused by temperature changes. Accordingly, the higher the frequency of macro-pores in the sample before the thermal loading, the more likely to observe a thermo-plastic collapse upon heating. As a result, the initial clay fabric strongly influences the macroscopic thermomechanical response of clay.

The difference in the initial fabric can also be used to explain the different amounts of thermal collapse recorded for the three acidic water-saturated samples subjected to different vertical loads. Before thermal loading, the higher the vertical stress experienced by the sample, the lower its initial void ratio, and the more compact its initial fabric (see the differences in void ratio presented in Figure 2.22 for two samples that experienced isotropic stress up to 250 and 1500 kPa, respectively). When subjected to a temperature change, one would expect that the more packed the initial fabric, the lower the accumulated thermo-plastic strain. This response is observed when comparing ϵ v,2 >ϵ v,1040 and ϵ v,70 >ϵ v,1040 . However, when comparing the volumetric plastic strain measured at very low vertical stress with the plastic strain recorded at intermediate vertical loads, one can notice that ϵ v,2 <ϵ v,70 . Therefore, the volumetric thermal response in terms of the applied stress is non-monotonic. This points to two coexisting yet opposite effects (e.g. skeletal stiffness and thermal sensitivity).

The thermal sensitivity is associated with the electrochemical unbalance between clay particles/aggregates due to temperature changes. In non-isothermal conditions, the electrochemical changes might ease the particle rearrangement depending on the skeletal stiffness of the material. As a result, a combined effect of mechanical and thermal strain has to be accounted for in the TM paths followed. Although the very low skeletal stiffness of the OEDO-T2 sample, the low mechanical load kept constant over the heating-cooling cycle does not supply enough acting force between the clay particles to modify the soil structure and induce very high plastic deformation. Despite the high porosity of the sample, and thus the high number of edge-to-face contacts, the external load does not exceed the frictional threshold resistance of many particle contacts, resulting in fewer contact disengagements (and therefore smaller plastic deformation) with respect to OEDO-T70 (ϵ v,2 <ϵ v,70 ).

The volumetric response of the four samples upon cooling in Figure 3.6 is particularly interesting. When the thermal load is removed, the alkaline watersaturated sample shows a decrease in volume. On the contrary, a macroscopic dilation is recorded for the three acidic water-saturated samples after cooling. Although all the performed tests do not provide an accurate record of the volumetric behaviour upon cooling (due to rapid cooling, the volumetric strain was recorded only before and after the negative temperature variation), a slight thermal dilation for NC Speswhite Kaolinite is also recorded in Figure 2.17 where the sample was slowly cooled down at a constant rate of 3 • C/h.

Unlike the thermo-plastic strain recorded over a whole heating-cooling cycle, the recovered strain upon cooling is found to be proportional to the applied vertical stress (ϵ v,2_recovered >ϵ v,70_recovered >ϵ v,1040_recovered ). Further experimental analysis focusing on controlled cooling has to be performed to confirm the occurrence of an elastic expansion upon cooling. However, the impossibility of achieving a MIP test at high temperatures limits the chances of identifying any difference in porosity before and after cooling.

Implications on constitutive modelling

When subjected to combined thermal and mechanical loading, modelling clay's complex non-linear and irreversible behaviour requires advanced constitutive models. During the last thirty years, several elastoplastic models have been developed to consider the effects of temperature variations on the behaviour of clayey soils [START_REF] Hueckel | Thermoplasticity of saturated clays: Experimental constitutive study[END_REF][START_REF] Robinet | A constitutive thermomechanical model for saturated clays[END_REF][START_REF] Cui | A thermomechanical model for saturated clays[END_REF][START_REF] Laloui | Thermo-plasticity of clays: An isotropic yield mechanism[END_REF][START_REF] Abuel-Naga | Thermally induced volume change and excess pore water pressure of soft Bangkok clay[END_REF].

Those models are Cam-Clay-based models built on the thermo-elastoplasticity theory and the critical state theory [START_REF] Schofield | Critical state soil mechanics[END_REF]. As the Original Cam-Clay model suffers from inconsistencies in predicting the behaviour of normally consolidated soils, an isotropic yielding mechanism is usually added to the Original Cam-Clay deviatoric yielding mechanism. The two yield functions define a closed domain in the effective isotropic stress -deviatoric stress -temperature space inside which the material's behaviour is reversible.

Many authors have tried to describe the isotropic thermoplastic mechanism by investigating the change in preconsolidation pressure with increasing temperature. [START_REF] Tidfors | Temperature effects on preconsolidation pressure[END_REF] and [START_REF] Boudali | Viscous behaviour of natural clays[END_REF] observed a linear decrease in the preconsolidation pressure with increasing temperature for different types of clay of medium plasticity. [START_REF] Eriksson | Temperature effects on consolidation properties of sulphide clays[END_REF], [START_REF] Moritz | Geotechnical properties of clay at elevated temperatures[END_REF], [START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF], [START_REF] Cekerevac | Dependency law for thermal evolution of preconsolidation pressure[END_REF] proposed a non-linear relationship between preconsolidation pressure and testing temperature. Based on those experimental results, [START_REF] Hueckel | Thermoplasticity of saturated clays: Experimental constitutive study[END_REF]; [START_REF] Robinet | A constitutive thermomechanical model for saturated clays[END_REF]; [START_REF] Cui | A thermomechanical model for saturated clays[END_REF]; [START_REF] Laloui | Thermo-plasticity of clays: An isotropic yield mechanism[END_REF]; [START_REF] Abuel-Naga | Thermally induced volume change and excess pore water pressure of soft Bangkok clay[END_REF] have modelled the locus of the yield points as an exponential function of temperature.

The following formally adopts the mathematical formulation of the isotropic yield function given by [START_REF] Laloui | Thermo-plasticity of clays: An isotropic yield mechanism[END_REF]. However, the proposed function does not significantly differ from the ones presented by [START_REF] Robinet | A constitutive thermomechanical model for saturated clays[END_REF], [START_REF] Cui | A thermomechanical model for saturated clays[END_REF] and [START_REF] Abuel-Naga | Thermally induced volume change and excess pore water pressure of soft Bangkok clay[END_REF]. Therefore, all the considerations in this study are valid for any of the models above.

The development of thermo-plastic strain starts when the stress-temperature point reaches the yield limit. The yield limit of the isotropic thermoplastic mechanism is expressed by:

f iso = σ ′ v -σ ′ v,c = 0 (3.2)
where σ ′ v,c [kPa] is the vertical preconsolidation pressure which evolves with the generated volumetric plastic strain, ϵ p v [-]:

σ ′ v,c = σ ′ v,c0 e βϵ p v (3.3) with σ ′ v,c0
[kPa] being the initial vertical preconsolidation pressure at temperature T [ • C] and β [-] the plastic compressibility (the slope of the linear function

ϵ p v -log σ ′ v
). As the vertical preconsolidation pressure decreases with increasing temperature, the elastic domain under isotropic loading is reduced as temperature increases, representing thermal softening. The thermal effect on the yield limit is taken into account by considering [START_REF] Cekerevac | Dependency law for thermal evolution of preconsolidation pressure[END_REF]:

σ ′ v,c0 (T ) = σ ′ v,c0 (T 0 ) [1 -γ T log(T /T 0 )] (3.4)
where σ ′ c0 (T 0 )[kP a] is the initial pre-consolidation pressure at temperature T 0 [ • C] and γ T [-] is a model parameter. 82 3.5 Implications on constitutive modelling Finally, the expression of the isotropic thermoplastic yield limit in Eq. 3.2 can be re-written as follows:

f iso = σ ′ v -σ ′ v,c0 (T 0 )e βϵ p v [1 -γ T log(T /T 0 )] = 0 (3.5)
Eq. 3.5 depends on two model parameters: β and γ T , expressing the evolution of mechanical hardening and thermal softening in the TM response of fine-grained soils [START_REF] Baldi | Thermoplastic modeling of undrained failure of saturated clay due to heating[END_REF].

A graphic representation of the isotropic yield function with respect to temperature is given in Figure 3.8.
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.8: Evolution of apparent preconsolidation pressure with temperature, and volumetric response to heating and cooling under fully saturated conditions (modified from [START_REF] Laloui | Energy geostructures: innovation in underground engineering[END_REF]).

In the effective stress-temperature plane shown in Figure 3.8, the initial isotropic yield function defines an elastic domain (grey space). The value σ ′ v,c0 represents the pre-consolidation pressure at the initial stage. Points A, B and C exemplify three different initial states of the material before applying a drained thermal load at constant effective stress. Both points A and C have current mechanical stress lower than σ ′ v,c0 ; thus, they are overconsolidated (OC), and their thermal stress path starts in the elastic domain. Point B lies on the yielding locus and represents a normally consolidated material. Point A represents a highly overconsolidated stress state. When drained heating occurs, the stress state moves from A to A' within the elastic domain without crossing the yield surface. As shown on the (T, ϵ v ) plane in Figure 3.8, the material elastically dilates upon heating. Starting from point B, positive temperature changes induce thermoplastic strain from B to B', which results in the contraction of the material. The temperature-stress path of point C starts in the elastic domain but encounters in C" the isotropic yield surface. Therefore, the material responds elasto-plastically, dilating elastically until it reaches C" and then contracting when the yield surface is dragged from C" to C'. Mechanical loading from B to B" at constant temperature induces plastic deformation (mechanical strain hardening). Although all the models above fit the experimental observations reasonably well, one prominent feature is neglected in the constitutive description: the dependency of the thermal volumetric strain on the applied effective stress upon heating.

The slope of the isotropic yield locus in Figure 3.8 and Eq. 3.4 is regulated by the model parameter γ T . [START_REF] Cekerevac | Dependency law for thermal evolution of preconsolidation pressure[END_REF] calculated the parameter γ T for six different types of natural clay by best fitting experimental data available in the literature [START_REF] Tidfors | Temperature effects on preconsolidation pressure[END_REF][START_REF] Eriksson | Temperature effects on consolidation properties of sulphide clays[END_REF][START_REF] Boudali | Viscous behaviour of natural clays[END_REF][START_REF] Moritz | Geotechnical properties of clay at elevated temperatures[END_REF][START_REF] Cekerevac | Dependency law for thermal evolution of preconsolidation pressure[END_REF]. They concluded that each clay material has a unique value of γ T . However, the experimental data employed in the best fitting were limited to a reduced range of applied effective stress. The uniqueness of the model parameter γ T implies that the shift in preconsolidation pressure induced by a given heating-cooling cycle monotonically increases for increasing initial preconsolidation stress. This is not consistent with some experimental studies available in the literature. Experimental data on the thermomechanical behaviour of soft clays and clay rocks have highlighted that the thermal volume change of normally consolidated clay depends on the initial stress state [START_REF] Tanaka | Stress-strain behaviour of reconstituted illitic clay at different temperatures[END_REF][START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF][START_REF] Favero | Thermo-mechanical volume change behaviour of opalinus clay[END_REF][START_REF] Samarakoon | Impact of initial effective stress on the thermo-mechanical behaviour of normally conoslidated clay[END_REF]. According to [START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF][START_REF] Favero | Thermo-mechanical volume change behaviour of opalinus clay[END_REF], at high mean effective stress (p'> 1000kPa), a lower initial void ratio results in a lower amount of accumulated thermal volumetric strain upon heating and subsequent cooling. On the other hand, [START_REF] Samarakoon | Impact of initial effective stress on the thermo-mechanical behaviour of normally conoslidated clay[END_REF] observed the opposite tendency at low mean effective stresses (p'< 300kPa). The experimental observations reported in the literature agree with the volumetric results obtained in this research. From the results in Figure 3.7, one can represent on the (T, σ ′ v ) plane the three yielding loci for OEDOK-T2, OEDOK-T70 and OEDOK-T1040 induced by a temperature increase up to 70 • C. The non-dimensional isotropic yielding loci according to Eq. 3.4 are shown in Figure 3.9 for the three samples in normally consolidated conditions.

The non-dimensional results in Figure 3.9 show that the slope of the isotropic yield locus γ T is not a material parameter as it depends on the preconsolidation pressure before heating (γ T (σ ′ v,c0 )). Along the lines of the results obtained for the thermal volumetric strain in Figure 3.6, the change in γ T is not monotonic with respect to the increase in initial preconsolidation pressure. When the dependency of γ T on σ ′ v,c0 is neglected, and for instance, one assumes constant γ T = γ T,1040 in the constitutive framework presented above, the volumetric strain upon a thermal cycle of soft clay is underestimated by 85-120% (ϵ v,2 =1.7ϵ v,1040 and ϵ v,70 =2.9ϵ v,1040 ).

From the results in Figure 3.9 and some additional tests conducted for this research at other initial pre-consolidation pressures, one can speculate that the dependency of γ T on σ ′ v,c0 follows the dashed line in Figure 3.10. The observed behaviour is consistent with the experimental data in the literature discussed before [START_REF] Tanaka | Stress-strain behaviour of reconstituted illitic clay at different temperatures[END_REF][START_REF] Sultan | Temperature effects on the volume change behaviour of Boom clay[END_REF][START_REF] Favero | Thermo-mechanical volume change behaviour of opalinus clay[END_REF][START_REF] Samarakoon | Impact of initial effective stress on the thermo-mechanical behaviour of normally conoslidated clay[END_REF]. However, the few available experimental points (especially on the curve peak) do not allow for establishing any quantitative relationship. A sec- ond experimental campaign is planned to gather additional points for the graph in Figure 3.10 to identify a mathematical relationship that describes the change in the slope of the isotropic yield locus of Speswhite Kaolin Clay for increasing initial preconsolidation pressure. Finally, further studies can be conducted on a broader range of clay types to incorporate the effect of the initial stress level into thermo-elasto-plastic constitutive models.

The additional results included in Figure 3.10 are not reported in Figure 3.6 and Figure 3.7 for visual clarity. However, they are consistent with the discussion proposed in Subsection 3.4.1 and Subsection 3.4.2.

Conclusions

This chapter presented the results of an experimental study investigating the micro-mechanism laying behind the volumetric thermomechanical collapse observed for saturated normally consolidated clay upon heating. The impact of the combined mechanical and thermal load was macroscopically investigated through non-isothermal 1D compression tests on normally consolidated samples of Speswhite Kaolin clay. Specifically, the effect of the initial specimen fabric on the volumetric behaviour upon heating was analysed by testing acidic and alkaline water-saturated samples subjected to different stress levels. The macroscopic observation was coupled with mercury intrusion porosimetry measurements to observe the change in fabric induced by the thermal loading.

The macroscopic results confirm that acidic water-saturated samples show thermo-plastic response when subjected to NC conditions. On the contrary, the alkaline water-saturated sample shows a thermo-elastic response in NC conditions, similar to the behaviour of OC clay upon heating and subsequent cooling. The opposite thermomechanical response cannot be entirely ascribed to the sample loading history, but it depends on the initial sample fabric. The experimental observations revealed a thermo-elastic response for packed initial clay fabrics where face-to-face particle configurations prevail (NC alkaline water-saturated and OC samples). Conversely, thermo-plastic behaviour is likelier for a cardhouse fabric (emphasised by the acidic saturation environment).

Additionally, the volumetric thermo-plastic strain recorded for the three acidic water-saturated samples tested was found to be quantitatively different. The disparity was again ascribed to the difference in the specimen fabric before heating induced by the different stress levels imposed on the specimens. Contrary to the existing thermo-elasto-plastic models, the thermal volumetric strain was observed to be dependent on the initial vertical effective stress applied to the material.

The experimental observations confirmed the hypothesis of a relation between the micro-structural assessment of the soil and the macro-scale response. Inspection of PDSs by MIP measurement before and after the thermal loading revealed that thermo-elastic reversible behaviour appears to be mainly associated with the 'elastic' interaction of the double layers of the charged clay particles in noncontact (face-to-face) and contact configuration. On the other hand, the thermoplastic response appears to be associated with the loss of edge-to-face contacts caused by the combination of the applied external mechanical load and the electrochemical unbalance induced by temperature changes.

This combination of microscopic and macroscopic experimental results is innovative in clarifying the response of fine-grained soils subjected to drained thermal loading. The observations indicate the limits of current thermo-elasto-plastic constitutive models in representing the impact of initial stress levels in geotechnical applications involving soft clay under non-isothermal conditions. The systematic investigation into the micro-mechanisms controlling the thermomechanical response of clay proposed in this chapter is critical to interpreting the macroscopic clay response and informing constitutive modelling.

Chapter 4

Experimental investigation into the role of body and non-contact forces in non-active clay suspensions

The thermomechanical response of Speswhite Kaolin clay has been observed in Part I at the macroscopic and microscopic scales. In Chapter 3, the two coexisting yet opposite effects of skeletal stiffness and thermal sensitivity were highlighted. The plastic contraction recorded upon heating and cooling was associated with a particle rearrangement induced by the combined effect of the applied vertical stress and the thermal electrochemical unbalance. However, the competition between mechanical and electrochemical forces and the quantitative impact of temperature changes on the electrochemical forces has been poorly investigated for non-active clays.

In general, it is widely accepted in the literature that clay particle interactions are controlled by contact and non-contact forces. For the case of swelling clay, it is commonly accepted that dominant forces are non-contact electrochemical forces [START_REF] Bolt | Physico-chemical analysis of the compressibility of pure clays[END_REF][START_REF] Sridharan | Mechanism controlling volume change of saturated clays and the role of the effective stress concept[END_REF][START_REF] Madsen | The swelling behaviour of clays[END_REF][START_REF] Di Maio | Exposure of bentonite to salt solution: Osmotic and mechanical effects[END_REF][START_REF] Gajo | The mechanics of active clays circulated by salts, acids and bases[END_REF]. Such an assumption is supported by the fair agreement between experimental data and qualitative prediction inferred from theoretical models describing the electrochemical interaction between two particles (DLVO theory). For example, Di [START_REF] Di Maio | Exposure of bentonite to salt solution: Osmotic and mechanical effects[END_REF] showed that experimental shear strength results on montmorillonite were consistent with the hypothesis that the thickness of the diffuse double layer changes in response to changes in pore-water salt concentration.

On the other hand, the nature of 'dominant' interaction forces in non-swelling clay is debated. Compression tests with illite and kaolinite and various chemical liquids as pore fluids showed that void ratio and compressibility vary with pore fluid chemistry, although to a lesser degree than in active clay. [START_REF] Palomino | Fabric map for kaolinite: Effects of ph and ionic concentration on behavior[END_REF] observed that the shear strength of a non-active clay at its liquid limit changes in response to changes in pore-water salt concentration. However, Chapter 4 Experimental investigation into the role of body and non-contact forces in non-active clay suspensions the recorded variation is often in contradiction with the DLVO theory. [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF] attributed the failure of the double layer theory to predict nonactive clay behaviour to its large particle size. On the same note, many authors have suggested that the dominant inter-particle interaction in non-swelling clay is not electrochemical. For example, [START_REF] Olson | Mechanisms controlling compressibility of clays[END_REF]; [START_REF] Sridharan | Mechanism controlling volume change of saturated clays and the role of the effective stress concept[END_REF] assumes that mechanical forces dominate the response of non-active clay via the friction that develops at the inter-particle contacts.

However, the prevalence of mechanical over electrochemical forces does not imply that electrochemical interactions do not play any role in the mechanical behaviour of consolidated fine-grained soils. For instance, even in kaolinite, the thickness of the double layer between two facing particles varies with pore fluid chemistry.

This chapter proposes an experimental investigation into the role of noncontact forces in non-active clay. The analysis focuses on the settling behaviour of two kaolinite types with different average particle sizes and surface charges in demineralised water: D 50,Speswhite =6.5µm and D 50,China =8.5µm. The goal is to evaluate the relevance of electrochemical forces in non-active clay by varying particle size and surface charge, hence, the competition between electrochemical and body forces. This is investigated by inferring clay particle interaction from floc formation in suspension during settling until complete self-weight consolidation.

The dynamic behaviour of sediment in water has been largely examined in the context of coastal and estuaries research [START_REF] Sills | The transition from sediment suspension to settling bed[END_REF][START_REF] Sills | Development of structure in sedimenting soils[END_REF][START_REF] Winterwerp | Introduction to the Physics of Cohesive Sediment Dynamics in the Marine Environment[END_REF]. However, the investigation of the physical processes behind the transition from fluid-supported sediment to an interacting framework of particles or flocs/aggregates is out of the scope of this study. The experimental observations at the level of suspension proposed in this chapter are exclusively employed to acquire a better understanding of the role of electrochemical forces in the behaviour of non-active clay soils, due to the difficulties in discerning the effect of contact and non-contact forces in the behaviour of compacted soils.

Tested materials

The experimental study presented in this chapter is performed on Speswhite Kaolin clay (Section 3.2) and China clay (from VE-KA Ltd., The Netherlands). The physicochemical properties of the two kaolinite are listed in Table 4.1 (the Speswhite kaolin properties were already catalogued in Table 2.2 and are listed again here for comparison).

As excess salts and impurities are present in clay powders, both kaolin were pre-treated to reduce the natural concentration of dissolved salt in the pore bulk liquid. Speswhite Kaolin clay powder was thoroughly mixed with de-ionised deaired water with an electrical conductivity of 20µS/cm at 25 • C and pH = 4.0 ± 0.2 to create a suspension of 100 grams of kaolinite per litre of water. The suspension was left to settle for 72h before the supernatant liquid conductivity was first measured. The clay was considered 'monoionic with no excess salts' when the measured supernatant liquid conductivity was < 100µS/cm [START_REF] Palomino | Fabric map for kaolinite: Effects of ph and ionic concentration on behavior[END_REF]. If this was not the case, the supernatant liquid was siphoned, and the excess salt was removed through several further washings with de-ionised de-aired water. When the desired conductivity was reached, the clay was oven-dried (maximum temperature reached in the stove 50 • C) and ground into powder form using a pestle and mortar.

Test procedures

Static Light Scattering and ζ-potential measurements

The particle size distribution in demineralised water of the two kaolinites was determined by using Static Light Scattering (SLS) technique using a Malvern Mastersizer 2000 [START_REF] Malvern | Zetasizer nano zs and mastersizer[END_REF]. SLS enables the measurement of a full particle size spectrum (2nm -2mm) in 30 seconds. The principle behind the laser diffraction technique is that particles of a given size diffract light at a diffraction angle that is inversely proportional to particle size. In the calculation, particles are assumed to be spherical. Therefore, the Malvern processing software provides an equivalent diameter, d [µm]. The suspension is pumped through the Malvern Mastersizer 2000 with the help of a peristaltic pump.

Although the sedimentometry analysis (hydrometer ASTM D422) detailed in Table 4.1 already measures the particle size distribution, the results obtained with this technique refer to the granulometric composition with a dispersing agent. The sodium hexametaphosphate solution employed for the study in Table 4.1 alters the pH of the suspension and, thus, the surface particle charge (as further discussed in Chapter 5), limiting particles flocculation. This specific feature is forces in non-active clay suspensions handy as it usually allows the measurement of individual particle size. However, sedimentation experiments give unrealistic values for particle size in the order of 1 µm [START_REF] Di Stefano | Comparison between grain-size analyses using laser diffraction and sedimentation methods[END_REF]. Particles smaller than 2 µm do not settle and experience Brownian motion. The super fine size of the two considered kaolinites (especially Speswhite, 80 % of the particle weight has a diameter smaller than 2 µm) cannot be adequately investigated only using sedimentometry analysis and is complemented by SLS measurements.

For the SLS technique, suspensions at a low solid concentration (0.7 g/L) in demineralised water (pH=7) are tested. After the powder-fluid suspension is mixed using a magnetic stirrer, the suspension (10 mL) is gently pipetted and injected into the dedicated testing cell. Before testing, the pH of the suspension supernatant is measured through the Fisherbrand accumet AE150 Benchtop pH Meter. The sample was not pre-treated.

Albeit the small solid concentration in suspension, clay particles in demineralised water (pH=7) tend to come into contact and minimally flocculate/aggregate. Therefore, the SLS analysis results have to be intended as a floc/aggregate size distribution or particle size distribution in demineralised water.

In parallel, to estimate particle surface charge, the ζ-potential of low-concentration kaolinite suspensions was measured by Electrophoretic Light Scattering (ELS). In this technique, no movement of the liquid is generated, but particles are set in motion by an applied electric field. Particle mobility is measured and used to calculate the electric potential at a 'slipping plane' (assumed as a first approximation to be the plane at a Debye-distance Kx from the particle surface, refer to Chapter 6 for more details), i.e. the ζ-potential. The ζ-potential for a given measured mobility is computed using the Smoluchowski formula, which assumes perfectly spherical particles. By using the 'linearised' Poisson-Boltzmann formulation detailed in Chapter 6, one can retrieve the value of the particle surface charge as:

σ = ζ exp(1) 2ϵ 0 ϵ r n 0 ν 2 e 2 kT (4.1)
The particle surface charge is often expressed in terms of ζ-potential [START_REF] Kruyt | Colloid Science[END_REF]. As a rule of thumb, for the same environmental conditions, particles with higher ζ-potential (in absolute value) will have less tendency to aggregate than those with lower zeta-potential. However, two kaolinite particles can have the same average ζ-potential but different surface charge properties [START_REF] Chassagne | Electrokinetic study of kaolinite suspensions[END_REF]. Eq. 4.1 does not consider the surface's complex properties, such as non-homogeneous charge distribution. As a result, this study does not pursue a quantitative analysis of the particle surface charge of the analysed clays but focuses on a qualitative comparison of the two.

Suspensions at a very low material concentration (0.25 g/L) were tested in a Malvern ZetaNano ZS cell (ZetaNano) [START_REF] Malvern | Zetasizer nano zs and mastersizer[END_REF]. After powder-fluid mixing using a magnetic stirrer, 10 mL of the suspension were gently pipetted and injected into the dedicated testing cell. Before the experiment, the suspensions were put into an ultrasonic bath for 5 minutes to obtain a more dispersed particle system (the sonication time was limited to 5 minutes to avoid any lamination or damage to the clay particles). The ultrasonic treatment allows the measurement of individual particles' velocity. It was possible to

Sedimentation

Suspensions for sedimentation tests were prepared at 10 g/L, corresponding to a volume fraction (defined as the volume of the solids divided by the total volume of the suspension) equal to ϕ s =0.0038. The two oven-dried and ground clays (0.4 g) were gently mixed with demineralised water (40 mL at pH=7.1) in a 3.2 cm diameter borosilicate glass cylindrical burette using a magnetic stirrer. The suspension was left to hydrate overnight and then remixed. Then, the test tube was capped with a metallic stopper and repeatedly turned upside down for 1 min. After the rotation, the metallic stopper was removed, and the burette was installed on a test tube holder. This instant was considered time zero.

Using a Digital Single-Lens Reflex (DSLR) camera digital, photographs of the region of interest (ROI, i.e. the fluid volume in the test tube) were captured at regular intervals during the experiment. Digital pictures of the ROI were captured from t 0 =30 seconds. Each subsequent photograph was taken at twice the time interval of the previous reading, i.e. t 1 =60s, t 2 =120s. Pictures were taken until no differences were recorded among two subsequent readings. The DSLR is equipped with a full-frame (35.9×24 mm 2 ) size CMOS sensor with a total pixel count of 24.4 MPixels (6048 pixels×4032 pixels). The attached lens has a fixed 90mm focal length and a maximum aperture of F2.8 (Sigma 90mm F2.8 EX DGOS HSM APO Macro).

The sample illumination is controlled using a 20cmx20cm homogeneous microled light. The light is directed from the LED source to the digital camera passing through the sample. The DSLR camera, supported by a rigid tripod, is placed in front of the sample and maintained in a fixed position. Alignment marks ensure the orthogonality between the burette and the axis of the lamp surface. At a constant distance from the sample and constant focal length, the pixel size acquired by the camera sensor was 13.2 µm. The camera settings for the experimental installation, shown in Table 4.2, are selected based on a preliminary parametric study aimed at limiting optical vignetting. The DSLR mirror was lifted 3 seconds before acquiring the optical signal to reduce vibration noise. 

RAW image processing

The information recorded at every photosensitive location (i.e. a pixel) cannot be directly related to a light intensity measurement except for monochrome sensors. As such, the RAW image acquisition requires additional post-treatment refinement to obtain a digital signal representative of the black-and-white speckle pattern. In modern commercial DSLR cameras, a colour filter array is often placed above the sensor in manufacturing to recreate a wavelength sensitivity to a specific hue. The Nikon D3X camera uses a standard 4X4 pixel array of Green-Red-Green-Blue (GRGB) Bayer filter. Each pixel has a red, green or blue filter under its microlens. A black-and-white target only has the luminance (brightness) data. The black and white mark has no chrominance (colour) data. The full spectrum of light is thus obtained for each pixel by interpolating the light intensity and colour sensitivity of adjacent pixels in a process called demosaicing (Bull, 2014). Many functions performing this type of interpolation exist and achieve different results in the final photographs.

