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ABSTRACT

In geotechnical engineering, the soil-structure interface is an important aspect to take into account in soil-structure interactions because it relates to the stability of the supported structure.

In particular, the mechanical behavior of the interface plays a key role in the design of civil engineering structures and their analysis over time. The interface is a thin zone of soil in contact with the structure where major stresses and strains develop in. To our knowledge, previous works on the characterization of the mechanical behavior of the soil-structure interface mainly include typical soils (sand or clay) or natural soils, in contact with variable structural materials (concrete, steel, wood). However, natural soils are very complex, partly due to geological heterogeneities, and the mechanical response of typical soils do not always represent accurately intermediate soils between sand and clay. Previous studies on the mechanical behavior of those soils are significantly represented in the literature, especially in experimental research, however it is rather poorly documented on the interface between these soils and structural materials, whereas their response to mechanical loadings is different. Moreover, at the engineering scale, there is still a lack of understanding on how this interface behaves along loaded pile within soils between sand and clay, numerically, and experimentally due to instrumentation restrictions along the pile.

The objective of this thesis is to characterize the mechanical behavior of the soil-structure interface for intermediate soils between sand and clay, both by experiments at the laboratory scale and by models at the engineering scale. Artificial mixtures of silica sand and kaolinite-rich clay are chosen to represent intermediate soils in this study. For this propose, the research is organized in a first and main experimental campaign that aims to investigate the effect of the clay content, from 0% (sand) to 100% (clay) on the mechanical behavior of a soil-concrete interface by a new interface direct shear device in the laboratory. A particular attention is given to the design of the setup, and to the investigation of four sample preparations to insure an optimize sample homogeneity. A second and numerical campaign is performed to input the results from the experimental campaign, to model the mechanical response of the interface between sand-clay soils and a lateral concrete loaded pile at the engineering scale. A new RÉSUMÉ L'interface sol-structure est un aspect important des intéractions entre le sol et la structure car elle permet d'assurer en grande partie la stabilité de la structure concernée. Le comportement mécanique de l'interface joue un rôle significatif dans le dimensionnement des structures de génie civil et dans la prédiction de leur comportement dans le temps. L'interface entre le sol et la structure est une fine couche de sol en contact avec la structure, dans laquelle des contraintes et des déformations se développent. A notre connaissance, les travaux précédents de la littérature qui caractérisent le comportement mécanique de cette interface concernent principalement des sols types tels que sable et argile ou des matériaux naturels, en contact avec des matériaux structurels tels que le béton, le bois ou l'acier. Cependant, les sols naturels sont très complexes, en partie dû aux hétérogénéités qu'ils contiennent et à leur histoire géologique, et la réponse mécanique des sols type ne permet pas toujours de représenter celles des sols naturels, ni celle de sols intermédiaires. Le comportement mécanique de sols intermédiaires entre sable et argile a été largement étudié, cependant celui de l'interface entre ces sols et un matériau structurel n'est que peu représenté, alors que la réponse de l'interface soumise à un chargement mécanique est bien différente de celui du sol seul. De plus, à l'échelle de l'ingénieur, il y a clairement un manque d'informations sur le comportement de cette interface le long d'une fondation chargée dans ces sols intermédiaires, numériquement et expérimentalement, ceci étant en partie lié aux difficultés d'instrumentations in-situ le long des foundations. L'objectif de cette thèse est de caractériser le comportement mécanique de l'interface entre le sol et la structure pour des sols intermédiaires entre le sable et l'argile. Des mélanges artificiels de sable de silice et d'argile riche en kaolinite ont été choisis pour représenter les sols intermédiaires. La thèse est d'abord composée d'une campagne expérimentale d'essais de cisaillement direct d'interface en laboratoire, afin d'identifier le rôle de la fraction massique d'argile sur le comportement mécanique d'une interface sol-béton. Une attention particulière a été apportée sur le montage expérimental et sur la préparation optimisée des échantillons de sol.

Les résultats ont ensuite été utilisés dans une campagne de modélisation à l'échelle de l'ingénieur, visant à réprésenter le comportement mécanique de l'interface autour d'un pieu chargé latéralement. Une nouvelle routine MATLAB en éléments finis a été implémentée pour modéliser le comportement de cette interface par des courbes p-y.

La caractérisation du comportement mécanique de l'interface sol-structure pour des sols à fraction massique d'argile variable a permis de mieux mettre en lumière le rôle de la microstructure de l'interface, sur la stabilité des structures de génie civil.

Mots clés: interface sol-béton, mélange sable-argile, cisaillement direct d'interface, préparation d'échantillon, microstructure, courbe p-y Uesugi and Kishida (1986a), Uesugi and Kishida (1986b)). ............................................ 91 Figure 2.24 Three failure modes for soil-structure interface (after Tsubakihara et al., 1993). . 92 
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GENERAL INTRODUCTION

Motivation of the research

In geotechnical engineering, the soil-structure interface is a key part of the design of civil engineering structures because it ensures the stability of the supported structure by transferring the load from the structural materials to the ground. The characterization of the soil-structure interface for such purpose is met for very variable structures and contexts such as shallow foundation, deep foundation, earth dams, geothermal piles, nuclear waste disposal, retaining walls, and geogrid reinforcement etc. [START_REF] Abed | Static impedance functions for monopiles supporting offshore wind turbines in nonhomogeneous soils-emphasis on soil/monopile interface characteristics[END_REF][START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF][START