The post-treatment of the RAW photographs (NEF in Nikon format) was achieved using the open-source and free software code UFRaw (version 0.22) and DCRaw8 (version 9.26) [START_REF] Couture | Mechanical characterization of porous sandstones in true triaxial conditions: diffuse and localized deformation, effect of anisotropy[END_REF]. The UFRaw-bash version of the code is compiled in C and can be executed as part of a bash script using the following command:

uf raw-batch --interpolation = bilinear --out-type tif --out-depth = 16 --grayscale mixer image.N EF Each RGB channel's pixel-wise values are averaged with equal weight to produce a 16-bit grayscale image over the ROI. Multiple image treatment options are available, and a complete list can be found in [START_REF] Coffin | Decoding raw digital photos in linux[END_REF].

Nuclear Magnetic Resonance

Nuclear Magnetic Resonance-based (NMR) technologies exploit the spin angular momentum associated with a proton to determine the time required for spins to return to equilibrium or "relax" after being perturbed by an oscillating magnetic field [START_REF] Carravetta | Long-lived nuclear spin states in high-field solution nmr[END_REF]. The relaxation processes occur through bulk fluid diffusion and interaction with the surrounding solids comprising the porescale environment. Thus, NMR measurements in the laboratory can provide helpful insight into pore size and network complexity [START_REF] Watson | Characterizing porous media with nmr methods[END_REF]. NMR relaxation parameters commonly exploited for investigations concerning porous media are T1, the spin-lattice relaxation or longitudinal time, and T2, the spin-spin or transverse relaxation time [START_REF] Pel | Water absorption in a fired-clay brick observed by NMR scanning[END_REF].

Settling tests of the two kaolinite suspensions prepared at 100 g/L (volume fraction ϕ 0 =0.038) were performed in the NMR setup. Except for the material quantities (22 g of clay were mixed with 220 mL of demineralised water in a 2.6 mm diameter borosilicate glass cylinder), the same sample preparation protocol described in Section 4.2.2 was employed for this set of measurements. The main objective of this set of experiments was to explore the material's self-weight consolidation behaviour to investigate the settled bed's porosity profile along the sediment height. In this case, the ROI becomes the bottom of the cylinder. 

Experimental results

Particles size and charge

Figure 4.2 shows the SLS particle size distributions (PSDs) in demineralised water of the two considered clays. Note that there is a substantial difference between the distributions shown in Figure 4.2 and the values given in Table 4.1. This is because the particle size characterisation given in Table 4.1 refers to the granulometric composition of the two clays determined by hydrometer analysis involving a dispersing agent. The sodium hexametaphosphate solution employed for the study in Table 4.1 alters the pH of the suspension and, thus, the surface particle charge (as further discussed in Chapter 5), limiting particles flocculation. The distributions provided in Figure 4.2 are not to be considered distributions of individual particles as defined in Figure 1.3. Albeit the small solid concentration in suspension, clay particles in an acidic environment tend to come into contact and minimally flocculate/aggregate. The small floc/aggregate created corresponds to Chapter 4 Experimental investigation into the role of body and non-contact forces in non-active clay suspensions a 2-8 particle assembly. For the sake of simplicity, this minor assembly will be from now on defined as the 'particle in demineralised water', and the distributions in Figure 4.2 referred to as particle size distributions in demineralised water. Two features can be observed from Figure 4.2. The two PSDs are bimodal. Keeping in mind that quantitative errors might be significant due to the assumption of particle sphericity typical of the SLS technique, can be ascribed either to the polydispersity of the sample or to the asymmetry of the clay particles, which have a platy shape according to SEM observations by [START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF] and Ibanez Sanz (2018) for Speswhite Kaolin and China Clay respectively. As all particle orientations are assumed to be equally probable, the width of the platelet (larger dimension) should correspond to an occurrence of 2/3 and the thickness to 1/3, the ratio of the two being 1/2. This does not correspond to what is observed for both clay types. As a result, polydispersity is considered the main factor for both clays generating bimodal distributions with a higher percentage of fine particles by volume (more polydisperse PSD) recorded for the Speswhite sample. The second aspect worth observing is that the mean particle diameter of China Clay is found to be about two times larger than the one of Speswhite Kaolin (D 50,Speswhite =4.5µm and D 50,China =8.5µm).

From electrophoretic measurements, the zeta-potentials at pH=6.5 of the considered suspensions are, on average, -20.7 mV for China Clay and -40.8 mV for Speswhite Kaolin. From Eq. 4.1, one can infer a total surface charge of -0.6 mC/m 2 and -1.2 mC/m 2 , respectively. These values may suggest that the flocculation behaviour is less pronounced in Speswhite Kaolin Clay as a more negative particle charge induces higher colloidal repulsion forces. Additionally, the larger average particle size recorded for China Clay might produce larger flocs over sedimentation, resulting in a larger sediment volume. A purely inferential image analysis technique determines the volume fraction distribution at selected settling time intervals. A grey-level transformation function is proposed to convert the normalised grey level of the acquired greyscale images into volume fraction. The transformation function was deduced through an experimental calibration. The average grey level (mean value along the centreline of the sample) of 20 homogeneous suspensions of known volume fraction was recorded and interpolated by the power-law function in As seen from Figure 4.3, for both Speswhite and China Clay, a milky fluid layer develops at the top of the container after a short time. At the same time, particles start accumulating at the bottom of the test tube. Over time, the milky cloud is seen to move downwards until it meets the sediment that is formed at the bottom. By only looking at Figure 4.3, one can say that no straightforward interface can be detected at the top of the container for both clays. However, from the volume fraction profile along the sample height shown in Figure 4.5b, one can notice i) a volume fraction that increases with increasing proximity to the settled bed at any time and ii) the appearance of a suspension/supernatant liquid interface that moves downwards as flocs settle. Based on these two observed phenomena, one can classify the sedimentation mode of China clay and Speswhite kaolin suspension as a "mixed" mode [START_REF] Palomino | Fabric map for kaolinite: Effects of ph and ionic concentration on behavior[END_REF].

Sedimentation behaviour

It should be noted that Speswhite kaolin clay suspension, despite presenting Despite the same initial volume fraction of the clay suspensions, a significant difference in the final sediment volume is recorded for the two kaolinites. This seems consistent with the particle size distribution in Figure 4.2, as the larger particle size recorded for China clay would cause a larger average size of the formed flocs and, thus, a larger sediment volume. On the contrary, the higher particle surface charge in Speswhite kaolin would enhance particle repulsion and hinder particle collision efficiency, thus limiting flocculation. The speedy sedimentation process also confirms the occurrence of larger flocs in China clay suspension. Indeed, according to Stoke's law, the velocity of a sedimenting element is directly proportional to its size.

When comparing the two volume fraction distribution over time (Figure 4.5a and Figure 4.5b), one can notice that the volume fraction of the milky cloud is higher for Speswhite Kaolin clay at any given time. This might be ascribed to the higher percentage of the charged fines observed in the particle size distribution (Figure 4.2). Indeed, the higher particle surface charge of the Speswhite particles would cause a higher repulsion of the fines, which repel each other, thus hindering settlement.

Chapter 4 Experimental investigation into the role of body and non-contact forces in non-active clay suspensions

Self-weight consolidation

The measurement of the volume fraction profile via grayscale image acquired by the DLSR camera is affected by significant error at high volume fraction values. As shown in Figure 4.4, the calibration curve is characterised by very poor sensitivity in the high volume fraction range. To investigate the density profile along the settled bed, NMR can be employed as a complementary technique to evaluate the moisture of the porous bed. Indeed, the NMR relaxation parameters T1 and T2 are directly connected to the amount of hydrogen in the soil. Their measurement allows for determining the evolution of the settled soil layer over time and its volume fraction along the sample height. The distribution of volume fraction along the height of the Speswhite sample does not present a sharp sediment-fluid interface revealing the presence of small particles in suspensions which were experimentally observed to not settle even after multiple weeks. Once again, this phenomenon is likely to be ascribed to the hindered settlement caused by the strong mutual repulsion of particles in suspension.

Discussion

In line with the work of [START_REF] Santamarina | Soil behavior at the microscale: Particle forces[END_REF], the relevance of electrochemical forces to soil behaviour can be inferred by comparing the magnitude of the electrochemical interactions, F DLV O [N/m 2 ], with the particle body forces [N/m 2 ].

Discussion

The electrochemical interaction (e.g. van der Waals and electric doublelayer forces) can be computed using the DLVO framework introduced in Subsection 1.2.3. A detailed analytical and numerical investigation of the nature of electrochemical forces will be given in Chapter 6 and Chapter 7. For the following discussion, it is sufficient to know that the electrochemical force between the two particles depends on the particle surface charge and the separation distance. The DLVO force between two parallel sheets of infinitesimal thickness at constant surface charge employed in the following calculation has been computed according to the DLVO framework presented in Chapter 6 for infinitely-extended particles of infinitesimal thickness. The two DLVO curves are plotted in Figure 4.7 according to the surface charge deduced from zeta-potential measurements for the two considered clay (Section 4.3.1), σ = 1.2mC/m 2 and σ = 0.6mC/m 2 , respectively for Speswhite Clay and China Clay. The repulsive force presented in Figure 4.7 corresponds to the repulsive force acting on the considered clay particle whenever, during free fall, its double layer overlaps with a neighbour particle. For the calculation, a separation particle distance of h=150 nm was arbitrarily selected. Due to the arbitrary choice of the separation distance, the analysis should be regarded as qualitative, not quantitative.

The body forces acting on a submerged particle correspond to the effective weight of the particle itself and can be computed as the difference between particle weight and buoyancy force, W-B [N]. When considering a hexagonal plate-like particle, the weight, W [N], can be computed as:

W = 4 √ 3a 2 tG s γ w = √ 3d 3 G s γ w 10 (4.2)
where a [m] is the apothem of the hexagon, which can be considered as half of the equivalent diameter d [m] in Figure 4.7, t [m] is the platelet thickness, assumed to be 1/10 of the equivalent diameter, G s [-] is the specific gravity of the mineral forming the particle (Table 4.1), and γ w [N/m 3 ] is the unit weight of water.

The buoyancy force, B [N], results from the integral of the fluid pressure acting on a submerged particle. Hydrostatic fluid pressure results from the weight of the fluid above the point under consideration. Therefore,

B = 4 √ 3a 2 tγ w = √ 3d 3 γ w 10 (4.3)
As a result, the effective weight becomes:

W -B = √ 3d 3 (G s -1) γ w 10 (4.4)
Figure 4.7 maps the regions of relevant forces acting on a platy hexagonallike particle (with thickness one order of magnitude smaller than the particle equivalent diameter) for the given range of equivalent diameters. Points A and B indicate the particle diameter at which the influence of the effective weight becomes less significant compared to the electrochemical forces for Speswhite and China clay, respectively. By looking at the particle size distributions in Figure 4.2, one can observe that the average particle size of China clay D 50,China is larger than d A whereas Speswhite Kaolin clay, D 50,Speswhite is smaller than d B . As a result, electrochemical forces could be expected to considerably affect the Speswhite behaviour and be less relevant for China clay. Experimentally, the minor role of gravity in fines can be observed on the final density profile of the settled bed in Figure 4.6a. Strong electrostatic interactions would hinder particle settling, creating a stable concentrated suspension on top of the settled bed that persists even after complete settling.

Despite the polydispersity of the sample, a sharp sediment-fluid interface is recorded at the end of the settlement process for China clay (Figure 4.6b), suggesting that the repulsive forces arising among charged particles in suspensions do not prevail over particle gravity.

The role of the electrochemical forces at the very first stages of consolidation (self-weight consolidation), was observed in the evolution of the volume fraction profiles presented in Figure 4.6 by means of NMR measurements.

To describe this initial stage of consolidation of soils, we will distinguish three different regimes Figure 4.8:

• t < t 1 : the settling regime. The particles are non-touching and move to the bottom of the settling column due to gravity.

• t 1 < t < t 2 : the primary consolidation regime. The suspension phase has disappeared. The particles are in very close vicinity of each other. As they adjust their position concerning each other, a significant amount of water is expelled from the fabric. Effective stresses start developing at particle contacts.

• t > t 2 : the secondary compression regime. The particles are trapped in their positions, and significant internal stresses develop at the points where they are in contact. Over time, some links between particles can fail or change, leading to a new reordering of particles and a slow reduction in bed height.

Analytically, the three regimes can be modelled by an advection-diffusion equation. However, the advective and diffuse terms are different in each regime.

So far, the choice of the advective and diffusive term has been ascribed to the compaction of the suspension (hard or soft particles) and the initial volume fraction (under or above the gelling state, ϕ s in Figure 4.8), [START_REF] Chassagne | Introduction to Colloid Science[END_REF]. The current results show that different advective and diffusive terms must be chosen depending on the composition of the suspension (particle size distribution and charge of the particles). In addition, the transition between the settling regime and the self-weight consolidation regime has to be defined carefully.

In the settling regime, clay behaviour in suspension is regulated by the interplay between electrochemical (diffusion term) and gravitational (advective term) forces. In the self-consolidation of China clay, the effective stress term (which mathematically corresponds to a diffusion term) and the hydraulic conductivity (comparable to an advection term) are the main characteristics of the force balance. This is standard practice in modelling the self-weight consolidation of the Chapter 4 Experimental investigation into the role of body and non-contact forces in non-active clay suspensions bed. As a result, the repulsive forces arising from particle non-contact electrochemical interaction are usually neglected.

This interplay can be analytically described by the Gibson equation [START_REF] Gibson | Some results concerning displacements and stresses in a nonhomogeneous elastic half-space[END_REF], which enables the simulation of the evolution in time and space of the volume fraction, ϕ s [-]:

δϕ s δt = δ δz K ρ s -ρ w ρ w ϕ 2 s + K gρ w ϕ s δσ sk δz (4.5)
where K [m/s] is the hydraulic conductivity, g is the acceleration of gravity [m/s 2 ], ρ s and ρ w [kg/m 3 ] are soil and water density, respectively, and σ sk is the effective stress.

Under the assumption of fractal dimension of the flocs, the hydraulic conductivity and the consolidation coefficient of the sedimented slurry can be determined by best fitting the experimental data in Figure 4.6a and Figure 4.6b with Eq. 4.5. The advection and diffusion terms in the Gibson equation seem to satisfactorily model the self-weight consolidation of China clay (Figure 4.9b). However, it does not capture the gradual increase of volume fraction at the fluid/bed interface (Figure 4.9a) for the Speswhite clay. It would appear that, for the Speswhite clay, the effective stress-permeability balance requires to be integrated with an additional diffusion term corresponding to the osmotic pressure arising between clay particles (electrochemical interaction).

Conclusion and Perspectives

The presented study has proposed a preliminary indirect investigation into the role of contact and body forces in non-active clay behaviour. The experimental observations revealed that the part of electrochemical forces could not be neglected in non-active clay depending on particle size distribution and particle surface charge.

The behaviour of two non-active clay suspensions was analysed in settling columns with total mass (water + sediment) conserved during the settling. This condition can be relaxed for describing natural systems by adapting the boundary conditions of the problem. For example, it would be possible to apply the same framework to the description of soil consolidation after more significant applied stresses to determine the soil compression index. Indeed, in the self-consolidation regime, at the level of the settled bed, the forces developed between particles are extremely small compared to those found in soil mechanics. The weight of other particles induces stress which depends on the bed column height. To give an order of magnitude, a 1 m high suspension for both clay considered in this study generates a total pressure at the bottom of the column (suspension plus supernatant) of approximately 2 kPa. Over time, the effective stress on the clay in the bed increases as the density increases, but it is evident that the effective stress will never fall in the range of a standard oedometer test.

The central perspective of this ongoing study is to include the osmotic pressure in modelling the self-weight consolidation of clay to quantify the effect of noncontact forces on the permeability and the compressibility of the soil at very low stress levels.

In addition, there will be an attempt to extend the experimental investigation to higher stress levels by applying effective stress via a negative water column directly to the settled bed. The general idea is to investigate the need to model an additional diffusion term corresponding to the particle electrochemical interaction, even under higher stress levels. In other words, to determine at which stress level the role of non-contact force starts to become negligible, depending on mean particle size and electrical charge.

Chapter 5

Inferring fabric of consolidated clays from sedimentation behaviour

The macroscopic behaviour of compacted clay has often been explained in terms of soil fabric changes. The clay-fabric formation upon sedimentation depends on (i) particle size and shape distributions (controlling the magnitude of body forces), (ii) particle mineralogical composition and (iii) pore-fluid chemistry (that strongly influences the charged surfaces and, thus, interparticle forces). These parameters determine the nature of the dominant forces acting on the particles (contact or non-contact forces) and, thus, the aggregation mode of particles in suspension, resulting in a flocculated (random orientation of the particles, predominant EE and EF particle association) or dispersed (i.e., the preferred orientation of particles, dominant FF alignment) sediment fabric [START_REF] Lambe | Soil Mechanics[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF][START_REF] Van Olphen | An introduction to clay colloid chemistry for clay technologists, geologists, and soil scientists[END_REF].

Several studies have investigated clay fabric formation by altering the settling environment parameters such as pore-fluid pH, ionic concentration, dielectric permittivity [START_REF] O'brien | A method for the calculation of the effective transport properties of suspensions of interacting particles[END_REF][START_REF] Imai | Settling behavior of clay suspension[END_REF][START_REF] Anandarajah | Influence of particle orientation on one-dimensional compression of montmorillonite[END_REF][START_REF] Chen | Influence of pore fluid composition on volume of sediments in kaolinite suspensions[END_REF][START_REF] Sridharan | Influence of clay mineralogy and pore-medium chemistry on clay sediment formation[END_REF][START_REF] Palomino | Fabric map for kaolinite: Effects of ph and ionic concentration on behavior[END_REF]. Few studies have also focused on the effect of temperature on particle flocculation in suspension, highlighting how high-temperature favours flocculation promoting an open card-house sediment fabric [START_REF] Owen | The effect of temperature on the settling velocities of an estuary mud[END_REF][START_REF] Jiang | Influence of water temperature on mud particle deposition-laboratory tests[END_REF][START_REF] Zhang | Effects of temperature on the flocculation processes of kaolinite in the quiescent water[END_REF].

Even in compacted soils, many observed macroscopic phenomena have been associated with changes in the interparticle non-contact forces, such as clay swelling behaviour and thermo-mechanical effects. For this reason, electrochemical forces have been widely investigated in the literature with particular attention to the influence of pore fluid properties on clay compressibility and shear strength [START_REF] Bolt | Physico-chemical analysis of the compressibility of pure clays[END_REF][START_REF] Olson | Mechanisms controlling compressibility of clays[END_REF][START_REF] Sridharan | Mechanism controlling volume change of saturated clays and the role of the effective stress concept[END_REF][START_REF] Moore | Electromagnetic forces and soil strength[END_REF][START_REF] Chen | Pore fluid properties and compressibility of kaolinite[END_REF][START_REF] Hicher | Microstructural analysis of inherent and induced anisotropy in clay[END_REF][START_REF] Yao | Three-dimensional discrete element method of analysis of clays[END_REF]Wang and Siu, 2006b). However, it is challenging to uncouple the effect of contact and non-contact forces in the compacted state when effective stresses are involved.

Understanding particle association modes at the level of suspension may be critical to gain insight into the role of electrochemical forces driving clay macroscopic mechanical response. This study uses sedimentation tests to magnify the effects of electrochemical interactions between fine-grained clay particles. As a result, one might be able to infer the role of the electrochemical forces in consolidated clay and its mechanical property implications by looking at the settling behaviour of clay particles in suspension. With this in view, laboratory-scale settling tests were conducted to study particle flocculation in suspension and Speswhite Kaolin clay fabric formation in different settling environments. The sedimentation rate of clay particles in suspension and the final sediment volume (settling characteristics) were analysed when changing the pore fluid pH, the relative dielectric permittivity of the media and the ambient temperature. A purely inferential image analysis technique is proposed to assess the evolution of the concentration of solids in the suspension and to infer particle association modes. For each sedimentation test, optical signals by a Digital Single-Lens Reflex (DSLR) camera were captured at regular intervals. The settling characteristics were then correlated with the ζ-potential measurements to infer the sediment fabric indirectly. Finally, the pore-fluid-dependent sediment microstructure information is compared to the fabric of 1D compressed remoulded kaolin clay samples saturated with the same pore fluids. The intent is to understand if a link exists between the settling process and consolidated clay fabric.

Materials

The material used in this work is the same Speswhite Kaolin Clay detailed in-Section 2.2.

As excess salts and impurities are present in clay powders, the first step before any sample preparation protocol is to determine and adjust the natural concentration of dissolved salt in the pore bulk liquid to achieve a very low salt concentration (<10 -5 M) when mixed with pure water. The procedure followed for clay powder pre+treatment is detailed in Section 4.1.

Four different pore-fluids were employed: acidic water at 25 • C, alkaline water at 25 • C, ethanol at 25 • C and acidic water at 70 • C (from now on referred to as acidic water-70). The fluid's pH was modulated by adding either a diluted solution of 0.05 mol/L nitric acid (HNO 3 ) or 0.2 mol/L potassium hydroxide (KOH) per steps until the target pH was reached. Then, the supernatant liquid pH of each clay-fluid mixture was measured before starting the experimental procedure. A summary of fluids properties is given in Table 5.1. 

Test procedures

Sedimentation

Experimental setup

The experimental setup creates a controlled environment for non-isothermal laboratory settling tests (Figure 5.1). It consists of a test tube holder submerged in a temperature-controlled transparent water tank (25cmx25cmx25cm, wall thickness of 0.5 cm). A submergible electric heater controls the water temperature.

The amount of power supplied to the heater is regulated using a programmable temperature display and control unit. A temperature probe installed in the water bath is a feedback signal to control the power input required to maintain a target tank water temperature. So that, if a temperature higher than the target value is detected, the input power is switched off after a delay of 10 s. The water tank is externally enclosed by a polystyrene box which partially prevents heat dissipation. A water supply system is installed to face water evaporation during heating and maintain a stable water level. Due to a large amount of water to warm up (about 17 litres) and the continuous evaporation, the overall precision of the temperature regulation system is ±3 • C. Water temperature measurement is made by multiple K-type thermocouples glued at different depths on the internal surface of the water tank. A temperature gradient is recorded within the first centimetres of the water level. Therefore, particular care is placed in positioning the burette on the test tube holder so that the test tube bottleneck is just above the water level and the ROI is deep enough to ensure a surrounding homogeneous temperature field.

The experimental setup design enables the acquisition of optical signals from the transparent test tube surface visible through the water tank glass. Using a Digital Single-Lens Reflex (DSLR) camera digital, photographs of the ROI can be captured at regular intervals during an experiment. Details on the DSLR camera, the sample illumination and the RAW image processing are given in Section 4.2.2.

Suspension preparation

Suspensions for sedimentation tests were prepared at 10 g/L. Using a magnetic stirrer, the oven-dried and ground clay (0.4 g) was gently mixed with the selected pore-fluid solution (40 mL) in a glass beaker. The suspension was hydrated overnight and was then remixed. A 3.2 cm diameter borosilicate glass cylindrical burette (low linear thermal expansion coefficient, about 3.3E-6 • C -1 ) was filled with the homogeneous suspension. The cylinder was capped with a metallic topper and placed on the bed of the heated water tank for temperature equalisation (around 12 hours). At the end of the equalisation time, the test tube was temporarily removed from the temperature-controlled bath and repeatedly inverted for 1 min. After the last inversion, the metallic topper was removed, and the burette was installed on the test tube holder included in the experimental setup. This instant was considered time zero.

Digital photographs of the ROI were captured from t 0 =30 seconds. Each subsequent picture was taken at twice the time interval of the previous reading, i.e. t 1 =60s, t 2 =120s. Photographs were taken until no differences were recorded among two subsequent readings.

ζ-potential measurements

The ζ-potential of particles is measured by Electrophoretic Light Scattering (ELS) in a Malvern ZetaNano ZS cell (ZetaNano). The ζ-potential for a given measured 5.3 Experimental observations and interpretations mobility is correlated to the particle surface charge as explained in Section 4.2.1.

As already pointed out in Section 4.2.1, only ELS measurements are not enough to quantify the ζ-potential and the particle surface charge of kaolinite. Therefore, this study solely focuses on a qualitative description of coagulation kinetics as a function of dielectric permittivity, pH and temperature. Additionally, it needs to be specified that the ELS measurements return a distribution of ζ-potential that does not distinguish between basal plane surface charge and edge surface charge. Therefore, the average value that will be considered in the following represents a net particle charge, σ.

Suspensions at a low material concentration (0.125 g/L) were tested. After powder-fluid mixing using a magnetic stirrer until a uniform appearance was observed, 10 mL of the suspension were gently pipetted and injected into the dedicated testing cell. Before the experiment, the suspension were put into an ultrasonic bath for 5 minutes to obtain a more dispersed particle system (the sonication time was limited to 5 minutes to avoid any lamination or damage to the clay particles). An equalisation time of about 7 minutes was waited before the beginning of the test. For the high-temperature measurement, the equalisation time also included temperature equalisation. Therefore, the time lag was extended to 2 hours to ensure the temperature field's homogeneity.

1D compression tests

The 1D mechanical compression tests were performed in a standard oedometer cell (72 mm diameter). In order to have samples starting from the same particle configuration, and therefore avoid microstructural differences that may arise from different slurry preparation, the oedometer ring was initially filled with 40 g of oven-dried clay powder (maximum stove temperature 50 • C). After applying a vertical stress of about 0.55 kPa (associated with the weight of the loading cap and the top porous stone), the cell was saturated with the selected pore-fluid and vertical displacements were monitored. Upon imbibition, time was allowed for the sample to be thoroughly saturated. After saturation, the two samples were loaded in steps up to 1040 kPa vertical stress and then unloaded in one step to 0.55 kPa. Samples were allowed to fully consolidate under each loading step.

As vertical displacement was monitored during the test, the void ratio could be back-calculated at any stage of the test from the final water content measured at the end of the test.

Experimental observations and interpretations

ζ-potential measurements

The zeta-potentials for the considered suspensions obtained from electrophoretic measurements are reported in Table 5.2 together with the total surface charge inferred using Eq. 4.1. The ζ-potential results are accompanied by the standard deviation of the measurement. For many of the results proposed in Table 5.2, the standard deviation of the measurement is excessively high for conducting any conclusive analysis. However, in this section, the results in Table 5.2 are simply invoked for a qualitative understanding of the flocculation and aggregation modes of particles in suspension. The data reported in Table 5.2 show a dependency of the net particle surface charge on pH and dielectric permittivity of the fluid. A decrease in pH is reflected in an increase of the absolute value of the ζ-potential, suggesting that the interaction of the particles in suspension should be less pronounced in acidic water as a more negative net particle charge induces higher colloidal repulsion forces.

At the same time, a decrease in dielectric permittivity due to temperature increase (comparison between Acidic water and Acidic water-70) shows a slight increase in the absolute value of the ζ-potential suggesting a marginally more repulsive behaviour of clay particles in suspensions in a high-temperature settling environment. However, the standard deviation of the result proposed in Table 5.2 for acidic water at high temperature is excessively high for any consideration to be conclusive.

On the contrary, almost no double layer (ζ-potential very close to 0) is recorded for clay particles in ethanol. This result matches the findings of several experimental studies in the literature [START_REF] Kosmulski | ζ-Potentials of Silica in Water-Alcohol Mixtures[END_REF][START_REF] Kanda | Afm studies of interaction forces between surfaces in alcohol -water solutions[END_REF]. Nonetheless, it contradicts the inverse dependency of the double-layer thickness with the dielectric permittivity proposed by the DLVO theory. This is due to the fact that even if ethanol's dielectric constant is three times lower than water (Table 5.1), the ethanol molecule is twice larger than the water one. Consequently, its ability to hydrate ions is dramatically low (the solubility of NaCl is 500 times lower in ethanol than in water, [START_REF] Pinho | Solubility of nacl, nabr, and kcl in water, methanol, ethanol, and their mixed solvents[END_REF]). As a result, no double layer surrounds the clay particle in clay-ethanol systems. The flocculation results propose a partially different picture with respect to the one highlighted by the ζ-potential measurements. At acidic pH, the suspension settling mode is mixed with a thin colloidal cloud both at 25 • C and at 70 • C, respectively Figure 5.2a and Figure 5.2b. However, the colloidal cloud rapidly settles at a higher temperature, whereas it stays in suspension for several hours at ambient temperature.

Flocculation experiments

The more negative surface charge recorded at high temperature in Table 5.2 should reflect a higher dispersion of the clay particles in suspension resulting in a smaller average particle size and, thus, a longer total sedimentation time (according to Stoke's law, smaller particles fall more slowly). On the contrary, the total sedimentation time recorded in the flocculation experiments for Acidic water-70 is more than two times shorter than the one measured for Acidic water (Table 5.3).

On the same note, one would expect that a higher particle repulsion would result in a highly packed settled bed fabric (dispersed particles deposit individually preferring parallel or sub-parallel aggregation, limiting the amount of macroporosity). Instead, a substantially higher sediment volume is recorded after sedimentation at high temperature (Figure 5.2a and Figure 5.2b).

It becomes clear that an increase in temperature does not only affect the dielectric permittivity of the settling environment but also, for instance, the viscosity of the medium. With this in mind, each suspension settling behaviour reported in Figure 5.2 and summarised in Table 5.3 is interpreted in what follows by considering the ζ-potential measurements presented in Section 5.2, the traditional description of the clay particle surface charge presented in Chapter 1 and five concurrent parameters: temperature, pH, viscosity and dielectric permittivity of the settling environment, as well as particles Brownian's motion in suspension, i.e. the random fluctuation in a particle's position when submerged in a fluid.

In water at low pH, a mixed mode behaviour is observed in suspension (Figure 5.2a) where flocculation occurs and the flocs settle according to their size (the density of the milky cloud rapidly decreases over time while the settled bed builds up denoting the presence of particles assemblages larger than the individual particles). In fact, in acidic water, the particle edges are positively charged promoting edge-to-face aggregation. The flocs forming in suspension are highly porous (in EF configuration macroporosity prevails) and they pile up at the bottom of the test tube creating an open card house structure (Figure 5.3).

A very similar, but considerably faster, process occurs for Acidic water-70 (Figure 5.2b). Although the more negative surface charge, as much as the decrease in dielectric permittivity, induces a more pronounced particle-to-particle Unlike acidic water, alkaline water de-activates the edge positive charges, preventing particle association and leading to a dispersed configuration of particles in suspension that individually deposit at the bottom of the test tube. However, right from the start of the test (optical signal after 1h in Figure 5.2c), a welldefined suspension-sediment interface is found to move upwards very rapidly as the sediment builds. A mixed sedimentation mode can be tentatively assumed in alkaline water where a dispersed sedimentation dominates with a minimal presence of FF aggregates formed in suspension. The recorded sedimented bed volume in alkaline water is significantly smaller than the one recorded in acidic water (V w,pH9 <V w,25 ), as a face-to-face configuration favours the creation of micropores, resulting in a highly dense sediment fabric.

The settling behaviour observed in ethanol is almost identical to the one reported in alkaline water Figure 5.2d with the only exception that a longer time has to be waited to start detecting a suspension-sediment interface. This might suggest that particles in suspension do not form aggregate but instead settle invidually. The observed behaviour is in open contrast with the common belief in colloidal science that a dispersed settling behaviour takes place when the interparticle electrochemical repulsion is very high. The ζ-potential measurements revealed a negligible net particle surface charge for ethanol, implying the absence of a double layer surrounding clay particles (Figure 5.6). If this was proven to be true, particle interaction in ethanol-clay mixtures would be considered purely governed by frictional mechanisms and van der Waals attraction forces. When no double layer exists, particles at the bottom of the test tube would arrange according to their elongated geometry, thus preferring parallel or subparallel configuration. Additionally, the short-range inter-particle attraction forces would induce a very packed sediment fabric. The settled bed of the ethanol-clay samples shows indeed a very small final sediment volume compared to all the other tested suspensions, even smaller than the one recorded for alkaline water. As almost the same sedimentation mode is figured for Ethanol and Alkaline water suspensions, the difference in the two final sediment volumes reported in Table 5.3 might be ascribed to the thickness of the alkaline water double layer and/or to the intensity of the van der Waals attraction in the two settling environments. Despite the lack of a double layer in clay-ethanol systems, particle-to-particle attractive forces in ethanol are 25 % lower than in water (through the Hamaker constant, which directly controls van der Waals attractive force [START_REF] Hamaker | The london -van der waals attraction between spherical particles[END_REF]; [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]).

Although the latter result could pave the way for several interesting research outcomes, further analysis is needed to firstly improve the ζ-potential measurements variability by investigating the measurement sources of error and secondly determine the repeatability of the presented results with diverse boundary conditions (e.g. different test tube size and various concentration of the clay suspensions) that are known to significantly affect suspensions behaviour. At low stress level, the samples were inundated from the bottom, allowing the fluid front to move to the top of the sample progressively. One can discuss on the sample fabric induced by the flooding process depending on the characteristics of the saturating fluid by looking at the void ratio change from the dry state to the fully saturated state in Figure 5.7. The change in void ratio after imbibition shows that the alkaline water-saturated sample attained a rather packed fabric (e = 1.5), whereas the void ratio of the ethanol-saturated sample almost equals the one of water pH4 right after wetting (e≃2.6). A slightly more dense structure is instead recorded in the case of Acidic-water-70 (e=2.5).

1D Consolidation

At higher stress levels one can compare the compression and swelling indexes for the considered samples (Table 5.4).

According to the presented results, the effect of dielectric permittivity (either due to a different pore fluid chemistry or to higher testing temperature) does not show an appreciable change in compressibility. However, the changing pH of the pore-fluid shows to have a prominent effect as the material results significantly less compressible under vertical loads.

Discussion and conclusions

It is interesting to try to correlate the fabric of the settled beds speculated in Subsection 5.3.2 with the one obtained after 1D consolidation in Subsection 5.3.3. Figure 5.8 shows a possible link in the compression plane. The sediments void ratios given in Figure 5.8 were computed after water content measurement of the settled suspensions.

The main observation coming from the results in Figure 5.7 is that the clay fabric obtained after the settling process seems to disappear for almost all the considered pore fluids when a mechanical vertical load is applied. Ethanol and alkaline water settled beds showing a very similar sedimentation process and, thus, a consubstantial fabric under self-weight consolidation show a fundamentally diverse behaviour when saturated from clay powder under a, albeit minimal, dead load. The alkaline-saturated vertically loaded sample shows a very low void ratio at 1 kPa suggesting the occurrence of a packed face-to-face fabric (as after sedimentation). This is not the case for ethanol in 1D consolidation which seems to have the same microstructure of the acidic water-saturated sample as they present the same void ratio upon vertical compression steps and the same compressibility.

An interesting effect of the mechanical load on the soil microstructure is instead recorded by looking at the behaviour of the acidic water-saturated clay at 25 • C and 70 • C. The highly porous fabric of the Acidic water-70 settled bed is not reported after imbibition of the dry clay powder with high temperature acidic water. On the contrary, the initial void ratio at the beginning of 1D consolidation lower than the one reported at 25 • C. One can reasonably presume that the effect of the vertical load upon dry powder flooding dominates over the electrochemical interaction forces regulation the settled bed fabric.

To conclude, the external mechanical load plays a fundamental role in the definition of the soil fabric in situ. The clay fabric obtained after deposition and mainly controlled by the electrochemical forces acting between particles in suspension seems to be partially or completely erased already at very low vertical effective stress. It follows that the assemblages of particles (either flocs or aggregates) created during the deposition process are not inseparable. They are clusters of particles which can break under external solicitations.

To validate this hypothesis the stress gap in Figure 5.8 between 0 and 1 kPa has to be investigated. This is possible by applying an effective stress directly to the settled bed and coupling the macroscopic observations presented in this study with Mercury Intrusion Porosimetry tests. A complementary experimental study to address this points is currently ongoing.

Part III ANALYTICAL, NUMERICAL AND CONCEPTUAL MODELLING

123 Chapter 6

Revisiting DLVO theory to inform particle-scale modelling of clays

Unlike granular materials, experimental evidence of the evolving microstructure of fine-grained soils is rather hard to acquire, and discrete modelling via Discrete Element Method (DEM)/Coarse-Grained Molecular Dynamics (CGMD) represents a complementary tool in investigating particle-scale mechanisms driving clay mechanical and thermo-mechanical macroscopic response.

Particle-scale modelling of clays is pursued via two different approaches, i) multi-sphere approach, where clay particles are built by 'bonding' spheres [START_REF] Anderson | Role of microscopic physicochemical forces in large volumetric strains for clay sediments[END_REF][START_REF] Sjoblom | Coarse-grained molecular dynamics approach to simulating clay behavior[END_REF][START_REF] Liu | Simulation of cluster formation from kaolinite suspensions[END_REF][START_REF] Jaradat | Computers and geotechnics on the use of discrete element method for multi-scale assessment of clay behavior[END_REF][START_REF] Pagano | Exploring the micromechanics of non-active clays by way of virtual dem experiments[END_REF][START_REF] De Bono | Discrete element modelling of normal compression of clay[END_REF] and ii) individual platelet approach where clay particles are modelled using single cuboidal, ellipsoidal, or discoidal elements [START_REF] Yao | Three-dimensional discrete element method of analysis of clays[END_REF][START_REF] Ebrahimi | Mesoscale properties of clay aggregates from potential of mean force representation of interactions between nanoplatelets[END_REF][START_REF] Kang | Wettability of clay aggregates-a coarse-grained molecular dynamic study[END_REF][START_REF] Mei Sun | A coarse-grained water model for mesoscale simulation of clay-water interaction[END_REF][START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF].

The critical ingredient of particle-scale modelling is the interaction function, which can be defined in terms of force-separation or energy-separation. In principle, the two interaction modes are equivalent because energy-separation can be converted into force-separation by differentiation (similarly, force-separation can be converted into energy-separation by integration). However, these two modes of representing particle interaction are not always equivalent in practice. The multi-sphere approach has the advantage of a straightforward interaction function. This is written for a pair of sub-spheres belonging to two adjacent particles, whose relative position is characterised by only 1 Degree of Freedom (DOF), i.e., the distance between the two sub-sphere centres. The interaction force is represented by only one component (the component of the force along the direction joining the sub-sphere centres), and both energy-separation and force-separation functions are, therefore, scalar functions defined over a 1D space. This benefit comes at the expense of an extremely high computational burden due to the large number of sub-spheres required to build a single clay particle.

The approach based on clay platelets represented by individual elements re-Chapter 6 Revisiting DLVO theory to inform particle-scale modelling of clays duces the computational cost. However, it comes at the expense of a more complex force-separation/energy-separation function. The configuration of a pair of platy particles is characterised by 6 DOFs, 3 components for the relative position of the particle barycentre and 3 components for the relative orientation of the platy particles. The interaction force is also characterised by 6 components (3 components of the force along the direction joining the barycentre of the particles and 3 components of the vector moment).

The force-separation function is therefore represented by a 6-dimensional vector, each scalar component defined over a 6-dimensional space. It is, therefore, more convenient to characterise particle interaction via an energy-separation function, a single scalar function defined over a 6-dimensional space. In this case, the 6 components of the generalised interaction force can be derived by differentiating the energy 6-dimensional hypersurface.

The energy-separation function can be explored via Fully Atomistic Molecular Dynamics (FAMD) [START_REF] Ebrahimi | Multiscale modeling of clay-water systems[END_REF], a powerful numerical tool that allows investigating fundamental aspects of clay particle interactions from fundamental interatomic potentials. The FAMD has a few practical limitations. The number of atoms included in a simulation is generally maintained relatively small to achieve reasonable computational cost, and this is the reason why Ebrahimi et al. (2016) have simulated clay particles with an unrealistic aspect ratio (thickness to width ∼ 1:5) and made by only one single layer. For the same reason, only a few configurations have been analysed (face-to-face and edge-to-edge) with one single pore-water chemistry and temperature.

One primary application of particle-scale mechanics in geotechnics is analysing the effect of temperature and pore-fluid chemistry (fluid polarity and nature and electrolyte concentration) on clay mechanical behaviour. All these aspects are captured by the DLVO theory, which provides a very convenient framework for developing the energy-separation function. The Hamaker constant controlling the van der Waals forces is dependent on fluid dielectric permittivity [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF], and Coulombic forces via the Electrical Double Layer (EDL) are dependent on the dielectric permittivity, temperature, and concentration and valence of ions in the EDL [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF].

The use of DLVO as a basis for deriving the energy-separation function poses a few challenges. Determining the electrical potential field via the Poisson-Boltzmann equation requires an entirely arbitrary assumption on the electrical boundary condition at the particle surface, either constant charge or constant potential. The consequence of either choice on particle mechanical interactions has not been explored in the literature.

Another challenge is associated with the different approaches presented in the literature to calculate the free energy associated with the Coulombic forces and the calculation of the EDL interaction energy once the electrical potential field is derived via the Poisson-Boltzmann equation [START_REF] Borukhov | Adsorption of large ions from an electrolyte solution: a modified poisson-boltzmann equation[END_REF][START_REF] Kornyshev | Double-layer in ionic liquids: Paradigm change?[END_REF][START_REF] Ben-Yaakov | Ion-specific hydration effects: Extending the poisson-boltzmann theory[END_REF][START_REF] Nakayama | Differential capacitance of the electric double layer: The interplay between ion finite size and dielectric decrement[END_REF][START_REF] Gavish | From solvent-free to dilute electrolytes: Essential components for a continuum theory[END_REF]. The derivation of the EDL interaction energy is, therefore, not straightforward.

DLVO theory

Finally, it is often assumed that face-to-face contact is not possible if only Coulombic forces are active. As a result, van der Waals forces need to be invoked to generate the energy barrier allowing face-to-face contact. However, some formulations seem to indicate that an energy barrier exists for Coulombic forces only [START_REF] Gregory | Photoemission studies of the gaas-cs interface[END_REF], and this aspect needs to be elucidated. The energy-separation function can be simplified substantially if van der Waals forces are not required for face-to-face aggregation enabling more efficient numerical computation.

To elucidate these questions, this chapter presents an analytical and numerical investigation into fundamental DLVO interactions between infinitely long particles in parallel configuration having infinitesimal and infinite thickness. The parallel configuration reduces the DLVO equations to a 1D problem, enabling the development of closed-form analytical solutions that considerably facilitate the analysis. Complementary material on the derivation of the equations employed in this chapter, as well as more details on the assumptions embedded in the DLVO formulation presented, can be found in Appendix B.

DLVO theory

The DLVO theory states that the interaction between two charged particles in an electrolyte depends on the balance of electrostatic Coulombic forces and van der Waals attractive forces acting between the particles.

Coulombic forces result from the interaction between electric double layers (EDLs). When a charged object is immersed in a polar fluid, it attracts ions of opposite charge and repels ions of like charge. This results in an excess of ions of one sign at the particle surface (screening phenomenon, Debye and Huckel 1923) and an excess of ions of the opposite sign in the solution. Hence, a single charged clay particle in a polar fluid is surrounded by an EDL. The first layer of the EDL is formed by the charged ions firmly attached to the particle surface (Stern layer). The second layer consists of a non-uniform distribution of ions electrically attracted by the particle surface charge and subjected to a progressive thermal motion that drives them away from the particle itself. As a result, the electrostatic potential is exponentially dumped for increasing distance from the charged particle.

At particle distances from hundreds of nanometers down to interatomic spacings (about 0.2 nm), weak attractive van der Waals forces originate from the correlations in the fluctuating polarisations of nearby particles [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF].

Within the DLVO framework, the electrostatic energy can be estimated using the electric potential distribution around the particle, which satisfies the Poisson-Boltzmann (PB) equation.

The diffuse double-layer description proposed in the DLVO theory stands on several assumptions: • Considering a system of ions of finite size a [m] and concentration n i [ions • m -3 ], the PB equation is valid for an i ≪ 1. This physically translates into the assumption of low salt concentration in the solution;

• The dielectric permittivity of the medium adjacent to the particle is independent of the distance from the particle surface;

• The clay particle charge is assumed to be distributed uniformly on the surface.

Several authors have argued that the simplifications introduced by the DLVO framework cannot capture the real particle-particle interaction at a very short distance (less than 1 nm) [START_REF] Ebrahimi | Multiscale modeling of clay-water systems[END_REF][START_REF] Carrier | Influence of water on the short-term and long-term mechanical properties of swelling clays: experiments on self-supporting films and molecular simulations[END_REF]. However, when considering clay particle sizes in the order of microns, the details not correctly captured by the DLVO theory within a distance from the particle surface of about 1 nm become irrelevant.

Coulombic interaction

Poisson-Boltzmann (non-linear equation)

The electric potential in the diffuse double layer is derived via the Poisson-Boltzmann (PB) equation (Appendix B):

∇ 2 ϕ = ∂ 2 ϕ ∂x 2 + ∂ 2 ϕ ∂y 2 + ∂ 2 ϕ ∂z 2 = - ρ ϵ (6.1)
where

ρ [C/m 3 ] is the local charge density, ϵ = ϵ 0 ϵ r [C 2 •J -1 •m -1
] is the static dielectric permittivity of the pore fluid, ϵ 0 = 8.8542 • 10 -12 C 2 • J -1 • m -1 being the dielectric constant of the vacuum and ϵ r [-] being the dielectric constant of the medium. ϕ(x, y, z) [V ] is the electric potential, defined as the work to bring a unit charge from a reference state to a specified point in the electric field. The potential ϕ in clay is negative whenever the particle surface is negatively charged.

The freedom of movement of ions type i in solution can be accounted for by Boltzmann statistics. The concentration n in a force field in equilibrium is described by:

n -= n 0 exp νeϕ kT if ϕ < 0 n -< n 0 n + = n 0 exp νeϕ kT if ϕ < 0 n + < n 0 (6.2)
where n 0 is the reference concentration taken at a considerable distance x from the surface, n -and n + are the concentrations of cations and anions respectively, ν is the valence, e e is the charge of the electron, k = 1.38 • 10 -23 JK -1 is the Boltzmann constant, T [K] is the absolute temperature.

Considering that the volume density charge is given by:

ϕ = 2c 0 νe ϵ sinh νeϕ kT (6.3)
the Poisson-Boltzmann equation under 1D conditions is obtained by combining Eq. 6.1, Eq. 6.2 and Eq. 6.3:

d 2 ϕ dx 2 = 2c 0 νe ϵ sinh νeϕ kT (6.4)
The boundary conditions to be imposed to solve Eq. 6.4 are different depending on whether constant potential or constant charge is assumed at the particle surface and whether infinitesimal or infinite thickness is considered for the two opposing particles (Figure 6.1 and Table 6.1). For the case of constant surface potential ϕ 0 , the boundary condition at the particle surface is the same for both infinitesimal and infinite thickness particles and the electrical potential between two opposing particles (0 < x < 2d) is the same irrespective of the particle thickness (infinitesimal or infinite).

For the case of constant surface charge σ [C/m 2 ], the boundary condition at the particle surface differs for infinitesimal and infinite thicknesses:

σ =σ + + σ -= -ϵ dϕ dx 0+ + ϵ dϕ dx 0- (infinitesimal thickness) σ =σ + + σ -= -ϵ dϕ dx 0+ (infinite thickness) (6.5)
where σ + is the charge on the side x > 0 and σ -is the charge on the side x < 0 Figure 6.1, the latter only exists for the case of infinitesimal thickness particles. 

x = -∞ x = 0 x = d Constant potential ϕ 0 Infinitesimal thickness ϕ(x = -∞) ϕ(0) = ϕ 0 dϕ dx d = Infinite thickness -- ϕ(0) = ϕ 0 dϕ dx d = Constant charge σ Infinitesimal thickness ϕ(x = -∞) σ = -ϵ dϕ dx 0+ + ϵ dϕ dx 0- dϕ dx d = Infinite thickness -- -ϵ dϕ dx 0+ dϕ dx d =

Numerical solution of the PB non-linear equation

The PB equation (Eq. 6.4) is non-linear and must be solved numerically. It is convenient to introduce the non-dimensional electrical potential y and the nondimensional distance ξ [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF]:

y = νeϕ kT (6.6) ξ = Kx (6.7)
Where K [m -1 ] is the reciprocal of the Debye length, which describes the thickness of the double layer. Indeed, the surface potential roughly exponentially decays with distance from the surface, and the centre of gravity of the diffuse charge is at a distance x = 1/K. K can be defined as:

K = 2n 0 e 2 ν 2 ϵkT (6.8)
The non-dimensional PB equation is therefore written as follows:

d 2 y dξ 2 = sinh y (6.9)

Coulombic interaction

The solution of this equation is detailed in Appendix B and is summarised hereafter. In the region [0 < x < d], the non-dimensional electrical potential y + = y + (ξ) is determined numerically via the elliptic integral

y + z dy √ 2 cosh y -2 cosh u = -ξ (6.10)
where z and u are the non-dimensional electrical potentials at the surface and mid-distance respectively (ϕ 0 and ϕ d being the 'dimensional' electrical potentials at the surface and mid-distance respectively):

z = νeϕ 0 kT (6.11) u = νeϕ d kT (6.12)
Solutions to Eq. 6.10 require resolving the mid-distance potential u, which is determined via the following elliptic integral for given mid-distance d:

u z dy √ 2 cosh y -2 cosh u = -ξ d (6.13) with ξ d = -Kd.
The electrical charge σ + on the side x > 0 is then given by:

σ + = -ϵ dϕ dx 0+ = ϵ kT νe K dy dξ 0 = (2ϵn 0 kT ) (2 cosh z -2 cosh u) (6.14)
In the region ]-∞<x<0], the non-dimensional electrical potential y -= y -(ξ) is determined via the following closed-form solution:

exp y 2 = exp z 2 + 1 + exp z 2 -1 exp (-ξ) exp z 2 + 1 -exp z 2 -1 exp (-ξ) (6.15)
with the electrical charge σ -on the side x<0 given by:

σ -= 8n 0 ϵkT sinh z 2 (6.16)
For the case of constant potential ϕ 0 , the non-dimensional potential at the surface z is calculated via Eq. 6.11 and substituted in Eq. 6.10, Eq. 6.13 and Eq. 6.15 for the case of infinitesimal thickness or just Eq. 6.10 and Eq. 6.13 for the case of infinite thickness.

For the case of constant surface charge σ and infinitesimal thickness, the potential z at the surface is an unknown and is derived by solving the following Eq. 6.17 in conjunction with Eq. 6.13 to derive z and u simultaneously:

σ = σ + + σ -= 4n 0 ϵkT (cosh z -cosh u) + 8n 0 ϵkT sinh z 2 (6.17)
For the case of constant surface charge σ and infinite thickness, the potential z at the surface is an unknown and is derived by solving the following Eq. 6.18 in conjunction with Eq. 6.13 to derive z and u simultaneously:

σ = σ + = 4n 0 ϵkT (cosh z -cosh u) (6.18)

Poisson-Boltzmann linearised equation

For low electrical potential (ϕ<25mV as a first approximation), one can write:

sinh νeϕ kT ≃ νeϕ kT (6.19)
which leads to the linearised Poisson-Boltzmann equation:

d 2 ϕ dx 2 = K 2 ϕ (6.20)
This equation admits the following solution:

ϕ = C 1 exp (Kx) + C 2 exp (-Kx) (6.21)
with C 1 and C 2 constants to be determined by imposing relevant boundary conditions.

Analytical solutions of the PB equation are developed in Appendix B and are summarised hereafter.

In the region ]-∞<x<0], the solution is presented in the reference system x ′ with x ′ = -x. 

ϕ + [0 < x < d] ϕ -[0 < x ′ < ∞] Constant charge Infinitesimal thickness ϕ 0 exp(Kx) + exp(2Kd) exp(Kx) 1 + exp(2Kd) ϕ(0)exp(-Kx ′ ) Infinite thickness ϕ 0 exp(Kx) + exp(2Kd)exp(-Kx) 1 + exp(2Kd) -- Constant charge Infinitesimal thickness 1 2 σ ϵK [exp(-2Kd)exp(Kx) + exp(-Kx)] 1 2 σ ϵK [1 + exp(-2Kd)] exp(-Kx ′ ) Infinite thickness σ ϵK exp(Kx) + exp(2Kd)exp(-Kx) exp(2Kd) -1 --

Free energy (Grand Potential) and interaction pressure

Following [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF], the free energy of the EDL is formulated in terms of Grand Potential Ω

Ω = U -T S F - V i µ i c i (6.22)
where U is the (electrostatic) internal energy, T is the absolute temperature, S is the entropy, F is the Helmholtz free energy, mu i and n i are the chemical potential and the concentration of the i th ion type, and V is the system volume.

The internal energy can be expressed as follows [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF]:

U = V 1 2 ϕ e ϕdV + B j 1 2 q j ϕ j dB -U charge (6.23)
where B represents all the boundaries indexed by j, ρ e = i νen i is the local charge density, ϕ is the electrical potential, ϕ j is the electrical potential at the j th surface, and U charge is the energy required to charge the surfaces. At constant potential, the electrical charge at the particle surface adjusts to maintain constant surface electrical potential, which requires energy input. [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF] assumes the U charge be quantified via Eq. 6.24 for the case of constant potential. U charge is nil for constant surface charge.

U charge = B j 1 2 q j ϕ j dB (constant potential) U charge =0 (constant charge) (6.24)
The second term in Eq. 6.22 is given by:

T S = -kT V i log a 3 n i + a 3 -n + -n -log 1 - i a 3 n i dV (6.25)
where a is the size of the ions (assumed to be the same for all ions). The third term in Eq. 6.22 can be expressed by the following equations:

µ i = ν i eϕ + kT log a 3 n i 1 -i a 3 n i (6.26
)

n i = n i0 exp - ν i eϕ kT 1 1 + i a 3 n i0 exp - ν i eϕ kT -1 (6.27)
For the case of dilute ion concentrations (a 3 n i ≪ 1) and assuming n +0 = n -0 = n 0 , the following approximations hold:
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µ =νeϕ + kT log(c i ) n i =n i0 exp - ν i eϕ kT (6.28)
By replacing Eq. 6.23, Eq. 6.25, and Eq. 6.28 into Eq. 6.22 and defining Ω 0 as the grand potential in the reservoir, one can derive the expression of the Grand Potential:

Ω -Ω 0 = - V ϵ 2 |∇ϕ| 2 + kT i (n i -n 0 ) d 3 r + B j q j ϕ j d 2 r j -U charge (6.29)
The 'osmotic' term in the second integral can be, in turn, expressed as a function of the electrical potential:

i n i n 0 -1 = 2 cosh νeϕ kT -1 (6.30)
As a result, resolving the PB equation for the electrical potential ϕ enables the calculation of the Grand Potential via Eq. 7.4 and Eq. 6.30 To derive closed-form solutions of the Grand Potential Ω-Ω 0 , it is worth considering the case of infinite particles in parallel configuration and the case of low surface charge/potential (which also allows the linearisation of the PB equation). Under such assumptions, Eq. 6.30 can be written as follows:

i c i c 0 -1 ≃ νe kT 2 ϕ 2 (6.31)
and Eq. 7.4 takes the following forms:

Ω -Ω 0 A =2qϕ 0 - d 0   ϵK 2 ϕ 2 inside + ϵ dϕ inside dx 2   dx+ - ∞ 0   ϵK 2 ϕ 2 outside + ϵ dϕ outside dx ′ 2   dx ′ (constant charge) (6.32) Ω -Ω 0 A = - d 0   ϵK 2 ϕ 2 inside + ϵ dϕ inside dx 2   dx+ - ∞ 0   ϵK 2 ϕ 2 outside + ϵ dϕ outside dx ′ 2   dx ′ (constant potential) (6.33)
where A is the unit area. By substituting the solutions of the linearised PB equation given in Table 6.2 into Eq. 7.5 and Eq. 7.6 for constant charge and 6.3 Van der Waals interaction constant potential, respectively, the expressions for the Grand Potential can be easily derived as shown in Table 6.3. Table 6.3 also shows the interaction pressure obtained by differentiating the Grand Potential:

p = - d dD Ω -Ω 0 A (6.34) Interaction Grand Potential Ω -Ω 0 A Interaction pressure p Constant potential Infinitesimal thickness -ϵKϕ 2 0 tanh K 2 D 1 2 ϵK 2 ϕ 2 0 1 cosh K 2 D Infinite thickness Constant charge Infinitesimal thickness 1 2K σ 2 ϵ [1 + exp(-2Kd)] 1 2 σ 2 ϵ [exp(-2Kd)] Infinite thickness σ 2 + ϵK coth K 2 D σ 2 + ϵ 1 sinh 2 K 2 D
Table 6.3: Interaction Grand Potential and interaction pressure for infinite parallel particles stemming from linearised PB equation (D=interparticle separation).

Van der Waals interaction

Van der Waals forces are attractive intermolecular forces originating from the correlated motion of electrons and the interaction of instant dipoles in adjacent atoms and molecules [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]. When two atoms come to the finite separation r, the electromagnetic fields emanating from the moving charges of each atom act on the other atom as well as on the intervening medium, perturbating the charges fluctuation and originating an "electrodynamic" or "van der Waals-dispersion" force [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]. The electrodynamic work, or van der Waals energy, to bring two atoms to a finite separation r from an infinite separation in a medium depends on the difference in the dielectric susceptibilities of each atom and the medium. The difference in dielectric response of two materials creates an electromagnetic interface, and the van der Waals energy depends on the distance r between the interfaces [START_REF] Parsegian | Van der Waals forces: A handbook for biologists, chemists, engineers, and physicists[END_REF]. [START_REF] Casimir | The influence of retardation on the london-van der waals forces[END_REF] showed that for frequencies corresponding to wavelengths lower than 10 Å, the van der Waals energy between two atoms is purely attractive and in the form of

u vdW,atom-atom (r) = - 3α 2 0 hν 4(4πϵ 0 ) 2 ) 1 r 6 = - C r 6 (6.35)
where r is the atomic separation distance, alpha 0 = 4πϵ 0 R 3 is the electronic polarizability of a one-electron atom of radius R, ϵ 0 is the vacuum dielectric permittivity, ν = 3.3 • 10 15 s -1 the orbiting frequency of the electron, h is the Planck constant so that hν = 2.2 • 10 -18 J is the energy needed to ionise the atom. [START_REF] Hamaker | The london -van der waals attraction between spherical particles[END_REF], following the work of de Boer (1936), used the pairwise summation approximation to calculate from Eq. 6.35 the van der Waals interaction energy for pairs of large bodies. Under the assumption of additive interaction, one may integrate the interaction energy of all the atoms in one body with all the atoms in the other. de [START_REF] De Boer | The influence of van der waals' forces and primary bonds on binding energy, strength and orientation, with special reference to some artificial resins[END_REF] shows that, when summed over the volumes of two parallel planar blocks whose separation D is smaller than their depth and lateral extent (semi-infinite planar bodies, Figure 6.2a), the -C/r 6 energy becomes an energy per unit surface area that varies as the inverse square of the separation D:

U vdW,surf ace-surf ace (r) = - πCρ 1 ρ 2 12D 2 = - A 12πD 2 (6.36)
where A = n 2 Cρ 1 ρ 2 is the conventional Hamaker constant [START_REF] Hamaker | The london -van der waals attraction between spherical particles[END_REF]. Appendix C details the integration of Eq. 6.35 for semi-infinite planar bodies to obtain Eq. 6.36.

(6.36) represents the van der Waals energy between one pair of infinitely extended interfaces across a distance D (Figure 6.2a). In the case of two infinitely extended parallel slabs of thickness a (Figure 6.2b), there are four pairs of interacting interfaces, each with its separation distance. As a result, the total van der Waals interaction energy per unit surface area, U vdW , is the sum of the interaction energy of each pair of interacting surfaces [START_REF] Parsegian | Van der Waals forces: A handbook for biologists, chemists, engineers, and physicists[END_REF]:

U vdW,slab-slab (r) = - A 12πD 2 - A 12π(D + a) 2 - A 12π(D + a) 2 - A 12π(D + 2a) 2 = = - A 12π 1 D 2 - 2 (D + a) 2 + 2 (D + 2a) 2
(6.37) Figure 6.3 shows the comparison of the total van der Waals interaction energy for two semi-infinite bodies (Eq. 6.36) and two infinitely extended parallel slabs of different thicknesses, a (Eq. 6.37). The van der Waals energy between two infinitely extended parallel slabs deviates from the solution for two semi-infinite bodies for a<10nm. tion derived by solving the rigorous (Eq. 6.1) and the approximate (Eq. 6.20) PB equation. The solutions practically coincide at low surface charge (σ=0.15 mC/m 2 ), whereas the linearised solution underestimates the electrical potential at high surface charge (σ=2 mC/m2). It is worth noting that the approximate solution still adequately captures the electrical potential from a qualitative standpoint. Figure 6.5 compares the electrical potential generated by constant-potential infinite plates with infinitesimal thickness in parallel configuration derived by solving the rigorous and approximate PB equation. The solutions practically coincide at low surface potential (ϕ 0 =10mV), whereas the linearised solution overestimates the electrical potential at high surface potential (ϕ 0 =100mV=2mC/m 2 ). Again, it is worth noticing that the approximate solution still adequately captures the electrical potential qualitatively.

Results

Rigorous versus approximate solution of the PB equation

The Coulombic interaction energy for constant charge and infinitesimal thick- ness (determined via Eq. 7.6) is shown in Figure 6.6. At high surface charge, the approximate solution adequately captures the interaction energy from a qualitative standpoint (although not quantitatively). In particular, the rigorous and approximate solutions return the same trend for the derivative, i.e., the interaction pressure. Similar conclusions are drawn for the case of constant potential (via Eq. 7.6) as shown in Figure 6.7. Therefore, the analysis of Coulombic interactions will be limited to the approximate solution hereafter. 

Coulombic interaction pressure

The interaction pressures derived via Eq. 6.34 and presented in Table 6.3 for the linearised PB equation are shown in Figure 6.8 for constant potential and constant charge respectively (and infinitesimal and infinite thickness). At constant potential, the infinitesimal and infinite thickness solutions coincide (Figure 6.8a). This is because the electrical potential outside the plates, in the case of infinitesimally thick particles, does not change with the separation distance and does not contribute to the derivative of the Grand Potential. It is interesting to analyse two extreme cases, zero separation distance (D→0) and zero electrolyte concentration (K→0), as shown in Figure 6.8a. At zero separa-Chapter 6 Revisiting DLVO theory to inform particle-scale modelling of clays tion distance, the Coulombic repulsion pressure attains a finite value (Figure 6.8a and Table 6.4), i.e., face-to-face aggregation can be triggered by any external mechanical pressure that exceeds the maximum 'finite' interaction pressure. In other words, there is no need to invoke van der Waals forces to activate face-to-face aggregation. If the electrolyte concentration tends to zero, the interaction pressure drops to zero (Table 6.4). This would imply that even small external pressures would be sufficient to create massive face-to-face aggregation, an outcome not very intuitive. At constant charge, the solutions for infinitesimal and infinite thickness are profoundly different (Figure 6.8b). For infinite thickness, the interaction pressure tends to infinite as the separation tends to zero (see also Table 6.4 for D→0). This would imply that no face-to-face aggregation is possible unless van der Waals forces activate at close separation distances. On the other hand, the maximum interaction pressure (D→0) is finite for the case of infinitesimal thickness, a 'geometry' that best approximates clay particles typically having a thickness at least one order of magnitude smaller than their width. Again, there is no need to invoke van der Waals forces to activate face-to-face aggregation; it is simply sufficient that the external pressure exceeds the maximum Coulombic repulsion.

2d [nm] 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 p / (σ 2 /2ε) p / (Ψ 0 2 K 2 ε [-] ) [-]
In this respect, there is no qualitative difference between the conditions of constant potential and constant charge for infinitesimal thickness particles, as both return finite maximum repulsion pressure at D→0, thus resolving the uncertainty about whether Coulombic clay particle interactions should be analysed by assuming constant surface charge or constant surface potential. Finally, it is worth observing that the maximum interaction pressure for either D→0 (zero separation distance) and K→0 (zero electrolyte concentration) reduces to the value 

σ 2 ϵ 1 2 σ 2 ϵ
Infinite thickness ∞ ∞ Table 6.4: Interaction pressure at zero separation distance and zero electrolyte concentration (approximate solution).

derived in electrostatics for single parallel sheets uniformly charged.

Reconciling pressure and energy approach

The calculation of the repulsive force between particles has often been derived in the literature by directly considering the contributions of excess osmotic pressure and Maxwell's stress. This section aims to reconcile the force and energy approaches. According to [START_REF] Shang | Calculation of the repulsive force between two clay particles[END_REF], the repulsion force can be calculated by integrating Maxwell's stress and excess osmotic stress on a closed surface Σ as follows:

f y = (∆Πn i -σ ij n j ) dΣ (6.38)
where ∆Π is the excess osmotic stress and σ ij is the Maxwell's stress. In turn, Maxwell's stress is defined as:

σ ij = ϵ E i E j - 1 2 E 2 δ ij (6.39)
where ϵ is the dielectric permittivity in the electrolyte,E i is the electric vector field with magnitude E and δ ij is the Kronecker symbol. According to Faraday's law, the electric vector can be related to the electric potential ϕ as follows:

E i = -∇ϕ (6.40)
The repulsive osmotic force between clay particles arising from the non-uniform counterion concentration in the clay-electrolyte solution system can be expressed as follows [START_REF] Shang | Calculation of the repulsive force between two clay particles[END_REF]:

∆Π = kT n = kT 2n 0 cosh νeϕ kT (6.41)
where k is the Boltzmann's constant, T is absolute temperature, n is the total local bulk concentration for all ion species in the equilibrium, n 0 is the background electrolyte concentration, e is elementary electric charge, and ν is the valence of ions in the liquid phase. By considering Eq. 6.39, Eq. 6.40 and Eq. 6.41, Eq. 6.38 can be solved analytically for the case of two parallel infinitely extended sheets of infinitesimal thickness, considering the boundary conditions pictured in Figure 6.9:

f y = 1 (∆Πn y -σ yy n y -σ yx n x ) dΣ 1 + 2 (∆Πn y -σ yy n y -σ yx n x ) dΣ 2 + + 3 (∆Πn y -σ yy n y -σ yx n x ) dΣ 3 + 4 (∆Πn y -σ yy n y -σ yx n x ) dΣ 4 (6.42)
where f y is the interaction force between the two plates directed along the y-axis. Eq. 6.42 leads to:

p = f y A = -2n 0 kT cosh νeϕ 1 kT (6.43)
where ϕ 1 is the mid-distance electrical potential, and A is the unit area. For the linearised PB equation, the mid-distance electrical potential ϕ 1 can be derived in closed form using the solutions presented in Table 6.2 and the interaction pressure can then be calculated using Eq. 6.43. As shown in Table 6.5, the interaction pressure derived from the excess osmotic stress and Maxwell's stress coincides with the interaction pressure derived from the energy approach as shown in Table 6.3. Figure 6.9: Geometrical model for calculating repulsive forces between two parallel infinitely extended sheets of infinitesimal thickness.

DLVO

The total interaction energy, U t [J/m 2 ], between two colloidal particles is the sum of the van der Waals contribution, U vdW [J/m 2 ], and Coulomb electrostatic 6.5 Discussion and conclusions Mid-distance potential, ϕ 1 Interaction pressure, p

Constant potential Infinitesimal thickness ϕ 0 1 cosh (KD) 1 2 ϵK 2 ϕ 2 0 1 cosh 2 K 2 D Infinite thickness Constant charge Infinitesimal thickness σ ϵK exp - K 2 D 1 2 σ 2 ϵ [exp (-KD)] Infinite thickness σ 2 + ϵK 1 sinh K 2 D 1 2 σ 2 + ϵ 1 sinh 2 K 2 D
Table 6.5: Mid-distance potential from linearised PB equation and interaction pressure derived from excess osmotic stress and Maxwell's stress.

contribution, U Edl = (Ω -Ω 0 ) /A -U 0 , with U 0 being the Coulombic free energy at infinite separation distance [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF]. Figure 6.10 presents the energy-surface separation distance plot for two infinite parallel sheets of infinitesimal thickness in an electrolyte solution.

Qualitatively, there is a good agreement between the two curves in Figure 6.10, even though the decay of the electrostatic term seems sharper for parallel sheets at constant surface charge.

Although the surface potential in both examples is ≃100 mV, a significant quantitative difference exists in the energy barrier calculated at constant surface charge and surface potential. The energy barrier at constant charge potential is 1.7 times larger than the one estimated at constant surface potential. As a result, for a proper quantitative analysis, the choice of adequate boundary conditions becomes important at the modelling stage.

Discussion and conclusions

This chapter presented the formalism based on variational calculus to estimate the electrostatic free energy of EDLs. While some of the results presented here are not new, it systematically reconciled the thermodynamic variational method with the force method often employed to determine the constitutive relation between interacting particles in discrete element modelling. The aim was to disentangle the different approaches proposed in the literature and lay the analytical foundations for developing electrochemically-consistent interaction energy functions for particle-based Coarse-Grained Molecular Dynamics (CGMD) models.

The results highlighted some important features of particle-to-particle interaction that could be essential in accurately describing colloidal systems in discrete element modelling. The main finding of the presented results is that when the inter-particle distance approaches 0, the electrostatic interaction pressure between two infinite sheets of infinitesimal thickness in an electrolyte solution converges to a finite value. This result is not entirely surprising as it is consis- tent with the purely electrostatic repulsion between two infinite charged sheets in vacuum (Poisson's equation). In the limit of the concentration of ions, n, going to 0, the effect of the EDLs becomes negligible, and the interaction tends to a purely electrostatic repulsion. This translates into the equivalence of Poisson's and Poisson-Boltzmann's equation when D → 0.

A direct implication of the latter finding is that van der Waals forces do not need to be invoked to generate an energy barrier which allows inter-particle contact. Contact occurs whenever the externally applied pressure overcomes the interaction pressure at zero separation distance. At the modelling stage, the energy-separation function can be simplified substantially if van der Waals forces are not required, enabling more efficient numerical computation. In this sense, this chapter provided guidelines for choosing a suitable energy/force-separation function that qualitatively catches the main features of colloidal particle interaction.

Prior attempts to simulate the mechanical behaviour of a system of clay particles have used either DEM [START_REF] Anandarajah | Numerical study of the electrical double-layer repulsion between non-parallel clay particles of finite length[END_REF]Yao and Anandarajah, 6.5 Discussion and conclusions 2003;[START_REF] Bayesteh | Numerical simulation of porosity and tortuosity effect on the permeability in clay : Microstructural approach[END_REF][START_REF] Jaradat | Computers and geotechnics on the use of discrete element method for multi-scale assessment of clay behavior[END_REF] or CGMD [START_REF] Léger | Monte carlo simulations of charged platelet systems monte carlo simulations of charged platelet systems[END_REF][START_REF] Ebrahimi | Multiscale modeling of clay-water systems[END_REF][START_REF] Mei Sun | A coarse-grained water model for mesoscale simulation of clay-water interaction[END_REF][START_REF] Kang | Wettability of clay aggregates-a coarse-grained molecular dynamic study[END_REF][START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF]. Except for [START_REF] Anandarajah | Numerical study of the electrical double-layer repulsion between non-parallel clay particles of finite length[END_REF] and [START_REF] Yao | Three-dimensional discrete element method of analysis of clays[END_REF] that make use of the Langmuir osmotic pressure as the fundamental interaction between two 2D clay platelets, it is common practice to employ a fictional potential for the description of the total particle interaction energy or solely of the electrostatic free energy. A model calibration against a known pair potential energy field is therefore required. The lack of systematic experimental characterisation of the evolution of clay micro-structure does not allow calibration of these functions versus experimental observations. On the contrary, model calibration is usually performed by fitting the separation energy data in edgeto-edge and face-to-face particle configuration given either by the DLVO theory [START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF] or by fully atomistic MD simulations [START_REF] Ebrahimi | Multiscale modeling of clay-water systems[END_REF]. The current chapter represents a solid benchmark for adequately calculating the DLVO interaction energy/force to calibrate the energy/force-separation function of clay particle-scale discrete models.

The DLVO approach provides a convenient framework for developing/calibrating energy-separation functions for systems of clay particles. It is essential to acknowledge that it embeds the inter-particle dominant physical forces, which should lead to an accurate qualitative description of particle interaction. Moreover, it directly accounts for the effect of temperature and pore-fluid chemistry (via the pore fluid's dielectric permittivity and electrolyte concentration). As a result, it inherently allows the modelling of thermal and environmental loading. In the next chapter, the analytical and numerical analysis presented in this chapter will be expanded to numerically compute the DLVO interaction energy and pressure for rectangular clay platelets of finite particle size. In this context, the effect of temperature changes on particle-to-particle interaction will be carefully investigated for selected particle relative orientation. The goal is to formulate a microscopic conceptual model at the particle scale to describe the thermomechanical clay response.

Chapter 7 Evaluation of Gay-Berne interaction potential to simulate 3D DLVO interaction of finite clay particles

Chapter 6 has proven that the DLVO approach provides a convenient framework for developing a force/energy-separation function to describe clay particle interactions. The study focused on defining the 1D interaction energy between two infinitely extended parallel slabs. However, one must account for an energy separation function defined over a 6-dimensional space to model the 3D finite clay particle interaction effectively.

Over the past two decades, Molecular Dynamics (MD) has been employed to investigate the energy 6-dimensional hypersurface between finite colloidal particles at the atomistic scale. However, a fully atomistic clay model would require a digital representation of each atom present in the clay particles and each molecule and ion composing the saturating fluid. As a result, an MD atomistic simulation of a cluster of clay particles would require calculating millions of interactions.

One of the available options to reduce the computational cost of an MD simulation is Coarse-Grained Molecular Dynamics (CGMD). Atoms merge into a single clay sub-particle [START_REF] Kutter | Structure and phase behavior of a model clay dispersion: A molecular-dynamics investigation[END_REF][START_REF] Odriozola | Brownian dynamics simulations of laponite colloid suspensions[END_REF][START_REF] Liu | Simulation of cluster formation from kaolinite suspensions[END_REF][START_REF] Sjoblom | Coarse-grained molecular dynamics approach to simulating clay behavior[END_REF] neglecting the interatomic interactions within each sub-particle. To quantitatively link micro-scale mechanisms to the complex macroscopic clay behaviour, the particle size must be large enough to allow the digital representation of the whole macroscopic system. Few studies propose to scale up the MD model to the submicron length scale, where the model elementary unit is one clay platelet modelled as a rigid ellipsoidal [START_REF] Ebrahimi | Mesoscale properties of clay aggregates from potential of mean force representation of interactions between nanoplatelets[END_REF][START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF] or cuboidal [START_REF] Jaradat | Computers and geotechnics on the use of discrete element method for multi-scale assessment of clay behavior[END_REF] element.

Particle-scale simulation tools where clay particles are modelled as single elements can be highly computationally efficient. However, they require the definition of interparticle forces (or interaction energy functions) in space and their dependency on the electrochemical properties of the particle surface. Researchers DLVO interaction of finite clay particles have speculated about the nature of inter-particle forces. According to [START_REF] Sridharan | Mechanism controlling volume change of saturated clays and the role of the effective stress concept[END_REF], non-active clay particles interact through contact and non-contact forces. Contact forces result from body friction between particles in touch, often referred to as mechanical forces. Non-contact forces are electrochemical forces such as Coulombic repulsion/attraction forces associated with the electrically-charged particle surface and van der Waals attraction forces [START_REF] Lambe | Soil Mechanics[END_REF][START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF].

Ultimately, mechanical forces are linked to the interactions of electrons at or near surfaces. Normal forces directly result from the Pauli exclusion principle, which states that no two electrons can occupy the same state. Therefore, when two electron clouds of two atoms are brought near each other, they experience a repulsive force known as Pauli or Born repulsion. On the other hand, friction at the atomic level is associated with the loss of energy (and consequent generation of heat) steaming from the chemical bonds rupture between interacting atoms. The atomic-level origin of friction, studied by nanotribology, is still unclear. It is common practice to assume the frictional force to be proportional to the applied normal force, independently of the contact area (Coulomb approximation). As a result, for contacting particles in discrete modelling, the short-range mechanical forces (generally active within an interparticle distance of less than 1 nm) are modelled by Hookean linear or non-linear springs in the normal and tangential direction to mimic the Born repulsion [START_REF] Sjoblom | Coarse-grained molecular dynamics approach to simulating clay behavior[END_REF][START_REF] Yao | Three-dimensional discrete element method of analysis of clays[END_REF].

The characterisation of the electrochemical interaction between single-site particles is also controversial. The total electrochemical interaction energy, U t [J], between two charged colloidal particles is assumed to be the sum of the van der Waals, U vdW [J], and Coulombic electrostatic, U Edl [J], contribution. The constitutive relationship to be implemented in any particle-scale simulation tool is the analytical description of the variation in total energy with particle surface separation and relative orientation. However, an explicit definition of an interaction law is hard to find as U t is described by a hypersurface of 6 th order:

U t (x, y, z, θ, ϕ, ψ) (7.1) where x [nm],y [nm],z [nm],θ [°],ϕ [°] and ψ [°]
are the six degrees of freedom associated with the relative configuration of two particles. The hypersurface depends on geometrical parameters, including the characteristic dimension of the particles, L 1 [nm] and L 2 [nm], respectively, and electrochemical properties, including the Hamaker constant, A H [J]. Besides, U t must account for the temperature, pH, electrolyte concentration and polarity of the fluid.

Existing approaches to model clay with 3D discrete simulations usually employ the Gay-Berne (GB) potential [START_REF] Lennard-Jones | Cohesion[END_REF]) to describe the interaction potential energy between clay particles. The GB potential allows for simulations of three-dimensional systems containing ellipsoids of various aspect ratios interacting at different orientations and distances of their barycentre. However, the GB model parameters do not have a clear physical meaning and must be calibrated against known interaction energy for a pair of particles. Two main DLVO interaction of finite clay particles calibration approaches can be found in the literature: [START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF] fits the separation-energy relationship for oblate ellipsoids in face-to-face and edgeto-edge configurations based on the DLVO closed-form solution derived for two infinite uniformly charged parallel particles [START_REF] Derjaguin | Theory of the stability of strongly charged lyophobic soils and of the adhesion of strongly charged particles in solutions of electrolytes[END_REF][START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF]. [START_REF] Ebrahimi | Mesoscale properties of clay aggregates from potential of mean force representation of interactions between nanoplatelets[END_REF] and [START_REF] Honório | Hydration phase diagram of clay particles from molecular simulations[END_REF] employ fully atomistic simulations of 'single-layer' clay particles with an aspect ratio of 1:5 and experimental data obtained from Atomistic Force Measurements (AFM). Therefore, both these calibration approaches are limited by over-simplistic assumptions about particle geometry used to derive the energy-separation function.

The Poisson-Boltzman (PB) equation is non-linear and can be solved analytically only when considering infinitely long plates in parallel configuration (onedimensional condition) and low surface potential/electrical charge (enabling the Debye-Hückel linearisation of the PB equation, Chapter 6). However, the assumption of infinite plates ignores the interaction forces arising at the platelet ends, which play a crucial role when clay particles arrange in an edge-to-face configuration. To understand particle orientation's role in colloidal systems' behaviour, conducting a 3D analysis of EDLs interaction at any given relative orientation is significant.

This study aims to develop a DLVO-consistent energy interaction function that accounts for the finite size of particles and the six degrees of freedom of the relative particle configuration (6th-order hypersurface). To this end, it first investigates the energy-separation function for elementary particle configurations based on the DLVO theory. The energy-separation function is derived for squared platelets considered rigid, uniformly charged, and with infinitesimal thickness. The electrostatic component, U Edl , is computed by numerically solving the nonlinear 3D PB equation with the Finite Element (FE) method using the FE code COMSOL. The van der Waals component is calculated analytically by integrating the fundamental molecule-to-molecule interaction over two flat plates at any given relative orientation. The quality of the 'home-made' derivation of the DLVO interaction energy is verified against the analytical DLVO formulation for infinite plates and low surface electrical potential/charge provided by [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF].

The newly derived DLVO-based interaction energy function for three elementary configurations (face-to-face, edge-to-edge and edge-to-face) is employed to i) calibrate the GB model parameters and ii) assess the performance of the GB model for a generic particle configuration by benchmarking the GB simulation against the 'home-made' DLVO solution. This allows revisiting the current GB formulations and proposes the appropriate corrections to describe satisfactorily the interaction of finite clay particles at arbitrary relative orientation.

The modified GB model proposed in this chapter will be key to developing robust Discrete Element Method (DEM) and Coarse-Grained Molecular Dynamics (CGMD) models. It can also interpret experimental data and inform "continuum" macroscopic constitutive models.
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Electrostatic Double Layer

Within the DLVO framework, the electrostatic energy, U Edl , can be computed from the electrical potential field, ϕ(x, y, z) [V ], in turn derived from the PB equation:

∇ 2 ϕ(x, y, z) = δ 2 ϕ δx 2 + δ 2 ϕ δy 2 + δ 2 ϕ δz 2 = - c 0 e ϵ exp - ν i eϕ(x, y, z) kT -exp ν i eϕ(x, y, z) kT (7.
2) where c 0 [ion/m 3 ] is the reference concentration taken at a considerable distance from the surface, k is the Boltzmann constant [k=1.38•10 -23 J K -1 ], ν is the valence, ϵ 0 is the dielectric permittivity in vacuum [ϵ 0 =8.8542•10 -12 C 2 J -1 m -1 ], ϵ r is the relative dielectric permittivity, e is the charge of the electron [e=1.602•10 -19 C], and T [K] is the absolute temperature.

The PB equation is non-linear and can be solved numerically. For the very simple geometrical configuration of infinite interacting plates in a parallel configuration, Eq. 7.2 can be solved analytically only if linearised (for the case of low surface electrical charge/potential (which enables the linearisation of the PB equation).

Under 1D conditions, Eq. 7.2 becomes:

d 2 ϕ dx 2 = 2c 0 νe ϵ sinh νeϕ kT (7.3)
Many analytical solutions of Eq. 7.3 for interacting infinitely-wide planar surfaces are available in the literature (Chapter 6). However, this geometrical simplification is no longer valid when particles arrange in an edge-to-face configuration, as it ignores the interaction forces arising at the clay platelet extremities. Therefore, a realistic 3D description of the electric potential distribution generated by finite-sized parallel plates can only be obtained by solving numerically Eq. 7.2 [START_REF] Maeda | Numerical studies on electrical interaction forces and free energy between colloidal plates of finite size[END_REF].

While there is no controversy about using the PB equation to determine the electric potential field distribution around a clay particle, deriving the free energy of interacting EDLs is not straightforward. There are several approaches proposed for the electrostatic free energy of colloidal systems. Within the framework of classical thermodynamics, [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF][START_REF] Derjaguin | On the repulsive forces between charged colloid particles and on the theory of slow coagulation and stability of lyophobe sols[END_REF], the interaction energy is associated with the 'free' energy. Once computed the electric potential distribution ϕ(x, y, z), one can calculate U Edl knowing that the thermodynamically preferred structure of an EDL is the one that minimises the variation of free energy of the system [START_REF] Gray | Nonlinear electrostatics: The poisson-boltzmann equation[END_REF]. However, choosing the most appropriate free energy (Gibbs, Helmholtz, Grand Potential, or others) is not straightforward.

According to the recent work by [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF], when two charged plates are immersed in an extensive electrolyte reservoir, it is convenient to minimise the 7.1 Clay particle interaction: DLVO theory Grand Potential Ω [J]. Assuming Ω 0 as the Grand Potential of the large reservoir of electrolyte in which the considered charged surfaces are immersed, one can compute the variation of Grand Potential, and thus the electrostatic free energy, U Edl , as [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF]:

U Edl = Ω -Ω 0 = - V ϵ 2 |∇ϕ| 2 + kT i (c i -c 0 ) d 3 r + B j
q j ϕ j d 2 r j -U charge (7.4) where V [m 3 ] is the system volume, B [m 2 ] represents all the boundaries indexed by j, ϕ(r) = ϕ(x, y, z) [V] is the distribution of electric potential in a 3D space, ϕ j [V] and q j [C/m 2 ] are the electric potential and the charge respectively at the j th surface, ρ e [C/m 3 ] is the local charge density and U charge [J] is the energy required to charge the surfaces. U charge needs to be appropriately modified to account for different boundary conditions. By definition, under constant surface charge conditions, no energy is required to charge the considered surfaces, thus U charge =0. In contrast, when the boundaries are maintained at constant surface potential, U charge ̸ =0. [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF] proposes U charge = B j q j ϕ j d 2 r j . Therefore, at constant potential, the boundary term in Eq. 7.4 vanishes [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF].

As a result, the variation of grand potential for planar surfaces at constant surface potential can be computed as:

U Edl,cp = Ω -Ω 0 = - V ϵ 2 |∇ϕ| 2 + kT c 0 i c i c 0 -1 dV (7.5)
On the other hand, for planar surfaces at constant charge (U charge = 0):

U Edl,cc = Ω -Ω 0 = - V ϵ 2 |∇ϕ| 2 + kT c 0 i c i c 0 -1 dV + 1 A B j
q j ϕ j dB (7.6) More details on the formalism based on variational calculus to estimate the electrostatic free energy of EDLs of finite colloidal particles are given in Appendix B.

Van der Waals

The interaction energies for pairs of bodies of different geometries can be derived starting from Eq. 6.35. Under the assumption of additive interaction, one may integrate the interaction energy of all the atoms in one body with all the atoms in the other. Let us consider two colloidal platelets. Assuming that the atoms of the two platelets are distributed according to two continuous functions of position ρ 1 and ρ 2 , take two atoms i and j belonging to particle one and particle 2, respectively, with r ij their separating distance and u ij their pair potential, the total interaction potential can be written as:
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U vdW = V 1 V 2 ρ 1 ρ 2 u(r)dV 1 dV 2 (7.7)
where V 1 and V 2 are the volumes of the colloidal particles. Eq. 7.7 is written assuming that one atom is associated with the elementary mass ρ dV.

Regardless of the geometry of the two particles, the problem reduces to the integral in Eq. 7.7 where u(r) corresponds to the pair-potential U vdW (r) defined in Eq. 6.35. According to [START_REF] Hamaker | The london -van der waals attraction between spherical particles[END_REF], u(r) is negative and, thus, attractive as the net force between colloidal particles is always attractive.

Eq. 7.7 has been solved for different geometries [START_REF] Parsegian | Van der Waals forces: A handbook for biologists, chemists, engineers, and physicists[END_REF] in terms of the Hamaker constant, A H .

Here, we shall discuss the case of two finite squared parallel platelets of a negligible thickness (Figure 7.1).

x (0,0,0) The attractive pair-energy between two squares with sides of length L separated by a distance z can be computed by choosing a point P (x P , y P , z) on the first square and calculating its energy potential with respect to the second square. One can then integrate l and m over the first square. The distance between the point (x P , y P , z) and the second square is r = √ x 2 + y 2 + z 2 . Therefore, the vdW interaction energy potential between the two aligned squares can be computed as:

U vdW = - A H π 2 L 0 dm L-m -m dy L 0 dl L-l -l 1 (x 2 + y 2 + z 2 ) 3 dx ∼ 1 z 3 (7.8)
After integration of Eq. 6.35, U vdW roughly decays as 1/z 3 and not anymore as 1/z 6 as in the case of atom-to-atom interaction.

7.1 Clay particle interaction: DLVO theory Details on the integral computation in Eq. 7.8 are given in Appendix C. The attractive pair interaction energy can be computed for any relative orientation between two squared plate-like particles. The derivation for a generic particle configuration is also shown in Appendix C.

Derivation of the DLVO-consistent energy-separation function

The total interaction energy, U t , between two charged colloidal particles is the sum of the van der Waals contribution, U vdW , and Coulomb electrostatic contribution, U Edl . Figure 7.2 presents a schematic of the energy-surface separation distance plot for two finite, rigid, and uniformly charged particles in a generic configuration in space. When particles are in suspension in an electrolyte solution (at a considerable distance), the two EDLs do not interact, and the system's total energy does not significantly vary (U t ≃ 0). As particle separation decreases and particles start approaching each other, the repulsion due to the interaction of the double layers appears to dominate over van der Waals attraction. The curves show a more or less pronounced maximum termed energy barrier [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]. If sufficiently high, the resulting energy potential barrier will prevent the particles' DLVO interaction of finite clay particles agglomeration, and the colloidal system will behave as a stable sol. On the contrary, if the external energy applied to the particle system overcomes the energy barrier, the Van der Waals potential starts prevailing over the Coulombic repulsion. If the energy input is higher than the energy barrier, Figure 7.2 seems to predict the development of an infinite attractive force and a separation distance tending to zero. However, Born repulsion activates at low separation distances. This generates positive (repulsion) energy, enabling equilibrium with the external energy input at a non-zero separation distance. Born repulsion is omitted here for simplicity. Particle contact occurs in the region of separation distances lower than the distance associated with the energy barrier.

Gay-Berne potential

The GB potential is a 3D modified form of the Lennard-Jones (LJ) potential [START_REF] Lennard-Jones | Cohesion[END_REF] and was first introduced by [START_REF] Gay | Modification of the overlap potential to mimic a linear site-site potential[END_REF] to evaluate the interaction of two rigid, ellipsoidal particles. The LJ potential has been widely used in molecular dynamics simulations to approximate the distancedependent energy of interaction between spherical atoms/molecules in a fluid. The LJ energy potential (Figure 7.3) governs the strength of the interaction and repulsion for a pair of atoms i and j as a function of the centre-to-centre distance between them r ij . The LJ analytical form is given as follows:

U LJ (r ij ) = 4ϵ       σ r ij 12 BornRepulsion - σ r ij 6 vdW Attraction       (7.9)
where ϵ [J] denotes the depth of the attractive well and is related to the minimum of the potential energy, σ [nm] is the distance at which the potential U LJ =0.

The total intermolecular pair potential is obtained by summing an attractive term ∼ 1/r 6 ij and a repulsive term ∼ 1/r 12 ij (Eq. 7.9). The term ∼ 1/r 12 ij dominates at short distances and corresponds to the Born repulsion between the atoms' overlapping electron clouds. These repulsive forces are characterised by very short ranges and increase sharply as two molecules approach each other. The repulsive potential can be described by a power low potential where the exponent is usually taken equal to 12.

The attractive term ∼ 1/r 6 ij represents the van der Waals contribution. According to the dispersion interaction energy between two identical atoms or molecules [START_REF] London | The general theory of molecular forces[END_REF], in the non-retarded regime, the attractive energy decays as r -6 ij (Eq. 6.35). Since the potential decays asymptotically to zero at a considerable distance, the energy between particles is usually considered zero when the distance between them is larger than a specific threshold value, which is called the cut-off distance and is denoted by r cut . The truncation of the potential decreases the computa- tional cost needed to perform a simulation by reducing the number of particles that each particle interacts with. The Gay-Berne (GB) potential [START_REF] Gay | Modification of the overlap potential to mimic a linear site-site potential[END_REF] can be seen as an anisotropic and shifted version of the LJ 12-6 interaction suitable for uniaxial (elongated) particles, where the LJ parameters, ϵ and σ, depend on the mutual orientation of the two units and their inter-particle vector. [START_REF] Gay | Modification of the overlap potential to mimic a linear site-site potential[END_REF] carried out several simulations to determine a new potential form specifically for non-spherical units, where the interaction energy depends on the minimum distance between the units and their relative orientation. [START_REF] Gay | Modification of the overlap potential to mimic a linear site-site potential[END_REF] calibrated the pair-wise potential parameters from results obtained by considering face-to-face and edge-to-edge ellipsoids modelled as assemblies of spheres interacting according to the LJ potential. The resulting potential was further assessed for different particle orientations [START_REF] Gay | Modification of the overlap potential to mimic a linear site-site potential[END_REF].

The GB potential presents several valuable numerical features. In particular, it can be easily differentiated analytically with respect to the positional variables avoiding the discontinuities of purely hardcore models. On the other hand, the version of the potential implemented in [START_REF] Gay | Modification of the overlap potential to mimic a linear site-site potential[END_REF] is only appropriate for uniaxial particles.

This chapter considers a generalised GB potential suitable for describing the interaction between pairs of dissimilar ellipsoidal particles (biaxial). The generalised GB potential, as implemented in the MD software LAMMPS [START_REF] Plimpton | Fast parallel algorithms for short-range molecular dynamics[END_REF], is given by the following functional form [START_REF] Berardi | A generalized gay-berne intermolecular potential for biaxial particles[END_REF][START_REF] Everaers | Interaction potentials for soft and hard ellipsoids[END_REF][START_REF] Brown | Liquid crystal nanodroplets in solution[END_REF]:

U GB (R i , R j , r ij ) = U r (R i , R j , r ij , γ) • η ij (R i , R j , ν) • χ ij (R i , R j , µ) (7.10) 155
Chapter 7 Evaluation of Gay-Berne interaction potential to simulate 3D DLVO interaction of finite clay particles where R i and R j are the transformation matrices of the ellipsoid i and j describing the orientation in space of the two particles with respect to the simulation box frame; η ij and χ ij are dimensionless quantities that represent the shape and energy anisotropies induced by the ellipsoidal shape of the considered units. U r controls the shifted distance-dependent interaction based on the distance of closest approach of the two particles (h ij ), and it is defined as:

U r = 4ϵ   σ h ij + γσ 12 - σ h ij + γσ 6   (7.11)
where ϵ [J] is the energy scale, σ [nm] is a length scale, γ [-] is a dimensionless parameter used to shift separation distance associated with the potential minimum and account for the particles' finite radii. By definition, the parameter γ is related to the ellipsoid size. However, assuming it as a tunable model parameter is standard practice.

The distance of closest approach between two particles, h ij , depends on their sizes and orientations and is defined by the following equation:

h ij = |r ij | -σ ij (7.12)
where |r ij | [nm] is the center-to-center distance between the particles and σ ij [nm] is defined as Eq. 7.13, where the superscript T denotes the transpose matrix:

σ ij = 1 2 r T ij G -1 ij r ij 1 2 (7.13)
where r ij [-] is the normalised distance: (7.14) and G ij : (7.15) where S i = diag (a i , b i , c i ) and S j = diag (a j , b j , c j ) are the shape matrices for particles i and j, respectively, and a b and c are the principal radii of the ellipsoidal particles. One can also define a scalar value s as a function of the semi-axes length:

r ij = r ij |r ij |
G ij = R T i S 2 i R i + R T j S 2 j R j
s = [ab + cc] [ab] 1 2 (7.16)
The quantity η ij depends on the particles' dimensions and their relative orientation:

η ij = 2s i s j det G ij ν 2 (7.17) 156 7.2 Gay-Berne potential
The exponent for the orientation-dependent shape function is ν [-]. This parameter has been empirically determined for liquid crystals, and a value of 1 is suggested [START_REF] Brown | Liquid crystal nanodroplets in solution[END_REF].

Likewise, the energy anisotropy χ ij is computed using the following equation:

χ ij = 2r T ij B -1 ij r ij µ (7.18)
where B ij is given by the following equation:

B -1 ij = R T i E i R i + R T j E j R j (7.19) with E = diag      ϵ - 1 µ a , ϵ - 1 µ b , ϵ - 1 µ c     
representing the energy matrix of each particle and ϵ a , ϵ b and ϵ c the relative well depths which are defined for three elementary configurations: face-to-face, edge-to-edge and side-to-side (Figure 7.4), respectively. The parameter µ [-] has been experimentally determined by [START_REF] Brown | Liquid crystal nanodroplets in solution[END_REF] for liquid crystals, and it is suggested in LAMMPS to be assumed equal to 2. The shape and energy anisotropies η ij and χ ij depend on particle dimensions, their relative orientation, and the relative well-depth (ϵ a,i , ϵ b,i , ϵ c,i , ϵ a,j , ϵ b,j , ϵ c,j ). When the ellipsoidal particles' radii are equal (a = b = c), the ellipsoid degenerates in a sphere, and the shape anisotropy parameter η ij is equal to 1. At the same time, if one assumes ϵ a = ϵ b = ϵ c , even the energy anisotropy parameter χ ij becomes equal to 1. With this specific parameter choice and considering γ = 1, one obtains back the original LJ formulation in Eq. 7.9.

The GB implementation described is convenient as it allows simulations of a three-dimensional system containing ellipsoids of various aspect ratios interacting at different orientations. The formulation, as implemented in LAMMPS, has been widely used for fully atomistic simulations of molecules and complex proteins. In soil mechanics, GB pair-wise potential has been employed by [START_REF] Ebrahimi | Mesoscale properties of clay aggregates from potential of mean force representation of interactions between nanoplatelets[END_REF] and [START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF] to simulate coarse-grained systems of montmorillonite and kaolinite, respectively.

Modified Gay-Berne potential

The LJ potential is arguably the most widely used pair potential in Molecular Simulations. It is a reasonable choice for predicting the contact energies and phase behaviour of atoms and small molecules. However, it is often used for systems where this potential is not expected to be accurate such as coarse-grained models of proteins, and in some cases, even larger particles such as nano-colloids.

Conceptual discrepancies arise when employing the LJ potential (or the anisotropic 3D-version GB potential) in the Coarse-Grained (CG) modelling of colloidal particles. When the model elementary unit is one clay platelet of submicron length, the particle-particle interactions occurring at an atomic distance become negligible. The relevant interaction distance goes from tens to a few hundred nanometers. Therefore, the very short-range Born repulsive forces (within a few nanometers) can be neglected. On the other hand, the long-range Coulombic repulsive forces arising from the particle net surface charge have now to be considered. As a result, the net particle interaction should be now obtained by summing an attractive short-range term (van der Waals attraction) and a repulsive long-range term (Coulomb repulsion). Within the CG modelling of clay particles, the ∼ 1/r 12 ij term of the LJ potential can now be used to model the attractive short-range van der Waals potential, whereas ∼ 1/r 6 ij models the repulsive Coulombic branch (Figure 7.5). This analytically translates in the following modification of Eq. 7.9 :

U LJ,CGM D (r ij ) = -4ϵ       σ r ij 12 vdW Attraction - σ r ij 6 CoulombRepulsion       (7.20)
Further to this change, the LJ can be employed to model the forces accounted for in the DLVO theory.

The choice of the two exponents 12 and 6 for the repulsive and attractive term of the original LJ pair potential was historically selected to precisely model the molecular Born repulsion and van der Waals attraction, respectively. There is no evidence that the LJ 12-6 potentials are more efficient than other possible choices to simulate DLVO interaction between platy ellipsoidal particles. The Mie potential, for example, is as mathematically convenient as the LJ potential (power-law-based function) but allows for an arbitrary selection of the steepness of the decay of both the attractive and the repulsive term:

U M ie (r ij ) = A r m ij + B r n ij (7.21)
with m and n integers.

Other potentials have been proposed, especially for interactions between units of more complex geometry. As for Mie and LJ potentials, some potential functions have been adopted simply for mathematical convenience. In contrast, others are formulated for specific systems or situations, as is the case of the Yukawa po- tential, which models a screened Coulomb potential. In many cases, using the "correct" potential is not crucial as long as its parameters are appropriately calibrated; however, the closer the mathematical expression is to the actual physical decay of the involved forces, the easier the calibration procedure of the model parameters.

On the basis of the DLVO derivations for finite squared platelets given in Subsection 7.1, it could be argued that the exponent associated with the shortrange van der Waals in the Mie potential should be m=3 as derived for interacting square platelets rather than 12 (as in the short-range repulsive branch of the LJ potential) or 6 (as in the van de Waals interaction between atoms/molecules). To maintain the same ratio between the exponents associated with short-range and long-range interactions as for the LJ potential, one could choose n=1.5 for the long-range Coulombic repulsion. This would lead to the Mie potential in Eq. 7.21 with exponents m=3 and n=1.5 (U vdW ∼ 1/r 3 ij and A = -B = -4ϵσ). In the following sections, the capabilities of the GB as a model pair-potential to be used in numerical studies of systems of colloids are evaluated with U r being either LJ 12-6 potential or Mie 3-1.5 potential.

DLVO interaction for elementary particle configurations

Based on the numerical/analytical solution of the governing equations presented in Section 7.1, this section offers the energy-separation relationship between two finite clay platelets for three elementary particle configurations: face-to-face, edge-to-face and edge-to-edge. For the sake of simplicity, the mathematical formulation of the energy-separation function is derived by considering clay particles as rigid, finite, uniformly charged squared platelets of infinitesimal thickness. The same computation could be easily performed with more complex geometries (such as hexagonal plate-like particles or prisms) and non-uniformly charged particles (it is possible, for instance, to account for positively charged particle edges and negatively charged particle surfaces). However, these analyses are out of the scope of this work.

The DLVO total interaction energy, U t , is calculated according to Section 7.1 as the sum of the electrostatic potential energy, U Edl , and the van der Waals interaction energy, U vdW . The electrostatic potential energy, U Edl , was numerically computed by a FE analysis using the commercial platform COMSOL. U Edl was calculated for the three elementary configurations by imposing either constant surface charge or constant surface potential as a model boundary condition on the particle faces. The resulting six electrostatic pair-potential energy functions were then added to the van der Waals interaction energy, analytically calculated for each particle configuration according to Eq. 7.8.

Electrostatic free energy

Three different models were built in the FE platform COMSOL to compute the pair-wise electrostatic energy of each elementary configuration. For each model, two charged plates of finite size were placed in the central region of a boxlike domain at a given minimum inter-particle distance, h [nm], varying from 0 nm to 600 nm. The platelets were two identical squares of infinitesimal thickness whose dimension was L=1µm. Two different computations were run for each model: one at constant particle surface charge and one at constant particle surface potential. For the simulation at constant surface charge, the electric charge on the particle surface was chosen to be uniformly distributed and equal to σ=-2mC. On the other hand, when constant surface potential conditions were considered, the value of surface potential, ϕ 0 , was equal to 103 mV. The boundary conditions to solve the PB equation were as follows: (1) a Dirichlet boundary condition (DBC), ϕ=0, was imposed to all the six outer surface boundaries of the box domain; (2) on the platelets surface a Dirichlet boundary condition, ϕ=ϕ 0 , was imposed when modelling constant surface potential, whereas a Neumann boundary condition (NBC), n • ∇ϕ=σ/ϵ, was considered for the constant surface charge model. The simulation box size depends on the plate size and inter-plate separation. The electric potential, ϕ, around the charged plates in electrolyte solutions practically vanishes 300 nm outward from the plate surfaces for constant surface charge and constant surface potential. As a result, the box side was fixed to 1,200 nm to ensure that the distance of the particle surface from the outer box boundary was 300nm when the particles were positioned at the maximum inter-particle distance of 600nm (Figure 7.7a,Figure 7.8a and Figure 7.9a). The distance between the particle edge and the outer box boundary was set to 100nm. Preliminary sensitivity analysis shows that this distance is sufficiently large not to affect the system's free energy and, hence, the interaction force. The boxlike domain was divided into two regions to implement FE analyses effectively. The squared particles (side = 1000 nm) are meshed with quadratic elements, having a side of 20 nm. The volume around the particles is meshed with tetrahedral elements, increasing size going from the particles to the domain's boundary, with a maximum element growth rate of 1.2.

Figure 7.6 shows the preliminary validation of the 1D FE numerical solution against the rigorous solution of the PB equation derived by solving the 1D PB equation according to [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF] (via the numerical solution of an elliptic integral). The two solutions overlap, and the FE analysis was used to derive the electrical potential under 3D conditions. [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF].

Figure 7.7a shows the boxlike domain used for FE analyses of the face-toface configuration of finite-size particles, and Figure 7.7b presents the computed distribution of electrostatic free energy per unit area for increasing inter-particle distance at constant surface charge and constant surface potential. Additionally, in Figure 7.7b, the distribution of U Edl calculated numerically at constant surface charge and constant surface potential was compared with the rigorous solutions for the parallel infinite plates of infinitesimal thickness given in Chapter 6.

Estimating the electrical interaction free energy for finite parallel plates in clay particle-based CGMD models has been carried out so far by considering the pair-energy computed for infinite parallel plates. A minimal difference exists between the two free energy distributions (finite and infinite plates) in face-toface configuration (Figure 7.7b) for both constant surface charge and constant surface potential. This result is intuitive as the plate dimensions of the finite particles are much larger than most of the considered inter-particle distances.

DLVO interaction for elementary particle configurations

In such conditions, the finite plate behaves as 'infinitely wide' (the electrical field between the two opposing finite-size plates is essentially one-dimensional and practically coincides with the electrical field developing between infinitely wide plates). The resulting potential energy distribution is equivalent to the one obtained by rigorously solving the 1D PB equation for infinite parallel plates. However, the effect of the particle's extremities may become non-negligible when inter-particle distance is of the same order of magnitude as the particle width.

The same procedure described for the face-to-face configuration was followed to compute the energy-separation function in edge-to-edge configuration (Figure 7.8b). Figure 7.8a show the boxlike domain used for the FE analyses. Once again, the distribution of U Edl calculated numerically at constant surface charge and constant surface potential was compared with the rigorous solutions for two parallel infinite plates of infinitesimal thickness in Figure 7.8b. This time the interaction energy for infinite plates largely overestimates the edge-to-edge interaction of finite clay platelets.

The same phenomenon can also be observed in Figure 7.9b for the edge-to-face configuration when the mutual particle inclination is θ=90 • (T-shape interaction), whose FE domain is depicted in Figure 7.9a. The interaction energy of finite particles in edge-to-face configuration is vastly overestimated when clay particles are modelled as infinite planar sheets of negligible thickness. It becomes clear that the effect of particle edges on the interaction cannot be ignored when there is a mutual rotation between platelets.

Van der Waals potential energy

The solution of Eq. 7.8 for parallel aligned squares were computed analytically and is in line with the solution presented by De Rocco and Hoover (1960)):

U vdW,F F = - A π 2 Lz 2 + 2L 3 z 4 √ L 2 + z 2 arctan L √ L 2 + z 2 - L z 3 arctan L z (7.22)
Likewise, an analytical solution can also be derived for two co-planar squares separated by a distance z (edge-to-edge configuration):

U vdW,EE = - A π 2 1 48z 2 + z 16L 2 arctan z L + L 16z 2 arctan L z (7.23)
The computation of U vdW,EF for edge-to-face configuration is slightly more complex as it requires the numerical solution of the integrals in Eq. 7.8. The three van der Waals energy functions are compared in Figure 7.10. (ϕ 0 =103 mV), respectively. The total interaction energy was computed according to the DLVO formulation by summing the electrostatic free energy computed in Subsection 7.3.1 with the van der Waals interaction energy calculated in Subsection 7.3.2. 

DLVO-based energy-separation function

Calibration of GB potential against elementary particle configuration

As largely observed at the electron microscope, clay particles are approximately equidimensional in the basal plane a-b [START_REF] Brown | Liquid crystal nanodroplets in solution[END_REF]Pedrotti and Tarantino, 2018a). An oblate ellipsoidal geometry is a reasonable approximation for a clay platelet [START_REF] Cadene | Study of individual namontmorillonite particles size, morphology, and apparent charge[END_REF]. Each clay platelet can be represented as a single- site ellipsoidal body where the two principal radii a and b are one or two orders of magnitude larger than the third radius, i.e., the thickness c (disc-like platelets).

To define the GB interaction energy between two identical disk-like particles, one needs to specify five parameters: one interaction distance parameter, σ [nm], one energy parameter, ϵ [J], two relative well depths, ϵ a (= ϵ b ) and ϵ c [-], and the shift of the potential minimum γ [-]. Many GB model parameters do not have a clear physical meaning and need to be calibrated against a known pair potential energy field. Two main calibration approaches can be found in the literature for CGMD modelling of clay: [START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF] fits the separation-energy relationship of two infinite uniformly charged particles predicted by the DLVO theory [START_REF] Derjaguin | Theory of the stability of strongly charged lyophobic soils and of the adhesion of strongly charged particles in solutions of electrolytes[END_REF][START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF], whereas [START_REF] Ebrahimi | Mesoscale properties of clay aggregates from potential of mean force representation of interactions between nanoplatelets[END_REF] and [START_REF] Honório | Hydration phase diagram of clay particles from molecular simulations[END_REF] employ fully atomistic simulations and experimental data obtained from Atomistic Force Measurements (AFM). The DLVO-based approach has one very practical limitation. Closed-from expressions for the energy-separation function are only available for the case of infinite parallel particles. While this solution is acceptable for finite particles in face-toface configuration, it is difficult to 'recycle' for edge-to-edge configuration, even if the Derjaguin assumption is made. Additionally, the assumption of infinite plates makes it impossible to consider the interaction forces arising at the platelet extremities that become non-negligible when clay particles arrange in an edge-toface configuration. Finally, it also does not allow the modelling of non-uniform particle charge, making it impossible to model positively charged particle edges in acidic environments. On the other hand, the second approach accounts for a detailed description of the clay surface down to the atomic scale. However, the prohibitive computational cost of a fully atomistic MD simulation does not allow the model of a clay particle larger than a few nanometers (a single layer only, between one and three orders of magnitude smaller than real clay particles). It limits the aspect ratio of the 'single-layer' clay particle to an unrealistic 1:5 thickness-to-width ratio. As a result, the energy-separation function calculated as such is also hampered by unrealistic assumptions about particle geometry.

In this study, the GB potential implemented in the MD software LAMMPS was calibrated against the separation-energy relationship of two finite squared uniformly charged particles calculated according to the DLVO framework presented in Section 7.1 following two different approaches.

In the first approach, the calibration procedure proposed by [START_REF] Berardi | A generalized gay-berne intermolecular potential for biaxial particles[END_REF], and widely employed to model clay particle interaction [START_REF] Ebrahimi | Mesoscale properties of clay aggregates from potential of mean force representation of interactions between nanoplatelets[END_REF][START_REF] Bandera | Coarse-grained molecular dynamics simulations of clay compression[END_REF], was considered. Five model parameters ϵ, γ, σ, ϵ a and ϵ c were adjusted by fitting Eq. 7.20 only to two elementary interactions, edge-to-edge and face-to-face; the model parameters µ and ν were instead fixed and assumed equal to 2 and 1, respectively [START_REF] Brown | Liquid crystal nanodroplets in solution[END_REF].

In the second approach, the model parameters µ and ν were 'unlocked' and, together with the other five parameters ϵ, γ, σ, ϵ a and ϵ c , adjusted by fitting against three elementary configurations, face-to-face, edge-to-edge, and edge-toface. [START_REF] Zannoni | From idealised to predictive models of liquid crystals[END_REF] explicitly specifies that the parameterisation proposed in [START_REF] Berardi | A generalized gay-berne intermolecular potential for biaxial particles[END_REF] (the choice of the parameters µ=2 and ν=1) favours sideto-side interaction, in the sense that the well-depth in edge-to-edge configuration turns out to be much higher than the well-depth in edge-to-face configuration. DLVO interaction of finite clay particles However, an opposite trend appears from the three DLVO pair-interaction energy functions calculated in Figure 7.11, i.e. the well-depth in edge-to-face configuration is higher than the well-depth in edge-to-edge configuration. Employing the parameterisation proposed by [START_REF] Berardi | A generalized gay-berne intermolecular potential for biaxial particles[END_REF] in a CGMD simulation of clay particles would lead to two main inaccuracies: i) an excessively low energy barrier in edge-to-face configuration enhance particles contact at the sample generation stage resulting in an unrealistic virtual sample initial fabric; ii) at the simulation stage, a misrepresentation of the energy separation function results in the underestimation of inter-particle contact forces. Fundamental macroscopic phenomena observed in clay have been explained by looking at the micro-mechanisms occurring at the edge-to-face particle interaction, such as the plastic response under mechanical compression (Pedrotti and Tarantino, 2018a) and plastic contraction upon thermal loading (Chapter 3). Underestimating the energy barrier at the edge-to-face contact means an improper portrayal of the observed macroscopic response of clay and, thus, unrealistic predictions of clay behaviour under experimentally unexplored paths.

The elementary units chosen for the GB potential computation are two platy rigid ellipsoids, where one semi-axis is two orders of magnitude smaller than the other two (a=b=500nm and c=5nm). As such, the diameter of the resulting disklike platelets equals the side of the squared plates employed for the DLVO energy computation. The trial and error calibration process used was informed by a parametric study. Table 7.1c, Table 7.1d, Table 7.1a and Table 7.1b summarise the GB (LJ 12-6) and GB (Mie 3-1.5) calibrated parameters for Approach 1 (µ=2 and ν=1) for constant surface charge and constant surface potential, respectively. Table 7.2c, Table 7.2d, Table 7.2a and Table 7.2b summarise the GB (LJ 12-6) and GB (Mie 3-1.5) calibrated parameters for Approach 2 (µ and ν unlocked) for constant surface charge and constant surface potential, respectively.

Figure 7.12 presents the calibration of the GB potential using Approach 1 (µ=2 and ν=1). Face-to-face and edge-to-edge DLVO data were sued for calibration. Edge-to-face GB curve can be viewed as a genuine prediction, as edge-to-face DLVO data were not used for calibration. GB prediction of edge-to-face potential appears to be relatively poor. Figure 7.13 compares the calibrated GB potentials with the DLVO numerical data. It is evident in all the investigated configurations that the Mie 3-1.5 potential fits better the decay of the electrostatic repulsion than the GB 12-6.

Evaluation against generic particle configuration

The GB potential is conceived to represent the interaction energy for any generic configuration once its parameters are calibrated against elementary modes of interaction (Section 7.4). To assess its performance, the simulation of the GB potential based on the parameters calibrated for the case of constant charge (Table 7.2a and 

GB parameter Value

γ [-] 0.84 ϵ [J] 2.82E-20 σ [nm] 135 ϵ a = ϵ b [-] 26 ϵ c [-] 850 ν [-] 0.05 µ [-] 4 
(a) GB (LJ 12-6) -cc.

GB parameter Value

γ [-] 0.27 ϵ [J] 2.82E-20 σ [nm] 28 ϵ a = ϵ b [-] 26 ϵ c [-] 850 ν [-] 0.05 µ [-] 4 (b) GB (Mie 3-1.5) -cc. GB parameter Value γ [-] 0.88 ϵ [J] 4.38E-20 σ [nm] 130 ϵ a = ϵ b [-] 40 ϵ c [-] 740 ν [-] 0.175 µ [-] 7 (c) GB (LJ 12-6) -cp. GB parameter Value γ [-] 0.35 ϵ [J] 4.38E-20 σ [nm] 24 ϵ a = ϵ b [-] 40 ϵ c [-] 740 ν [-] 0.175 µ [-] 7 (d) GB (Mie 3-1.5) -cp.
Table 7.1: Calibrated GB parameters for Approach 1. The generic configuration selected consists of a non-parallel face-to-face configuration with a mutual inclination between the two equal to 45 • around the y-axis. Therefore, the configuration proposed in The GB simulation curves are in agreement with the DLVO numerical data (Figure 7.14b) for the case of µ and ν unlocked (Approach 2). The GB formulation can catch the qualitative decrease in the energy barrier when particles move from face-to-face configuration (mutual particles inclination 0 • ) to edge-to-face configuration (T-shape, mutual particles inclination 90 • ). However, quantitatively the GB 12-6 and the GB Mie 3-1.5 overestimate the energy barrier by around 30%. This might be associated with the differences in the total surface area between the elementary units considered in the GB potential and the DLVO calculation. Although the diameter of the GB disk-like platelets has been selected to be equal to the characteristic size of the squared plates employed for the DLVO energy computation, the total surface area of the disk-like platelets is 1.3 times smaller than the one of the squared plates. A larger surface area implies a higher total particle charge and, thus, a higher particle repulsion. Therefore, when calibrating the GB potential against the DLVO theory for finite squared platelets, one is marginally overestimating the energy well-depths, ϵ a , ϵ b and ϵ c . Despite these limitations, the 'prediction' of the GB potential for a generic configuration appears to be satisfactory as long as the GB potential is calibrated upon seven parameters (including µ and ν). On the contrary, the 'prediction' of the GB potential for the calibration against five parameters ( with µ=2 and ν=1) appears relatively poor.

GB parameter Value

γ [-] 0.88 ϵ [J] 6.75E-22 σ [nm] 135 ϵ a = ϵ b [-] 26 ϵ c [-] 850 ν [-] 1 µ [-] 2 (a) GB (LJ 12-6) -cc. GB parameter Value γ [-] 0.27 ϵ [J] 6.75E-22 σ [nm] 28 ϵ a = ϵ b [-] 26 ϵ c [-] 850 ν [-] 1 µ [-] 2 (b) GB (Mie 3-1.5) -cc. GB parameter Value γ [-] 0.88 ϵ [J] 1.68E-21 σ [nm] 130 ϵ a = ϵ b [-] 40 ϵ c [-] 740 ν [-] 1 µ [-] 2 (c) GB (LJ 12-6) -cp. GB parameter Value γ [-] 0.3 ϵ [J] 1.68E-21 σ [nm] 24 ϵ a = ϵ b [-] 40 ϵ c [-] 740 ν [-] 1 µ [-] 2 (d) GB (Mie 3-1.5) -cp.
To better fit the GB potential, one can decide to calibrate it against the DLVO total energy computed for charged discs of total surface area equivalent to the one of a hexagonal plate-like particle with an equivalent Stoke's diameter of about 1 µm (a diameter of about 1.05 µm). Although this choice would smooth out the overestimation observed in Figure 7.14b, the DLVO energy computed for two charged discs does not accurately describe clay particle interaction energy at the contact. The contact surface between two discs is inevitably a point, whereas two hexagon plate-like particles can interact through a surface as much as squared plates. The calibration proposed in this research (against charged squared plates) was considered a reasonable compromise to avoid underestimating the edge-toface interaction energy.

Conclusions

This chapter has first presented a DLVO-based energy-separation function for a pair of finite platy particles in three elementary configurations, face-to-face, edge-to-edge, and edge-to-face. Following the DLVO theory, the novel data set was generated by summing the electrostatic potential energy field, U Edl , and the van der Waals pair-energy, U vdW , between two finite uniformly charged squared platelets of infinitesimal thickness. The electrostatic component was computed by numerically solving the nonlinear 3D Poisson-Boltzmann equation with the Finite Element (FE) method, whereas the short-range van der Waals energy was analytically calculated.

This approach enables the derivation of the interaction energy for particles of finite size for a generic six-degree-of-freedom configuration and, in principle, nonuniform surface charge distribution. The advantage of using the DLVO framework is that it embeds the combined effect of temperature, dielectric permittivity, and electrolyte concentration of the pore fluid. Therefore, it can underpin the modelling of clay mechanical behaviour associated with thermal and environmental loading. This particular feature is investigated in Chapter 8, where a numerical investigation of the effect of temperature on the electrochemical forces is proposed.

In this study, the Gay-Berne potential, as implemented in the open source MD code LAMMPS, was then calibrated against the DLVO free energy data for three elementary configurations: face-to-face, edge-to-face and edge-to-edge particle association. The calibration procedure was performed for DLVO free energy functions computed at both constant surface charge and constant surface potential. The following main conclusions can be drawn from the calibration presented:

Chapter 8

Micro-mechanical conceptual model

The thermomechanical micro-mechanisms conjectured in Section 3.4 are quantitatively analysed in this conclusive chapter to formulate a microscopic conceptual model that explains the observed reversible and irreversible interparticle interaction occurring due to combined thermal and mechanical load. For the task, we assume the micro-mechanisms responsible for the macroscopic elastic and plastic deformation of non-active clay under mechanical loading identified by Pedrotti and Tarantino (2018a). From the discussion in Section 3.4 and the experimental findings in Pedrotti and Tarantino (2018a), three main conclusions can be drawn:

• Non-contact configuration is only subjected to reversible deformation whether the applied load is mechanical or thermal;

• Reversible volume changes upon mechanical loading-unloading in iso-thermal conditions involve micro-pores and macro-pores (i.e. non-contact and contact particle configuration, respectively). Likewise, one may assume that reversible volume changes upon heating and subsequent cooling under constant vertical stress involve both non-contact and contact particle configuration;

• Only the volume associated with the macro-pores is reduced when plastic changes occur. Upon any increase in mechanical loading as well as upon any temperature increment, macro-pores seem to disappear, changing into micro-pores.

The competition between mechanical and thermal strain in non-isothermal conditions outlined in Section 3.4 is discussed in the following sections. The reversible and non-reversible mechanisms associated with the thermo-elastic and thermo-plastic macroscopic clay response are analysed in light of the particleto-particle electrochemical changes occurring upon heating. The DLVO-based energy-separation function for a pair of finite platy particles (presented in Chapter 7) is numerically derived for several particle configurations to evaluate the effect of temperature on the balance between electrostatic Coulombic forces, F Edl [N], and Van der Waals attractive forces, F vdW [N].

Changes in inter-particle forces due to temperature variation

Reversible inter-particle interaction

Reversible interactions must be expected both in contact and non-contact configuration. The non-contact configuration refers to two facing parallel or sub-parallel particles. The electrochemical forces between the two negatively charged faces control the distance between two facing particles. At a sufficiently large distance (dependent on the particle's charge), the two particles' EDLs do not interact, and the net force between the platelets equals zero. When a mechanical load is applied in isothermal conditions, the inter-particle electrochemical pressure counterbalances the external mechanical stress. Sub-parallel particles move closer or apart with increases and decreases in external stress. Such an interaction can be modelled by a non-linear spring (stiffness changes with the distance of the platelets), whose function can be determined according to the DLVO theory.

Since the electrochemical particle interactions depend on temperature, the interaction spring is temperature-dependent. Upon thermal loading, no significant variation of F vdW is recorded as van der Waals interactions only weakly depend on temperature [START_REF] Parsegian | Van der Waals forces: A handbook for biologists, chemists, engineers, and physicists[END_REF]. On the contrary, the electric potential distribution generated by the interaction of two facing EDLs is considerably affected by temperature variations (Eq. 7.2) as it depends on temperature T [K] and on the dielectric permittivity ϵ = ϵ 0 ϵ r [C 2 • J -1 • m -1 ], which decreases with temperature increase. Figure 8.1 shows the numerically computed force interaction functions of two facing finite platelets at 25 • C and 80 • C. For the computation, two homogeneously negatively charged squares of infinitesimal thickness were considered (total surface charge on the particle σ T =-2mC/m 2 ). More details on the finite element model used for the computation are given in Chapter 7.

Figure 8.1 shows the force-separation distance function between two facing finite clay platelets for varying temperatures, with h [nm] being the minimum inter-particle distance. At a short inter-particle distance, the attractive force F vdW prevails (ascending branch, negative force is assumed to be attractive). In contrast, the attractive interaction disappears at sufficiently large distances, and the Colombian repulsion F Edl takes over. In Figure 7.2, the energy barrier was defined as the minimum energy that one needs to overcome to bring two particles into contact. The separation distance corresponding to the energy barrier was then called h min . On a force-separation plot (Figure 8.1), h m in corresponds to the distance to the zero-force distance. As a result, particles are assumed to be in contact whenever h<h min .

In non-contact configuration (face-to-face), h 20 >h min,20 as shown in Figure 8.1. For a given external mechanical load, the inter-particle distance between two 8.1 Changes in inter-particle forces due to temperature variation facing particles increases with temperature increase (h 80 >h 20 ) and decreases back when the thermal load is removed. Indeed, upon heating, the repulsion between the charged platelets increases. As a result, the micro-pore between the two facing particles expands when temperature increases and contracts upon cooling.

The exact mechanism can also be assumed to be valid for particles in contact configuration. Contact between particles is considered to be associated with the edge-to-face or edge-to-edge particle interaction. When a contact point or surface exists, the negative double layer beside the contact point repels the opposite negatively charged surface. As a result, the mutual distance and rotation between two particles in such a configuration are controlled, as in the non-contact configuration, by the electrochemical forces between the two faces. Once again, the mechanism is reversible. Changes in the applied external stress induce mutual particle tilting around the contact surface. Upon thermal loading, the repulsion between the negatively charged surfaces increases with increasing temperature. Therefore, the angle covered by the two particles varies upon thermal loading, depending on the initial mutual particle inclination and the projected area of the top particle on the bottom one. Figure 8.2 shows the numerically computed momentum induced by a thermal load ∆T=+60 • C on two generic particle configurations.

The mechanism sketched in Figure 8.2 is consubstantial to the one presented for non-contact configuration in Figure 8 Finally, all the reversible mechanisms occurring due to temperature changes induce a reversible volume increase upon heating and subsequent cooling.

Non-reversible inter-particle interaction

The non-reversible thermomechanical response has been found to involve only the macro-pores and, hence, the pores associated with the contact configuration.

When particles are in contact configuration in iso-thermal conditions, two mechanisms are assumed to occur upon mechanical loading: i) relative tilting and ii) contact disengagement. Contact loss due to increased external mechanical load is most likely tangential sliding [START_REF] Pedrotti | An experimental investigation on the micromechanisms of non-active clays in saturated and partially saturated states[END_REF]. If the mobilised contact shear force attains the frictional resistance, the inter-particle contact is disengaged, and particles move from contact to non-contact (sub-parallel) configuration. A non-reversible volume change, therefore, takes place.

To investigate the mechanisms of contact disengagement upon thermal loading, consider two particles in edge-to-face configuration (Figure 8.3). To be in contact, the two particles have experienced an applied external pressure which exceeded the energy barrier at h min,20 Figure 8.3. As long as contact exists, the 8.1 Changes in inter-particle forces due to temperature variation net interaction force between the particle is attractive (contact force F<0). Focusing only on the (y,z) plane, the contact point could be conceived as a frictional constraint in the vertical direction z and a unilateral constraint in the horizontal direction y. A particle-to-particle friction mechanism controls the former, whereas the latter prevents penetration between two particles and leaves the two particles free of moving apart. When the system is at static equilibrium under a mechanical load P [N], one can isolate the left particle and compute the reaction forces involved in the contact mechanism. Knowing that y F y = 0, the normal reaction generated at the contact, N [N], is equal and opposite in sign to the electrochemical net attractive interaction, F [N]. Likewise, for z F z = 0, the tangential mobilised reaction, T [N], is equal and opposite to the applied external load P . Under the assumption of the frictional mechanism being perfectly plastic, the threshold shear force, T , can be computed as the product of the normal reaction force, N , and the frictional constant, µ. When the threshold shear force is exceeded, the frictional constraint turns into a roller, and relative slippage of particles occurs.

To understand the mechanisms involved in the disengagement upon thermal loading, the evolution of the net electrochemical forces between the considered particles is numerically investigated and shown in Figure 8.3 at 20 • C and 80 • C. As long as the contact exists, particles can be found at a distance h contact [nm] almost independent from the external load applied (force-separation relationship very steep for h<h m in). The electrochemical repulsion between the negatively charged particle surfaces increases upon thermal loading. Therefore, for a given particle distance, the electrochemical net interaction force at 80 • C, F 80 [N], is found to be less attractive than the one at 20 • C, F . Accordingly, the normal reaction force N 80 and the tangential resistant force T 80 decrease with increasing temperature. Slippage occurs when the applied external force exceeds the frictional tangential resistance. A positive temperature change eases particle slippage as it reduces the external pressure to be used to overcome the frictional resistance at the contact, T 80 = µN 80 < µN . Nonetheless, slippage is not the only mechanism that can induce particle disengagement. As the normal electrochemical force decreases with increasing temperature, it might change from attractive to repulsive upon heating. As soon as the horizontal force F 80 becomes equal or larger to zero, the particles move apart since no constraint prevents detachment (Figure 8.4). 

Conceptual model

Micro-mechanisms assumed to occur upon a heating-cooling cycle are summarised in Figure 8.5 for each particle configuration. Non-contact configuration is only subjected to reversible deformation. The micro-pore trapped between two parallel or sub-parallel particles increases in volume upon heating and decreases back upon cooling (first line in Figure 8.5, Figure 8.1). This micro-mechanism would explain the macroscopic reversible dilation observed for highly OC clay samples (K6-SW-IT250 in Chapter 2) and alkaline water-saturated samples (OEDO-T70-ALK in Section 3.4.1) where noncontact particle configuration prevails (PSDs in Figure 2.20b and Pedrotti and Tarantino (2018a), respectively).

On the other hand, contact configuration gives rise to both reversible and non-reversible mechanisms. As long as the contact exists, the constraint at the connection can be thought of as a hinged, fixed bearing. Suppose the threshold frictional shear force is not exceeded after a temperature increase. In that case, the constraint behaves as a simple bearing in the vertical direction (no relative movement of the contact), and mutual particle tilting occurs (second line in Figure 8.5, Figure 8.2). The relative tilt is controlled by the repulsive forces between particles' negatively charged surfaces, resulting in a reversible volume increase upon a heating-cooling cycle.

If the mobilised contact shear force exceeds the frictional threshold resistance, the frictional constraint turns into a roller, and relative slippage of particles occurs (Figure 8.3). Or else, contact detachment occurs if the normal electrochemical force changes from attractive to repulsive, and particles move away from each other (Figure 8.4). In both scenarios, plastic deformation occurs, and particles move from contact to non-contact configuration (third line in Figure 8.5). Even in this case, the higher the frequency of macro-pores, the higher the probability of particle slippage. Additionally, the higher the externally applied stress, the easier the particle disengagement (as observed in Figure 2.22).

Chapter 9 Conclusions

This manuscript has focused on outlining the mechanisms at the particle level that control the thermo-mechanical behaviour of saturated non-active clay. The primary motivation behind this work was to propose a conceptual microstructural model which could underpin the interpretation of experimental macroscopic data, understand fundamental modes of stress-strain behaviour, inform 'continuum' macroscopic constitutive models, and develop quantitative predictive tools based on Coarse-Grained Molecular Dynamics (CGMD) approaches. The thermoelastic/thermo-plastic behaviour of clay has been investigated through a multiscale analysis ranging from the nano-scale to the REV scale.

This chapter concludes this thesis by presenting a summary (Section 9.1) of the main achievements in the order they have been given. The chapter then continues onto the short-term perspectives of this work and further possible investigations following the present study (Section 9.2).

Summary

Although substantial knowledge is available in the literature regarding the thermally induced deformation of fine-grained soils at the macroscopic scale, a consistent gap in the origin of the thermally induced deformation of fine-grained soils precludes the complete understanding of the thermomechanical response at the macroscopic scale and heating contraction in particular. To address this challenge, the decision was taken to couple a macroscopic experimental campaign focused on the effect of temperature on isotropically compressed remoulded samples of Speswhite kaolin clay with the investigation of the evolution of the soil pore size distributions (PSDs) before and after thermal loading (Mercury Intrusion Porosimetry, MIP). To do so, a new experimental system comprising an isotropic compression cell with accurate temperature control has been developed and calibrated. The design of this apparatus enabled to ensure fully drained conditions upon heating and subsequent cooling using a continuous pore pressure measurement. The macroscopic results on the considered kaolinite confirmed that during drained heating, the response of fine-grained soil is strongly affected by the stress level (through the overconsolidation ratio, OCR). The soil exhibits irreversible contraction for NC conditions. In contrast, reversible expansion is observed for highly OC conditions. Inspection of PSDs revealed a reduction in the frequency of macro-pores after the NC sample undergoes thermal plastic deformation and minor changes in the PSD after the reversible expansion of OC samples. It is then proposed that the volumetric collapse upon thermal loading results from two competing mechanisms: the weakening of the electrochemical attraction at the edge-to-face contacts in house-card clay fabric and the destabilising effect of the external stress.

This hypothesis was validated by a second experimental campaign aimed at characterising the irreversible thermal deformation of NC clay over a wide range of vertical stress using a temperature-controlled oedometric setup. This last series of thermal loading experiments contributed to gaining an original insight into the non-monotonic dependency on the stress level of the volumetric collapse and, hence, the shape of the thermo-mechanical yield surface.

In the second part, an indirect experimental study was proposed to probe the nature of electrochemical forces in clay and their effect on consolidated soil behaviour. Firstly, the settling behaviour of two kaolinite types with different average particle sizes was observed to evaluate the relevance of electrochemical forces in non-active clay over body forces. Differently from what has been speculated in the literature, the role of electrochemical forces was found to be non-negligible in non-active clay, depending on the particle size distribution and particle surface charge. In suspensions, different sedimentation modes were detected for the two considered clays. In the settled bed (low-stress level proportional to the settled column height), electrochemical and body forces competition was seen to affect the soil fabric and self-weight consolidation. The presence of fine and highly charged particles results in a diffusion mechanism governed by the electrochemical interactions that persist even after complete soil sedimentation. This result is significantly relevant for colloidal science as it clarifies the interplay between electrochemical and body forces governing the sedimentation modes of colloidal-size particles. Additionally, it is of fundamental interest in soil mechanics as it paves the way for understanding at which stress level the role of non-contact force starts to become negligible, depending on mean particle size and electrical charge.

The nature of electrochemical forces was further investigated by tuning the physicochemical properties of the kaolin settling environment. A deeper understanding of particle association modes at the level of suspension allowed to infer the role of the electrochemical forces in consolidated clay fabric and its mechanical property implications.

Finally, an analytical, numerical and conceptual interpretation of the experimental observations on the thermo-mechanical behaviour of non-active clays was proposed in the third part. Firstly, the preliminary work to lay down the fundamentals of particle-scale interactions was presented. The DLVO theory was proposed as a convenient framework for describing clay particle interaction as it embeds the inter-particle dominant physical forces directly accounting for the effect of temperature and pore-fluid chemistry. The proposed theoretical analysis disentangled the different approaches available in the literature for the com-9.1 Summary putation of the electrostatic free energy of Electric Double Layers (EDLs) and provided some guidelines for choosing a suitable energy/force-separation function that qualitatively catches the main features of colloidal particles interaction. The obtained results served as the foundations for the development of the thermomechanical microstructural conceptual model, as well as the starting point for the definition of a physically-based energy-separation function to be implemented in CGMD models.

The DLVO framework was also applied to study 3D systems of pairs of finite uniformly charged squared platelets of infinitesimal thickness. The aim was to derive a DLVO-consistent energy-separation function that accounts for the finite size of particles and the six degrees of freedom to simulate finite-size clay platelets in discrete models realistically. The energy-separation function was derived for three elementary configurations (face-to-face, edge-to-face, and edgeto-edge) by summing the electrostatic potential energy field and the van der Waals pair-energy. The electrostatic component was computed by numerically solving the nonlinear 3D Poisson-Boltzmann equation with the Finite Element (FE) method, whereas the short-range van der Waals energy was analytically calculated. The novel data set was then employed to calibrate the Gay-Berne potential energy function, primarily employed in Coarse-Grained Molecular Dynamics (CGMD) simulation of clay particles and implemented in the open-source MD code LAMMPS. The calibrated Gay-Berne potential was tested 'as is' and after modifying the energy-separation function used to represent the elementary interactions. In the lack of 'in situ' observations of clay microstructure evolution under loading, CGMD represents a compelling tool to investigate particle-scale processes. Therefore, the DLVO-consistent energy-separation function proposed represents a significant step towards a thorough understanding and modelling of the micromechanisms driving clay macroscopic response.

Bringing together the acquired theoretical knowledge on the particle-to-particle interaction, the qualitative changes in microstructural features provided by the MIP data and the experimental macroscopic observations, it was possible to formulate a thermomechanical microscopic conceptual model that unifies the macroscopic response of non-active clay in normally-consolidated and overconsolidated conditions upon temperature changes. The theorised micro-mechanisms are reported as follows:

• Face-to-face particle configuration is only subjected to reversible deformation upon thermal loading as it is mainly associated with the 'elastic' interaction of the double layers of the charged clay particles. The micro-pore trapped between two parallel or sub-parallel particles increases in volume upon heating and decreases back upon cooling. This micro-mechanism explains the macroscopic reversible dilation observed for highly OC clay samples;

• A reversible deformation upon a heating-cooling cycle also exists for contact configurations (edge-to-face or edge-to-edge). As long as the contact exists, the constraint at the connection can be thought of as a hinged, fixed bearing.

Upon heating, the electrochemical particle repulsion increases, and mutual particle tilting occurs, resulting in a reversible volume increase;

• The thermo-plastic response appears to be associated with the loss of edgeto-face (or edge-to-edge) contacts caused by the combination of the applied external mechanical load and the electrochemical unbalance induced by temperature changes. If the mobilised contact shear force exceeds the frictional threshold resistance upon heating, the frictional constraint turns into a roller, and relative slippage of particles occurs;

• Contact loss can also occur due to normal detachment when, upon heating, the electrochemical inter-particle interaction changes from attractive to repulsive, and particles move away from each other. Also, in this scenario, plastic deformation occurs, and particles move from contact to non-contact configuration.

This blend of macroscopic and microscopic observations, supported by a solid numerical/analytical analysis, represents a unique experimental attempt in the literature to qualify the microstructural changes of clayey soils due to the combined effect of mechanical and thermal loading.

In conclusion, the value of this research stems from three aspects: (1) the coupled macroscale mechanical and microscale structural experimental investigations have helped to uncover the combined effect of thermal and mechanical loading often neglected in the constitutive modelling of clay thermomechanical response;

(2) the formulation of a conceptual microstructural model proven capable to unify the different responses of NC and OC clay upon heating have significantly contributed to the interpretation and prediction of experimental data; and (3) the Gay-Berne formulation of the DLVO-based energy-separation function for finite-size non-active clay particles has proven to be a ready-to-use tool to be implemented in already available CGMD models for a more accurate description of clay particle systems.

This experimental, analytical and numerical blend at different scales provides a unique insight into unresolved questions regarding the role of the physicochemical interactions driving the response of fine-grained soils due to thermal loading.

Perspectives

This research has highlighted multi-scale analysis's capabilities in understanding and modelling clay behaviour. Several tools have been proposed to specifically investigate clay microstructure evolution as it deforms under thermal loading. However, many aspects of the multi-scale response of clay under combined thermal and mechanical loading were just tackled in this work and may wish further analysis. Among them:

• A systematic characterisation of the thermo-mechanical behaviour of nonactive clay at different stress levels (in isotropic and oedometric conditions).

Perspectives

Such experiments would provide a complete description of the dependency of thermal softening on the applied stress level to be implemented in alreadyexistent thermomechanical constitutive models;

• Further investigations following triaxial stress paths to explore the dependency of the stress level on the clay thermo-mechanical response in the q-p plane;

• The promising results presented in this thesis on the anisotropic response of clay upon thermal loading can also orient future experimental efforts to focus on macroscale investigation of thermal anisotropy and systematic characterisation of the fabric tensor temperature dependency;

• Finally, extending the particle-based conceptual model to active clays would be interesting and a turning point in the impact of such work. Illite, which has a mineralogy of the exact nature of swelling clays but whose swell is limited, is probably the best clay to start with.

The conducted multi-scale analysis has clearly underlined that the constitutive modelling of clay particle systems requires the particle-scale to be considered. A natural extension of this thesis's theoretical and numerical work would be implementing a CGMD model of the DLVO-consistent Gay Berne formulation. Such a transition might be coupled with an experimental validation through Atomic Force Microscopy of the proposed function.

Additionally, a more extensive experimental campaign, including Mercury intrusion Porosimetry (MIP) tests and Scanning Electron Microscope (SEM) observations aimed at providing a detailed description of the clay fabric, could help benchmark the virtually computed CGMD fabric.

The experimental data's prediction is the most interesting feature of a discrete particle model for clay. Despite implementing a physically-consistent energyseparation function as proposed in this work, uncertainties remain on the model parameters (including the particle surface charge) to correctly describe the clay system. A preliminary step towards a better understanding of the function parameters involves a parametric analysis of the effect of surface charge (in a nonhomogeneous fashion), the particle size and aspect ratio on the electrochemical interactions.

Finally, a promising line of development is multi-scale or hierarchical models in which different scales are explicitly simulated. For example, macro-scale finite element simulations with a separately modelled micro-scale represented by discrete elements (FEM-DEM models, as discussed by [START_REF] Desrues | From discrete to continuum modelling of boundary value problems in geomechanics: An integrated fem-dem approach[END_REF]) are particularly promising. For these models to succeed, the constitutive discrete element simulations must be set up to convincingly reproduce reality, which in turn requires an accurate description of the evolution of clay micro-structure as it deforms under environmental loads. Hopefully, the tools and results of this thesis will be an essential step towards this goal. This thesis is the outcome of a four years journey carried out in Laboratoire 3SR, whereby many people have accompanied me. I would then like to conclude by acknowledging the extraordinary individuals who supported my work, influenced my thoughts and collaborated in this study. Without each one of them, this work would not have been possible.
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Pressure transducers

Characteristics

Diaphragm type pressure transducers, with an operating range up to 2.5 MPa, were used to measure pore water pressure on the top and on the bottom of the where V [m 3 ] is the system volume, B [m 2 ] represents all the boundaries indexed by j, ϕ(r) = ϕ(x, y, z) [V] is the electric potential, ϕ j [V] and q j [C/m 2 ] are the electric potential and the charge respectively at the j t h surface, ρ e [C/m 3 ] is the local charge density and U charge [J] is the energy required to charge the surfaces.

Assuming Ω 0 as the grand potential of the large reservoir of electrolyte in which the considered charged surfaces are immersed, one can compute [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF]:

Ω -Ω 0 = - V ϵ 2 |∇ϕ| 2 + kT i (c i -c 0 ) d 3 r + B j q j ϕ j d 2 r j -U charge (B.20)
According to the definition of U charge , under constant charge conditions, no energy is required to charge the considered surfaces; thus, U charge =0. In contrast, when the boundaries are maintained at constant potential, U charge = B j q j ϕ j d 2 r j . Therefore, at constant potential, the boundary term in Eq. B.20 vanishes [START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF].

As a result, the grand potential density for planar surfaces at constant surface potential can be computed as:

Ω -Ω 0 A = - 1 A V ϵ 2 |∇ϕ| 2 + kT c 0 i c i c 0 -1 dV (B.21)
On the other hand, for planar surfaces homogeneously charged and at constant charge (U charge = 0):

Ω -Ω 0 A = - 1 A V ϵ 2 |∇ϕ| 2 + kT c 0 i c i c 0 -1 dV + 1 A B j q j ϕ j dB (B.22)
Hence, the pressure between two charged plates at a distance x = 2d at constant potential and at constant charge is equal to the derivative with respect to 2d of Eq. B.21 and Eq. B.22, respectively:

p = - d dD Ω -Ω 0 A (B.23)
Therefore, the choice between constant surface charge and constant surface potential affects not only the electric potential distribution (refer to Section B and Section B) but also the EDL free energy formulation, which needs to be appropriately modified to account for different boundary conditions.

Eq. B.21 and Eq. B.22 can be numerically solved. However, an explicit analytical solution exists for low surface potential. When ϕ 0 ≪ 25mV , Eq. B.17 can be linearised, and the following simplification can be introduced:

i c i c 0 -1 = 2 cosh νeϕ kT -1 ≃ νe kT 2 ϕ 2 (B.24)
Eq. B.48 showed a unique relationship between electric surface potential and total surface charge. Accordingly, the electrical charge and the electric potential in Eq. B.48 can be inverted as follows: The rigorous solution in Eq. B.47 and the linearised solution in Eq. B.49 describe an EDL adjacent to a planar charged surface. The equations are valid for the electric potential distribution adjacent to a planar-charged surface of infinite thickness as much as for the two adjoining distributions near the two faces of a planar-charged surface of infinitesimal thickness. However, the two distributions are not identical under the constant surface total charge assumption. Indeed, the total charge of a sheet of infinitesimal thickness is the sum of the charge on the two sides of the sheet:

σ T = σ lef t + σ right (B.54)
For an isolated sheet in an electrolyte solution, σ lef t = σ right and the two identical electric potential distributions on the two sides of the charged particles are controlled by σ T /2. On the contrary, the EDL of an infinite thick particle in an electrolyte solution is generated by the whole total charge of the particle σ T . As a result, for an equal total charge, the two electric potential distributions at constant surface charge quantitatively differ Figure B.3. This is not the case when considering constant surface potential as the fixed potential on the surface ϕ 0 stays the same for a sheet of infinite or infinitesimal thickness.

Interacting EDLs of infinitely thick charged planar sheets

Derivation of the electric potential at constant surface potential and constant surface charge

Beyond the double layer, the ionic concentration is the same as if there were no colloidal particles in the solution. This implies that the ion cloud screens the particle's charge. When two particles in an electrolyte solution get at such a distance that their two EDLs interact, the electric potential distributions generated by the particles influence each other.

Let an electrolyte solution separate two identical parallel plates of infinite thickness. The sheets are brought at such a distance that their EDLs interact and influence each other (Figure B.4).

As already seen for determining the electric potential distribution, for the particular case of low surface potential ϕ 0 < 25mV , one can deduce an explicit analytic expression for the electrostatic energy and the particle's interaction pressure.

When considering constant surface potential, one can approximately solve Eq. B.81 in light of the assumption in Eq. B.23:

Ω -Ω 0 A = - d 0   ϵK 2 ϕ 2 + ϵ dϕ dx 2   dx = -ϵKϕ 2 0 tanh K 2 D (B.83)
As a result, the interaction pressure becomes:

p = - d dD Ω -Ω 0 A = 1 2 ϵK 2 ϕ 2 0 1 cosh 2 (Kd) (B.84)
where ϕ is the electric potential distribution computed in Eq. B.77. Figure B.9 shows a visual comparison of the interaction pressure between two facing charged sheets computed numerically with the rigorous expression derived by Eq. B.81 and analytically with the approximate solution in Eq. B.84 at low and high surface potentials. From Figure B.9, it is clear that the interaction pressure between two infinite charged sheets at constant surface potential approaches a constant value when the inter-particle distance tends to 0. The solution of Eq. C.25 for parallel aligned squares can be analytically computed, and it corresponds to:

U vdW = - A π 2 Lz 2 + 2L 3 z 4 √ L 2 + z 2 arctan L √ L 2 + z 2 - L z 3 arctan L z (C.26)
The attractive pair-energy can also be computed for any given relative orientation between two squared plate-like particles. We shall now describe the geometrical configuration in Figure C.2.

For simplicity, we consider two identical squares of dimensions LxL with only three degrees of freedom associated with their relative configuration x, z, θ, with θ being the rotation of the second particle around the y-axis. Again we select a random point (x P , y P , z P ) and consider its interaction with the second square; the result is then integrated over the first particle. The position of the point (x P , y P , z P ) in Figure C.2 can be expressed in coordinates in the second particlereference system: The integrals with respect to y and to m in Eq. C.30 can be solved following the procedure already described in Eq. C.5-Eq. C.24:

  Figure 1.3: 2D-sketch of a kaolin clay particle and its components.

Figure 1 . 4 :

 14 Figure 1.4: SEM image on low defect kaolinite from Kiralyhegy, Hungary[START_REF] Frost | Raman and infrared spectroscopic study of modification of kaolinite surfaces by intercalation[END_REF] from which the geometrical features of kaolin clay particles can be identified.
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 16 Figure 1.6: Effect of pH on proton charge σ *H[START_REF] Zhou | The nature of the surface charge of kaolinite[END_REF][START_REF] Schroth | Surface charge properties of kaolinite[END_REF].
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 17 Figure 1.7: Traditional model for a surface charge on kaolinite particle. (a) acidic pore fluid (low pH). (b) alkaline pore fluid (high pH).

Figure 1 . 8 :

 18 Figure1.8: Effect of pH on the total charge of the basal planes, measurements by AFM[START_REF] Gupta | Surface force measurements at the basal planes of ordered kaolinite particles[END_REF].

Figure 1 . 9 :

 19 Figure 1.9: Gupta and Miller (2010)'s model for the surface charge on kaolinite particle. (a) acidic pore fluid (low pH). (b) alkaline pore fluid (high pH).

  Figure 1.10: Picture of half a cross-section of two dried 1D compressed samples (σ ′ v = 400kP a) of Speswhite Kaolin clay saturated with (a) acidic water and (b) alkaline water, paired to their respective SEM scans[START_REF] Pedrotti | An experimental investigation into the micromechanics of non-active clays[END_REF].
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 21 Figure 2.1: Cross-section scheme of the isotropic compression cell (dimensions expressed in mm).

Figure 2 . 2 :Figure 2 . 3 :

 2223 Figure 2.2: Experimental setup for the temperature-controlled isotropic compression cell.

  Figure 2.4: (a)Location of the thermocouples for the thermal calibration process and (b) differences in temperature recorded between the heating system, the center of the sample (T1) and the external sample perimeter inside and outside of the membrane (T2 and T3, respectively).

Figure 2 . 5 :

 25 Figure 2.5: Pore water pressure fluctuations upon a thermal loading cycle of ∆ T =±65 • C.

Figure 2 . 6 :

 26 Figure 2.6: Volume change of the drainage system during a heating-cooling cycle (25 • C → 90 • C → 25 • C) corrected for the known value of volumetric thermal dilation of the metallic sample.

Figure 2 . 7 :

 27 Figure 2.7: Sketch of the disposition of the hall effect transducers on a vertical section of the sample.
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 28 Figure 2.8: Pore pressure transducer components.
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 29 Figure 2.9: Particle size distribution of Speswhite Kaolin Clay.

Figure 2

 2 Figure2.9, as well as the measurement of particle size performed with the Static Light Scattering (DLS) technique (that will be discussed more in detail in Chapter 4), revealed polydispersity (particle size between in the range 0.3-10 µm) and significantly small mean particle size (1.3 µm).X-ray diffraction analysis showed that the soil is mainly formed by kaolinite with a small amount of quartz and muscovite. No significant swelling properties

  Figure 2.10: Slurry_SEDIMENT_5LL sample preparation protocol. (a) pluviation of the oven-dried kaolinite powder; (b) siphoning of the supernatant on top of the sediment and application of a vertical load; (c) extrusion of the cake after one-dimensional consolidation of the sediment; (d) x-ray tomography to evaluate the homogeneity of the to-be-tested sample.

Figure 2 .

 2 Figure 2.11a) is not homogeneous and presents a large number of air bubbles up to an equivalent diameter of 3 mm. Although this slurry preparation technique is often employed in manufacturing remoulded clay samples for triaxial and isotropic compression testing, the air recorded heavily endangers the possibility of achieving a good saturation of the tested clay. Moreover, the observed bubbles massively disturb the clay fabric. The considered REV cannot be considered a continuum for our purposes as localisation of the deformation recorded due to thermal loading might occur.Increasing the moisture content of the slurry notably reduces the size of the

Figure 2 .

 2 Figure 2.12: Local deformation and temperature transducer installation onto the sample.
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 2 Figure 2.13: B-value check: increment in mean total stress and evolution of pore water pressure over time.
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 214 Figure 2.14: Dissipation of excess of pore pressure over an isotropic loading step of 250 kPa.

  in Figure 2.15a). The second one was loaded to 1500 kPa, then unloaded to 250 kPa, reaching an OCR equal to 6 (K6-SW-I250, A-B-C in Figure 2.15b). Two other samples were subjected to an identical stress history followed by a drained thermal cycle 25 • → 90 • → 25 • at constant mean effective stress of 250 kPa (K1-SW-IT250, B-C-B' in Figure 2.15a and K6-SW-IT250, C-D-C' in Figure 2.15b).

Figure 2 .

 2 15c and Figure 2.15d describe the loading paths presented in Figure 2.15a and Figure 2.15c on the compression plane (p ′ , e).

Figure 2 . 16 :

 216 Figure 2.15: Thermomechanical paths on (p', T) plane for (a) K1-SW-I250 and K1-SW-IT250 and (b) K6-SW-I250 and K6-SW-IT250. Expected volumetric response on the compression plane (p', e) for (c) K1-SW-I250 and K1-SW-IT250 and (d) K6-SW-I250 and K6-SW-IT250. Crosses indicate samples tested in MIP.

Figure 2 . 17 :

 217 Figure2.17: Measured volumetric strain behaviour of Speswhite Kaolin Clay during heating for a normally consolidated and a heavily overconsolidated sample.

Figure 2 .

 2 Figure 2.17 depicts the measured volumetric strain behaviour (computed and corrected from the local axial and radial displacement measurements ϵ v = 2ϵ r +ϵ a ) for the two different OCR during the heating-cooling phase. The corrections were applied according to the thermal calibration of the sensors reported in Figure A.2, Figure A.4 and Figure A.6.Thermal compaction is observed in normally consolidated conditions. During heating, the NC sample settles with a non-linear volume variation. During cooling, the soil does not recover the deformation accumulated upon heating. The apparent minimal expansion upon temperature decrease in Figure2.17 is of the same order of magnitude as the thermal correction in FigureA.2, Figure A.4 and 

  Figure 2.18: Evaluation of samples anisotropy: comparison of axial and radial strains over an iso-thermal consolidation step (25 • C) of 250 kPa for (a) K1-SW-I250 and (b) K6-SW-I250.
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 220 Figure 2.20: Pore size evolution after one heating-cooling cycle performed in (a) NC conditions and (b) heavily OC conditions. The PSDs obtained post-mortem from thermomechanically loaded samples (solid lines) are compared to the ones of solely mechanically loaded samples (dashed lines).

Figure 2 . 22 :

 222 Figure 2.22: Comparison of the cumulative PSDs of NC clay subjected to thermomechanical loading (blue line) and heavy isotropic compression (dashed grey line).

  Figure 3.1: Temperature-controlled oedometer cell.

  Figure 3.2: (a) Disposition of thermocouples for the thermal calibration process and (b) time lag to equilibrate the temperature inside the sample (T3) after imposing a thermal loading of ∆T=+3 • C (b).

Figure 3 . 3 :

 33 Figure 3.3: Temperature imposed to the heater and recorded by T1, T2 and T3.

Figure 3 . 5 :

 35 Figure 3.5: thermomechanical stress path.

Figure 3 . 6 :

 36 Figure 3.6: Volumetric strain behaviour of NC Speswhite Kaolin clay during a heating-cooling cycle as a function of temperature at different vertical effective stress.

Figure 3 . 7 :

 37 Figure 3.7: Void ratio versus effective vertical stress for the four tests performed.

Figure 3 . 9 :

 39 Figure 3.9: Changes in the model parameter γ T for different vertical initial effective stress.

  Changes in γ T with respect to the initial preconsolidation pressure.

Figure 4 . 1 :

 41 Figure 4.1: Experimental setup for NMR testing.

Figure 4 . 2 :

 42 Figure 4.2: Particle size distribution in demineralised water of Speswhite Kaolin Clay and China Clay suspensions at 0.7 g/L.

Figure 4 .

 4 Figure 4.3 shows the settling behaviour over time of the two 10 g/L suspensions of Speswhite Kaolin Clay and China Clay. Observed suspension modes are categorised according to the classification proposed in Palomino and Santamarina(2005).Total sedimentation time, final height of the settled bed and observed sedimentation modes are reported in Table4.3.

Figure 4 . 3 :

 43 Figure 4.3: Optical signals capturing the settling process of (a) Speswhite kaolin clay and (b) China clay.

  Figure 4.4. The volume fraction distribution over time for the two kaolin samples is shown in Figure 4.5a and Figure 4.5b.

Figure 4 . 4 :

 44 Figure 4.4: Transformation function for converting the normalised grey level into the volume fraction of the suspension.

Figure 4 . 5 :

 45 Figure 4.5: Evolution of the volume fraction profiles along the sample height obtained by inferential image analysis for (a) Speswhite and (b) China clay.

Figure 4 .

 4 6a and Figure4.6b shows the volume fraction profile over time for the setting bed of the two analysed 100 g/L suspensions. The final profile is highlighted in blue.

Figure 4 . 6 :

 46 Figure 4.6: Evolution of the volume fraction profiles along the settled bed height obtained by NMR measurements for (a) Speswhite and (b) China clay. Final density profile of settled beds in blue.
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 447 Figure 4.7: Relative contribution of body and non-contact forces acting on a clay particle depending on size.

Figure 4 . 8 :

 48 Figure 4.8: Variation of the interface with time for a dilute. ϕ s represents the volume fraction of the particles, ϕ 0 is the initial volume fraction, and ϕ gel is the volume fraction at the suspension/bed interface, below which ϕ s >ϕ gel . he gelling time t1 there is a suspension/bed interface. Above t1, only the water/bed interface remains (image from Chassagne (2019)).

  Figure 4.9a and Figure 4.9b show the fitting curves for the final volume fraction profiles of China and Speswhite kaolinite, respectively.

Figure 4 . 9 :

 49 Figure 4.9: Best fit Gibson curve for the final volume fraction profiles along the settled bed of 100 g/L suspensions of (a) Speswhite and (b) China clay.

Figure 5 . 1 :

 51 Figure 5.1: DSLR camera and controlled environment for non-isothermal laboratory settling tests.

Figure 5 . 2 :

 52 Figure 5.2: Optical signals capturing the settling process of Speswhite kaolin clay suspensions in (a) Acidic water, (b) Acidic water-70, (c) Alkaline water and (d) Ethanol. 115
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 5354 Figure 5.3: Sketch of the parameters involved in the settling behaviour of Acidic water and consequent assessment of the final sediment fabric.

Figure 5 . 5 :

 55 Figure 5.5: Sketch of the parameters involved in the settling behaviour of Alkaline water and consequent assessment of the final sediment fabric.

Figure 5 . 6 :

 56 Figure 5.6: Sketch of the parameters involved in the settling behaviour of Alkaline water and consequent assessment of the final sediment fabric.

Figure 5 .Figure 5 . 7 :

 557 Figure 5.7 shows the 1-D compression tests of acidic water-saturated, acidic water-70-saturated, alkaline water-saturated and ethanol-saturated samples.

Figure 5 . 8 :

 58 Figure 5.8: Link on the compression plane between the sedimented bed and the consolidated state.

  Figure 6.1: Electrical boundary conditions. (a) infinitesimal thickness particles. (b) infinite thickness particles.

Figure 6 .

 6 Figure 6.4 shows the comparison between the electrical potential generated by constant-charge infinite plates with infinitesimal thickness in parallel configura-
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 66465 Figure 6.4: Electric potential: rigorous versus approximate solution at constant charge. (a) low surface charge, σ=0.15 mC/m 2 (b) high surface charge, σ=2 mC/m 2 .

Figure 6 . 7 :

 67 Figure 6.6: Coulombic interaction energy for particles with infinitesimal thickness at constant charge from rigorous and approximate solutions. (a) low surface charge; (b) high surface charge.

Figure 6 . 8 :

 68 Figure 6.8: Comparison of the approximate interaction pressures vs separations of two facing sheets of infinite and infinitesimal thickness at (a) constant surface potential and (b) constant surface charge.

Figure 6 . 10 :

 610 Figure 6.10: Total interaction energy (approximate solutions employed in the computation of the electrostatic term) between two planar sheets of infinitesimal thickness at constant surface charge (σ = 2mC/m 2 where ϕ 0 ≃ 100mV ) and constant surface potential (ϕ 0 = 100mV ).

Figure 7 . 1 :

 71 Figure 7.1: Schematic diagram for analytic calculation of van der Waals interaction energy for two parallel squared platy particles.

Figure 7 . 2 :

 72 Figure 7.2: Energy-separation distance plot for two squared parallel clay platelets of side L=1µm and electrical charge σ=-2 mC/m 2 .

Figure 7 . 3 :

 73 Figure 7.3: Typical shape of the Lennard-Jones 12-6 energy potential.

Figure 7 . 4 :

 74 Figure 7.4: Face-to-face, edge-to-edge and side-to-side configurations of flat ellipsoids.

Figure 7 . 5 :

 75 Figure 7.5: Adapted Lennard-Jones energy potential for CGMD modelling of clay particles.

Figure 7 . 6 :

 76 Figure 7.6: Validation of the finite element analysis for face-to-face infinite charged particles (1D) against the analytical rigorous solution according to[START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF].
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 777 Figure 7.7: Finite element analysis for face-to-face particle configuration: (a) schematic diagram of the boxlike analysis domain in COMSOL and (b) potential energy vs minimum inter-particle distance at constant surface charge and constant surface potential.
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 778 Figure7.11 presents the total energy-separation distance plot for two interacting finite squared platelets of side L=1 µm in face-to-face, edge-to-edge and edgeto-face at constant surface charge (σ=-2 mC) and constant surface potential

Figure 7 . 9 :

 79 Figure 7.9: Finite element analysis for edge-to-face particle configuration: (a) schematic diagram of the boxlike analysis domain in COMSOL and (b) potential energy vs minimum inter-particle distance at constant surface charge and constant surface potential.

Figure 7 . 11 :

 711 Figure 7.11: Total energy-separation function for two interacting finite squared platelets in face-to-face, edge-to-face and edge-to-edge configuration at constant surface charge (cc) and constant surface potential (cp).
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 713 Figure 7.13: Approach 2: calibration of the GB (LJ 12-6) and GB (Mie 3-1.5) against the DLVO energy-separation distance relationships for finite squared platelets at constant surface charge (a), (b) and (c) and constant surface potential (d), (e) and (f).

  Figure 7.14: Evaluation of the GB (LJ 12-6) and the GB (Mie 3-1.5) against the DLVO energy-separation distance relationship for finite squared platelets at constant surface charge in non-parallel face-to-face configuration with a mutual inclination between the two equal to 45 • around the y axis: in (a) the FE model built in COMSOL for the computation of the electrochemical branch of the DLVO energy

Figure 8 . 1 :

 81 Figure 8.1: Net interaction force between two homogeneously negatively charged platelets in non-contact configuration at 20 • C and 80 • C (total surface charge σ T =-2mC/m 2 ).

Figure 8 . 2 :

 82 Figure 8.2: Momentum between two homogeneously negatively charged platelets in edge-to-face configuration at 20 • C and 80 • C for different mutual inclinations (total surface charge σ T =-2mC/m 2 ).

Figure 8 . 3 :

 83 Figure 8.3: Slippage mechanism for two homogeneously negatively charged platelets in contact configuration at 20 • C and 80 • C (total surface charge σ T =-2mC/m 2 ).

Figure 8 . 4 :

 84 Figure 8.4: Detachment mechanism for two homogeneously negatively charged platelets in contact configuration at 20 • C and 80 • C (total surface charge σ T =-2mC/m 2 ).

Figure 8 . 5 :

 85 Figure 8.5: Micro-mechanism associated with contact and non-contact configuration upon heating and subsequent cooling.

  Figure A.1: Calibration of radial Hall effect displacement transducer at 22 • C.

  Figure A.5: Calibration of axial red Hall effect displacement transducer at 22 • C.

  . B.53 in the rigorous solution in Eq. B.51, one can demonstrate the equivalence of the solutions at constant surface charge (Eq. B.51) and constant surface potential (Eq. B.47) for a single EDL. Therefore, the distribution in Figure B.1 is valid regardless of the imposed boundary condition.

  Figure B.9: Comparison between the rigorous and the approximate nondimensional interaction pressures at constant surface potential between two facing charged plates of infinite thickness at (a) low and (b) high surface potential.

  -l) 3 + 5a 2 (L -l) ((L -l) 2 + a 2 ) -l) 3 + 5a 2 (L -l) ((L -l) 2 + a 2 ) + I 2 + I 3 + I 4 ] dl (C.13)To perform the integral in dl, we can separately compute the definite integrals of the four terms I 1 , I 2 , I 3 , I 4 in Eq. C.31. .14 can be solved per parts after the change of variables in Eq. C.15:t = L -l dt = -dl (C.15) the change of variables in Eq. C.15, we obtain: solve the definite integral of the term I 4 in equation Eq. C.31: of the term I 2 in equation Eq. C.31 can be solved in the same way as the definite integral of the term I 4 by imposing: -l) 3 + 5a 2 (L -l) ((L -l) 2 + a 2 ) definite integral of the term I 3 in equation Eq. C.31 can be solved as the definite integral of the term I 1 in Eq. C.16. replacing the expressions obtained in Eq. C.17, Eq. C.20, Eq. C.22 and Eq. C.23 back into Eq. C.31: 2 + z 2 ) (y 2 + z 2 + L 2 ) + 1 4 (y 2 + z 2 ) 2 dy (C.25)

  Figure C.2: Geometrical model for calculating the van der Waals atom-surface interaction energy between two randomly oriented squared platelets

  

  

Table 1 . 2 :

 12 Structural, proton, and intrinsic charge for KGa-1 assuming SSA f aces /SSA total = 0.85 and SSA Al-f ace+edges /SSA total = 0.575.

		Silica face	-60	/	-60	-41
	5	Alumina face	-60	+11	-49	-35
		Edges	/	+11	+11	+9
		Silica face	-60	/	-60	-41
	9	Alumina face	-60	-111	-171	-83
		Edges	/	-111	-111	-63

Axial Black 76 mm Axial Red Radial

  

	EPOXY	
	PASTE	
	TEMPERATURE	
	SENSOR	
	MAGNET	
	MAGNET	MAGNET
	BLOCK	BLOCK
	HOLE	HOLE
	SENSOR	SENSOR

Table 2 .1: Channel description and resolution values for the transducers ac- quired by National Instrument USB-6210.

 2 

	Channel	Input volt range	Operating sensitivity	Operating range	A/D resolution + hysteresis (%FS) Non-linearity
	0:Axial black	0to+10V 0.686 µm/mV	±2 mm	1.25 µm	0.31
	1:Axial red	0to+10V 0.822 µm/mV	±2 mm	1.56 µm	0.11
	2:Radial	0to+10V 1.024 µm/mV -1mm-2mm 1.82 µm	2.22
	3:Temperature sensor 0to+10V 0.0063 • C/mV	0-200 • C	0.0986 • C	1.58
	4:Pressure UP	0to+10V 0.249 kPa/mV 0-2.5 MPa 0.38 kPa	0.7
	5:Pressure DOWN	0to+10V 0.250 kPa/mV 0-2.5 MPa 0.38 kPa	0.7
	6:Common	220			

Table 2 .2: Mineral

 2 characterisation of Speswhite Kaolin Clay.

	granulometric composition 80% clay fraction
		20% silt fraction
	chemical composition	46.58% SiO 2
	of the clay fraction	37.75% Al 2 O 3
		2.06% K 2 O
		1.28% CaO
		1.04% N a 2 O
		11.29% L.O.I.
	particle size	0.3-10 µm
	mean particle size	1.3 µm
	were observed. Furthermore, the chemical composition of the clay fraction deter-
	mined by X-ray fluorescence showed 47 % in mass of SiO 2 and 38 % of Al 2 O 3 .
	A summary of the mineral characterisation of Speswhite Kaolin Clay is given in
	Table 2.2.	

Table 2 .3: Index

 2 properties of Speswhite Kaolin clay examined.

	pH G s	S s	w L,Casagrande w L,f all cone w P	PI
	[-] [-] [m 2 /g]	[%]	[%]	[%] [%]
	5.5 2.6	14	64	65	35 29-30
	be suggested to complement the measurements gathered with mercury intrusion
	and BET technique. Owing to the lack of this measurement, it is reasonable
	to assume that the specific surface of Speswhite kaolin clay is S s = 14m 2 /g, in
	agreement with the kaolinite specific surface area values suggested byMitchell
	and Soga (2005) (about 10 to 20m 2 /g).		

Table 2 .4: Physical

 2 properties of the sample at the initial state.

	Diameter	Φ ini 38 ± 1mm
	Height	h ini	76 ± 5mm
	Unit weight of the grains	γ s	26.0kN/m 3
	Unit dry weight of the sample	γ	11.8kN/m 3
	Water content	w conso 46%

Table 2 . 5 :

 25 Parameters for MIP raw data processing.

	G s	σ Hg	θ nw
	[-]		

Table 2 . 6 :

 26 Summary of testing conditions for samples of Speswhite Kaolin clay.

		Sample	Stress State	Temperature [ • C]
	e ini	test ID [-]	stress history OCR	p

Table 2 . 7 :

 27 Parameters for β s calculation.

Table 3 . 1 :

 31 Summary of testing conditions for samples of Speswhite Kaolin clay at the time of the thermal process.

	Sample	Stress State	Height-to-diameter ratio
	Test ID	OCR σ c,0 [kPa] ′	[-]
	OEDO-T2	1	2 kPa	0.202
	OEDO-T70	1	70 kPa	0.190
	OEDO-T1040	1	1040 kPa	0.141
	OEDO-T7O-ALK	1	70 kPa	0.153

Table 4 . 1 :

 41 Physicochemical properties of the two kaolin clays.

	Speswhite China

* Particle size distribution obtained by hydrometer analysis of the soils (ASTM D422).

Table 4 . 2 :

 42 Sensor properties and camera settings.

	ROI (width:height)	3000:6000 pixels
	Spacial resolution	13.2 µm/pixel
	Radiometric resolution 16 bit
	Lens aperture	F11
	Shutter speed	200
	Digital ISO	400
	Format	RAW

Table 4 . 3 :

 43 Summary of the sedimentation test results.

		Speswhite	China
	Measured supernatant pH [-]	6.51	6.59
	Observed sedimentation mode	MIXED MODE (prevalent EF) (prevalent dispersed) MIXED MODE
	Settlement time [h]	8.3	3.2
	Final sediment height [mm]	4.12	6.77

Table 5 . 1 :

 51 Pore-fluids properties.

	Fluid ID	ϵ r [-]	pH clay-fluid mixture pH [-] [-]	µ mPa•s • C T
	Acidic water	78.3 4.0	4.3	0.89 25
	Alkaline water	78.3 10.8	9.2	0.89 25
	Ethanol	24.0 8.0	7.3	1.07 25
	Acidic water-70	63.8 4.1	4.4	0.35 70

Table 5

 5 

	.2: Summary of the zeta potential measurements for the considered sus-
	pensions.				
		Acidic water Acidic water-70 Alkaline water Ethanol
	ζ [mV]	-34.5±9.8	-45.5±17.7	-27.8±12.3	+1.9±2.2
	σ [mC/m 2 ]	-1.0	-1.1	-0.8	+0.03

Table 5 . 3 :

 53 Summary of the sedimentation test results.

		Acidic water	Acidic water-70	Alkaline water	Ethanol
	Supernatant pH [-]	5.04	5.17	8.87	7.33
	Observed mode	MIXED MODE (flocculation EF) (flocculation EF) (aggregation FF) MIXED MODE MIXED MODE	DISPERSED
	Settlement time [h]	8.3	3.5	61	120
	Final sediment height [mm]	4.35	5.17	1.98	1.06

Table 5 .

 5 4: 1-D compressibility and swelling index of Speswhite Kaolin clay saturated with different pore fluids.

	Fluid ID	Compression index Swelling index C c [-] C s [-]
	Acidic water	0.57	0.15
	Alkaline water	0.24	0.07
	Ethanol	0.60	0.08
	Acidic water-70	0.54	0.14

Table 6 . 1 :

 61 Electrical boundary conditions for infinitesimal and infinite thickness particles.

Table 6

 6 

	.2: Electrical potential for infinite parallel particles stemming from lin-
	earised PB equation.

  Table 7.2b) was compared to DLVO numerical data in Figure 7.14a.

									7.5 Evaluation against generic particle configuration			
				DLVO interaction of finite clay particles										
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Table 7 . 2 :

 72 Calibrated GB parameters for Approach 2. DLVO interaction of finite clay particles

--------------------------

1.4 Research objectives and approach

• The original GB potential, which embeds the Lennard-Jones (LJ) 12-6 2D potential, does not accurately describe the slow decay of the electrostatic repulsive energy component of the DLVO potential energy. A modified version of the original GB, which embeds the Mie 3-1.5 potential, is proposed in this research to overcome this inaccuracy;• The GB model parameters µ and ν can be varied to tune the shape of the pair energy-separation function in intermediate particle configurations.The constant values µ=2 and ν=1 suggested by[START_REF] Berardi | A generalized gay-berne intermolecular potential for biaxial particles[END_REF] favours side-to-side interaction widely underestimating the energy required to bring edge-to-face particle in contact as predicted by the DLVO theory;• The comparison between the GB simulation and the DLVO data in a generic particle configuration shows good qualitative agreement with the GB 12-6 and the GB Mie 3-1.5, marginally overestimating the DLVO energy barrier.

cos(arctanx) = 1 √ 1 + x 2
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Part II INDIRECT OBSERVATIONS OF INTER-PARTICLE FORCES Appendix A

Temperature-controlled calibration of the isotropic compression cell components Axial and radial displacement transducers

All the pieces of the equipment are calibrated at 22 • C against a reference LVDT transducer (Keysight 34460A multimeter). Axial black and Axial red in Figure 2.7 are glued to a moving pedestal and put in contact with the reference LVDT locked in place and set to the beginning of its range. During the calibration, the moving pedestal mechanically pushes the Hall effect transducers towards the Keysight multimeter imposing an axial displacement of 0.5 mm from 2 mm to -2 mm, both rump up and rump down. An equivalent procedure was draw up for Radial (Figure 2.7). The transducer was glued to the same moving pedestal in the middle of its range, such that the pedestal could extend or narrow the jaw (±2 mm) The voltage recorded for each hall effect transducer is related to the displacement registered by the reference LVDT in order to identify the sensitivity and the output at zero position. Calibration curves for Radial, Axial black and Axial red are shown in Figure A.1,Figure A.3 and Figure A.5,respectively. The calculated values of sensitivity zero shift are noted in the graphs and summarised in Table 2.1.

Since all the displacement local transducers are exposed to high temperatures, they need to be temperature-compensated in the range 20 • C to 90 • C. An additional temperature sensor (operating range: 0-200 • C) was installed on the radial jaw to detect the exact temperature at which the hall effect transducers are exposed and use it for a more accurate temperature compensation.

Firstly, the temperature sensor located on the radial jaw is calibrated by placing the radial transducer in a climatic chamber and varying the internal temperature from 0 • C to 120 • C (Figure A.7). Sensitivity of the measurements and the output at zero position are also summarised in Table 2.1.

Likewise, as seen in the temperature sensor calibration, the transducers are placed in a climatic chamber. The calibration procedure consists in fixing the cell components sample. The transducers, issued with a calibration certificate by the manufacturer (annexe A), were verified by comparison technique with another certified pressure transducer (MCX II -Druck portable documenting calibrator), guaranteed to an accuracy of ±0.05% of the scale range (0-2.5 MPa).

Figure 2.8 shows a picture of pressure transducer "UP", connected to the top of the sample. After a proper saturation of the sensor chamber, the calibration at 22 • C consists in step pressurising up to 2 MPa the water in contact with the transducer by mean of one of the GDS advanced compressor and recording the output voltage. The obtained results for pressure transducer "UP" and "DOWN" (Figure A.8 and Figure A.9,respectively) indicate approximatively good linearity, with maximal deviation around 0.7%FS (FS = 2500 kPa). The calculated sensitivities are shown in the graphs and summarised in Table 2.1. 

Temperature calibration and correction

Since both pore water and cell water reach high temperature values, the output voltages recorded on the pressure transducers need to be temperature-compensated.

To do so, the same calibration performed at at 22 • C was repeated with circulating water at at 40 • C and 60 • C. 

Appendix B

Integration of the Poisson-Boltzmann equation

Electric potential distribution: Poisson-Boltzmann equation

The force of electrostatic attraction/repulsion between two generic point charges q 1 and q 2 [C] separated by a distance r [m] can be defined by Coulomb's equation:

] is the static dielectric permittivity of the pore fluid, ϵ 0 = 8.8542 • 10 -12 C 2 • J -1 • m -1 being the dielectric constant of the vacuum and ϵ r [-] being the dielectric constant of the medium.

The Eq. B.1 can be extended to entities owning a distributed surface charge, as in the case of clay particles. The three-dimensional potential distribution can be then described by the Poisson equation [START_REF] Butt | Physics and Chemistry of Interfaces[END_REF]:

where ρ [C/m 3 ] is the local charge density and ϕ(x, y, z) [V ] is the electric potential, which can be defined as the work to bring a unit charge from a reference state to a specified point in the electric field. The potential ϕ in clay is negative whenever the particle surface is negatively charged.

The freedom of movement of ions type i in the solution can be accounted for by Boltzmann statistics. The concentration c i in a force field in equilibrium is described by:

where c i,0 is the concentration of ions taken at a large distance x from the particle surface (assuming x = 0 on the particle surface), E is the potential energy, T [K] is the temperature and k = 1.38 • 10 -23 JK -1 is the Boltzmann constant.

The potential energy of an ion in an electric field is:

Where ν i [-] is the ionic valence, e = 1.602 • 10 -19 C is the electronic charge. Similarly to c i,0 , E i,0 is the potential energy at a considerable distance from the surface, whereas the potential at the surface is designated by ϕ 0 . As ϕ = 0 at a considerable distance from the surface:

By replacing Eq. B.5 in Eq. B.2, one can get:

The local charge density is:

For the case of a single cation and anion species of equal valence and concentration, which is the case in this analysis, i = 2, as there happen to be one positive and one negative species;

By replacing Eq. B.8 in Eq. B.3, one gets the general formulation of the Poisson-Boltzmann equation:

The PB equation is non-linear and can be solved numerically. For simple geometrical configurations such as sphere-sphere interaction, sphere-plate interaction, and plate-plate interaction, Eq. B.9 can be solved analytically. The most common solution available in the literature models clay particles is for planeparallel semi-infinite bodies (one-dimensional conditions). Although no body is semi-infinitely huge, the mathematical convenience behind this assumption applies to the fact that the extent of the considered body is large compared to all the other dimensions involved in the analysed process (in this specific case, the distance from the surface of the particles). As a result, at a closer range, the space between two particles seems infinitesimal compared with their outer extent. However, for most of the clay, particle thickness might be in the same order of magnitude or even considerably smaller than their separation distance in an electrolyte solution. Therefore, still in one-dimensional conditions, one can think of clay particles as infinitely extended planar surfaces of infinitesimal thickness.

Once again, although no body has an infinitesimal thickness, mathematically, the finite thickness of an infinitely extended slab is infinitesimal if compared to the infinite length of its other two dimensions in space.

When considering an infinitely extended planar surface, Eq. B.9 becomes:

The analytical solution to Eq. B.10 is straightforward in the case of a single EDL, as shown in Section B. However, when considering interacting EDLs, the solution toEq. B.10 becomes rather complicated. Therefore, it is illustrative to treat the particular case of low potentials. When e|ϕ| ≪ kT corresponds to ϕ ≤ 25 mV, one can expand Eq. B.10 into a series and neglect all but the linear term.

with K being the characteristic value which describes the thickness of the EDL:

Indeed, the electric potential around a charged particle roughly exponentially decays to zero over a typical length equal to x = K (-1) . The parameter K (-1) is called the Debye length.

Many solutions to Eq. B.10 are available in the literature, depending on the considered geometry (infinite or infinitesimal thickness) and the boundary conditions selected for the mathematical derivation.

One must impose two boundary conditions to rigorously solve Eq. B.10. The first boundary condition for a single EDL adjacent to an infinitely large planar charged surface follows the requirement that the potential must vanish far away from the particle surface. For interacting EDLs, on the contrary, one can impose that the electric field must be constant at the midplane.

The second boundary condition is determined according to the nature of the surface charge on the planar surface. According to [START_REF] Schroth | Surface charge properties of kaolinite[END_REF], the structural charge prevails on the particle faces. Therefore, a constant surface charge density characterises the clay particle face surface.

On the other hand, diffuse double layers that form at the edges of clay particles are usually created by the adsorption of potential-determining ions (proton charge prevails at the edges). Therefore, the edge-surface potential is constant, and the edge-charge varies with bulk electrolyte concentration. Accordingly, van Olphen (1963) suggests that the electric potential distribution of the EDL can be computed by solving Eq. B.10 imposing constant surface charge as a boundary condition. On the other hand, the assumption of constant surface potential to Eq. B.10 returns the description of the EDL at the particle edge. However, the proton charge of clay is very dependent on pH. In particular, the hydroxyls (OH) are exposed on both faces and edges of the particles, dissociating in water under the influence of pH. In general, neither the surface charge density nor the potential can be considered constant [START_REF] Bolland | ph-independent and ph-dependent surface charges on kaolinite[END_REF]. Nevertheless, in the following, one shall discuss the differences between the extreme cases of constant surface charge and constant surface potential.

Very often in the literature, Eq. B.10 and Eq. B.12 have been solved by assuming either constant surface charge or constant surface potential on the planar surface, neglecting the physical meaning behind this choice as well as the implications in the EDL mathematical description. Although the formulation of the electric potential of a single EDL at constant surface charge is equivalent to the one at constant surface potential, differences arise when considering interacting EDLs. Therefore, the interaction pressure between interacting EDLs might quantitatively vary under different boundary conditions.

Electrostatic free energy

While there is no controversy on the equation employed to derive the spatial distribution of the electrical potential (i.e. the Poisson-Boltzmann equation), deriving the potential energy of interacting EDLs is not straightforward.

There exist several approaches to obtaining electrostatic energies in colloidal systems. The thermodynamic method [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF][START_REF] Derjaguin | On the repulsive forces between charged colloid particles and on the theory of slow coagulation and stability of lyophobe sols[END_REF] consists of the determination of the free energy of the system (whether this free energy is that of Gibbs, Helmholtz, grand potential or some other, [START_REF] Gray | Nonlinear electrostatics: The poisson-boltzmann equation[END_REF]) as a function of the distance between the particles. As this free energy is identical to the amount of work associated with the isothermal and reversible processes of building up the double layers, the variation of energy with the particle distance directly equals the variation of the potential energy of the two particles with respect to each other.

The force method [START_REF] Langmuir | The role of attractive and repulsive forces in the formation of tactoids, thixotropic gels, protein crystals and coacervates[END_REF][START_REF] Shang | Calculation of the repulsive force between two clay particles[END_REF] is an indirect method that calculates the integral of the resultant macroscopic force induced on a charged body by an electrostatic stress field. The well-known one-dimensional excess osmotic pressure formulation proposed by [START_REF] Langmuir | The role of attractive and repulsive forces in the formation of tactoids, thixotropic gels, protein crystals and coacervates[END_REF] is often employed in discrete modelling of clay particles as the constitutive relation for clay particle interaction [START_REF] Anandarajah | Numerical study of the electrical double-layer repulsion between non-parallel clay particles of finite length[END_REF][START_REF] Yao | Three-dimensional discrete element method of analysis of clays[END_REF][START_REF] Anandarajah | Discrete-element study of the swelling behaviour of na-montmorillonite[END_REF][START_REF] Bayesteh | Numerical simulation of porosity and tortuosity effect on the permeability in clay : Microstructural approach[END_REF]. However, [START_REF] Shang | Calculation of the repulsive force between two clay particles[END_REF] pointed out that the repulsive force not only depends on the electrical potential on the mid-plane (excess osmotic pressure proposed by [START_REF] Langmuir | The role of attractive and repulsive forces in the formation of tactoids, thixotropic gels, protein crystals and coacervates[END_REF]) but also depends on the potential gradient along the mid-plane.

This subsection revises the formal calculation of the electrostatic free energy through the Grand Potential variational approach [START_REF] Reiner | Variational approach to the electrostatic free energy in charged colloidal suspensions: general theory for open systems[END_REF][START_REF] Gray | Nonlinear electrostatics: The poisson-boltzmann equation[END_REF][START_REF] Gupta | Thermodynamics of electrical double layers with electrostatic correlations[END_REF]. It reconciles the inter-particle force derived by the energy above with the repulsive force proposed by [START_REF] Shang | Calculation of the repulsive force between two clay particles[END_REF] for infinite charged facing sheets.

Grand Potential variational approach

The nonlinear PB model provides a simple theoretical description of the EDL that forms at the boundary of an electrolyte solution and a charged surface. The thermodynamically preferred structure of an EDL can be predicted using the criterion that this structure minimises the system's free energy. From the computation of the minimum free energy of a system of charged surfaces in an electrolyte solution, one can derive the solution of the PB equation and compute the inter-particle force as the derivative of the free energy.

When the charged plates are immersed in an extensive electrolyte reservoir, it is convenient to minimise the grand potential Ω [J] to compute the interaction force. Considering again a binary electrolyte solution of a single cation and anion species of equal valence and concentration and the same assumptions introduced in Section 6.1, Ω is given as:

where F [J] is the Helmholtz free energy of the system and µ i and c i , represent the chemical potential and the concentration of i t h ion specie in the solution, respectively.

The chemical potential µ is defined as

with c i being Gupta et al. ( 2020)):

Under the assumption of diluted solution introduced in Section 6.1(a 3 c i ≪ 1,

The Helmholtz free energy is given as:

where U [J] is the internal energy, S [J/K] is the entropy, and T [K] is the absolute temperature.

For a system of distributed charges, one can write U as:

In Section B and Section B, the rigorous solution to Eq. B.21 and Eq. B.22 and their respective pressures will be compared to the approximate linearised energies and pressures for constant surface charge and constant surface potential.

Single Electric Double Layer

Based on the theoretical framework presented, Section B introduces the essential analytical solutions (rigorous and approximate) for computing the electric potential distribution of a single, double layer in a diluted electrolyte solution. The mathematical framework presented in this section is then applied to two practical one-dimensional examples describing the fundamental interaction of charged planar infinite sheets of infinite and infinitesimal thickness in Section B and Section B, respectively. The rigorous calculation of the electric potential, the free energy and the interaction pressure of the examples above will be presented for the two considered particle geometries. The rigorous PB equation will be numerically solved for constant surface charge and potential and then compared with the approximate analytic solutions (valid at low surface potentials). This systematic analysis revises and discusses the solutions available in the literature for the presented examples underlying the too often neglected differences between charged planar sheets of infinite and infinitesimal thickness. Additionally, it evaluates the validity of using explicit approximate solutions instead of rigorous ones.

Derviation of Poisson-Boltzmann equation

The mathematical description of the electric potential of a diffuse double layer for an infinite charged sheet at constant surface potential in an electrolyte solution is given by [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF]. [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF] considers a finite thickness of the charged sheet assuming that the potential on the particle surface ϕ 0 is constant along the particle thickness, therefore ϕ 0,lef t = ϕ 0,rihgt = ϕ 0 .

To solve Eq. B.10, it is convenient first to introduce the following dimensionless quantities:

and also a distance function:

Where K [m -1 ] is the characteristic value that describes the double layer's thickness, the surface potential roughly exponentially decays with distance from the surface, and the centre of gravity of the diffuse charge is at a distance x = 1/K. K can be defined as: 

Assuming constant surface potential, one can impose the following boundary conditions.

we can find c 1 = -2. Therefore,

Imposing a = exp(y/2) and thus 1/a = exp(-y/2) and replacing into Eq. B.35:

Integrating again and imposing

we obtain:

By replacing Eq. B.40 and Eq. B.41 we get:

Eq. B.42 represents the dimensionless solution to Eq. B.10 and gives the spatial one-dimensional evolution of the electric potential ϕ.

The total surface charge on each face of the double layer σ [C/m 2 ] can be computed using the potential function. Indeed:

From Eq. B.30:

By replacing in Eq. B.45 in Eq. B.43 we obtain:

In conclusion, for a flat double layer at constant surface potential, the spatial evolution of the potential is given by Eq. B.42. The total charge on the particle's surface is defined by Eq. B.46, and the distribution of ions is described by Eq. B.6.

The rigorous solution to Eq. B.29 for a single EDL is: Knowing the dimensionless potential on the particle surface z, the total surface charge on each face of the EDL σ [C/m 2 ] can be computed [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]:

From Eq. B.48, one can see that for a single EDL, a unique relationship exists between electric surface potential and total surface charge.

At low surface potential (ϕ 0 <25 mV), it is possible to find an approximate analytic solution to Eq. B.10 ( [START_REF] Verwey | Theory of the Stability of Lyophobic Colloids: The Interaction of Soil Particles Having an Electric Double Layer[END_REF]. One then obtains: At low surface potential, there is a good agreement between rigorous and approximate solutions (Figure B.2a). On the contrary, when the electric potential on the surface increases to 100 mV (Figure B.2b), the approximate solution underestimates the electric potential's decay moving away from the particle surface. A surface potential ϕ 0 = 100mV corresponds to a surface charge of around 2mC/m 2 , which is realistic according to the surface charge measurement recently performed on kaolinite using the Atomic Force Microscope [START_REF] Gupta | Surface force measurements at the basal planes of ordered kaolinite particles[END_REF][START_REF] Liu | Surface force measurements at kaolinite edge surfaces using atomic force microscopy[END_REF][START_REF] Kumar | Probing the surface charge on the basal planes of kaolinite particles with high-resolution atomic force microscopy[END_REF]. Therefore, particular care must be taken when adopting the approximate solution (Eq. B.49) for describing the EDLs of colloidal particles.

In parallel, Eq. B.10 can be solved for constant surface charge assuming the following boundary conditions [START_REF] Mitchell | Fundamentals of Soil Behavior, 3rd Edition[END_REF]:

The rigorous solution to the non-dimensional equation (Eq. B.29) is:

with C 2 : Mathematically, the electric potential distribution is again described by Eq. B.10 with different limiting conditions. Given the symmetry of the problem, one shall only consider the liquid layer between x = 0 and x = d, with 2d being the distance between the sheets. The solution to equation Eq. B.10 should satisfy the following boundary conditions: 

where y and u are the dimensionless surface potential (introduced in Eq. B.47) and the dimensionless mid-way potential (u = νeϕ d /kT ), respectively.

Converting Eq. B.56 in fully non-dimensional units, the electric potential between the two can be mathematically described starting from Eq. B.29. Integrating Eq. B.29 once, we obtain Eq. B.32 which can be re-written as:

Considering a distance 2d between the particles and the symmetry of the problem, the solution to equation Eq. B.57 should satisfy the following boundary conditions: Integrating Eq. B.60, we can obtain the distribution of potential moving away from the particle surface. To calculate the distance at which two particles with interacting EDL arrange themselves, it is enough to carry the integration in Eq. B.61 between the limits 0 < x < d and z < y < u:

This integral has already been solved by [START_REF] Jahnke | Tables of Functions with Formulae and Curves[END_REF] in the form:

Eq. B.63 can be reconnected to our problem by imposing: we obtain:

So that:

where F is the non-complete elliptic integral of the first kind, which can be solved numerically: 

The solution to Eq. B.69 for different surface potential values, ϕ 0 , is given in The total surface density charge σ on each particle can be computed as:

The relationship between the total surface density charge σ and the surface potential ϕ 0 can be inverted as follows:

Differently from the relationship presented in Eq. B.48 for a single EDL, for interacting EDLs, the relationship between σ and ϕ 0 is not unique since it depends on the mid-way potential ϕ d , which is controlled by the half-distance between the particles d. Therefore, the electric potential distribution for constant surface potential differs from the one computed for a constant surface charge.

The two electric potential functions resulting from the numerical integration in Eq. B.72 are plotted in For low surface potential (ϕ 0 < 25mV ), it appears to be possible to derive explicit approximate solutions to Eq. B.56.

When imposing constant surface potential:

the approximate solution for the electric potential function in the liquid layer between one particle wall (x = 0) and the central plane (x = d) is defined as:

From Eq. B.77, one can compute the surface charge density at low surface potential:

An approximate solution to Eq. B.56 can also be found when considering constant surface charge. For particles of infinite thickness, all the charge is distributed on each sheet's wall, which is also the boundary of the considered system. By imposing:

Between one particle wall (x = 0) and the central plane (x = d), one obtains:

.7 visually compares the approximate and rigorous solution at constant surface charge for a given distance 2d at low and high surface potential. The approximate and rigorous solutions at constant surface potential follow the same trend. As already done in Section B, it is essential to specify that the surface charge mentioned in this subsection's equations corresponds to the total particle charge σ = σ T . When the particle is infinitely thick, the total charge is assumed to be homogeneously distributed on the particle's visible side. This will not be the case when considering particles of infinitesimal thickness.

Free energy and interaction pressure

The electrostatic energy of the system for constant surface potential and constant surface charge can be numerically computed by integrating Eq. B.21 and Eq. B.22 in one-dimensional conditions, respectively. In 1D, the two equations become:

where ϕ is the electric potential distribution computed in Eq. B.77 and Eq. B.80, respectively and plotted in The interaction pressure in Eq. B.85 corresponds to the pressure value predicted from Poisson's equation for two facing capacitor slabs.

Similarly, for constant surface charge at low surface potential Eq. B.22 becomes:

As a result, the interaction pressure can be written as:

where ϕ is the electric potential distribution computed in Eq. B.80. .10 shows that for a constant surface charge, the interaction pressure between two charged plates of infinite thickness approaches infinity when the inter-particle separation tends to 0. This result is not consistent with what one would expect from basic electrostatic. When the separation distance comes to 0, the thickness of the two interacting EDL tends to 0. Therefore, the influence of ions in the liquid layer between the particles is negligible, and the interaction between the two charged walls is purely electrostatic and governed by Poisson's law (Eq. B.2).

Interacting EDLs charged planar sheets of infinitesimal thickness

Derivation of the electric potential at constant surface potential and constant surface charge

Let now two identical parallel plates of infinitesimal thickness be immersed in an electrolyte solution. The sheets are brought at such a distance that their EDLs interact and influence each other (Figure B.11). This time the electric potential distribution to be considered is not only the one arising due to the EDLSs interaction between the two facing sheets but also the undisturbed ones occurring on the outer side of the two interacting sheets. As a result, the electric potential distribution of two charged infinite facing sheets of infinitesimal thickness (Figure B.11) is a combination of the electric potential distribution of two single EDLs ϕ outer (Section B) and two interacting EDLs generated by two infinite charged sheets of infinite thickness ϕ inner (Section B).

Therefore, ϕ outer and ϕ inner can be numerically computed according to the rigorous solutions in Eq. B.47 and Eq. B.69, respectively.

The resulting electric potential distributions for different surface potential values, ϕ 0 , are given in Additionally, under the assumption ϕ 0 < 15mV , an explicit approximate solution for ϕ outer and ϕ inner at constant surface potential can be determined according to Eq. B.49 and Eq. B.77,respectively. Figure B.13 visually compares the approximate and rigorous non-dimensional solutions at constant surface potential for a given distance 2d at low and high surface potential. Unlike the case of an isolated particle, the electric potential distributions on the two sides of the sheets are not identical. As a result, for constant surface potential, two different values of surface charge can be calculated: σ inner [C/m 2 ] on the inner side and σ outer [C/m 2 ] on the outer side of each charged sheet with σ inner ̸ = σ outer .

From Eq. B.77, one can compute the surface charge density σ inner at low surface potential. Whereas σ outer corresponds to the surface charge density computed for a single double layer of infinite thickness (Eq. B.47). Therefore the total charge of the particle can be computed as:

The same procedure can be followed by solving the approximate and rigorous solution at constant surface charge. In this case, Eq. B.49 and Eq. B.80 are valid for the computation of ϕ outer and ϕ inner . Figure B.14 visually compares the approximate and rigorous non-dimensional solutions at constant surface charge for a given distance 2d at low and high surface potential. 

Free energy and interaction pressure

Qualitative and quantitative differences arise when computing the electrostatic free energies for plates of infinitesimal thickness. Unlike the case of infinitely thick sheets, the system's free energy must also include the volume integral of the electric potential distribution arising on the outer of the particles. Therefore, this time the variation of Grand potential corresponds to the sum of the free energy in the liquid layer between the two interacting particles and the energy resulting from the two outer undisturbed electric potential distributions.

(

where (Ω-Ω 0 ) inner is rigorously computed according to Eq. B.81 and Eq. B.82 and for constant surface potential and constant surface charge, respectively. Once again, the interaction pressure can be computed by deriving the variation of grand potential free energy per unit area with respect to the particle separation D = 2d.

Explicit linearised solutions can be found at low surface potential even for this particle geometry. For constant surface potential, one gets:

Eq. B.90 is equivalent to Eq. B.84. This is because the additional term for calculating the electrostatic free energy for particles of infinitesimal thickness in Eq. B.89 only depends on ϕ outer . At constant surface potential, the distribution ϕ outer is only regulated by the fixed potential on the particle surfaces, and, thus, it is independent of the inter-particle distance. Therefore, it vanishes upon derivation of the electrostatic free energy with respect to the particles separation. This is not the case for constant surface charge, as the relationship between the fixed surface charge and the surface potential depends on 2Kd. For an infinitely charged sheet of infinitesimal thickness at constant surface charge:

In Figure B.16, the rigorous interaction pressure is compared at constant surface charge and constant surface potential at low and high surface potential values.

Finally, a visual comparison between the linearised expressions of interaction pressure for two facing sheets of infinite and infinitesimal thickness is given in Figure B.17.

Unlike what has been observed for infinitely thick particles, the interaction pressure approaches a finite value for 2Kd → 0, regardless of the boundary conditions. 

Appendix C

Integration of van der Waals potential energy

1D formulation

The interaction energy of two planar semi-infinite planar bodies at a distance D apart can be computed by pairwise summation of the net interaction energy between atoms. Let one start by computing the interaction energy between one single atom and an infinite planar surface of a solid of atoms (Figure C.1). For all the atoms in a circular ring of cross-sectional area dxdz and radius x, the ring volume is 2πxdxdz, and the number of atoms in the ring will be 2πρ 1 xdxdz, where ρ 1 is the number density of atoms in the solid [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF]. The net interaction energy for a molecule at a distance D away from the infinite surface will therefore be: From Eq. C.1, one can further integrate to calculate the interaction energy of two planar surfaces at a distance D. For two infinitely extended surfaces, the resulting net interaction energy will be infinite. Therefore, hereafter the calculation focuses on the energy per unit surface area. Let one mathematically replace the atom considered in Eq. C.1 with a thin sheet of atoms of infinitesimal area, thickness dz and number density of atoms ρ 2 at a distance z away from an extended surface of infinite area. From Eq. C.1, the interaction energy of the infinitesimal sheet with the opposite planar surface is -πCρ 1 (ρ 2 dz)/6z 3 . Thus, for two semi-infinite bodies, the energy per unit surface area is: 

3D formulation

The van der Waals energy potential between the two aligned squares can be computed as:

By imposing:

We can rewrite Eq. C.3 as:

Firstly, we can solve the indefinite integral (x 2 + a 2 ) -3 dx appearing in Eq. C.5:

(x 2 + a 2 ) -3 dx = 1 (x 2 + a 2 ) 3 dx = Re-substituting Eq. C.9 in Eq. C.10: 1 a 5 1 (X 2 + 1) 3 dx = 1 8a 5 3u + 4 sin u cos u + sin u cos u(1 -sin 2 u) = = 1 8a 5 (3 arctan x + 4 sin(arctan x) cos(arctan x)) + + sin(arctan x) cos(arctan x)(1 -2 sin (arctan x) = 5 , 6 = 1 8a 5 3 arctan x + 4

x 2 1 + x 2 = = 1 8a 5 3 arctan x + 4

From the change of variables in Eq. C.7 we obtain: The integral in Eq. C.31 can be numerically solved.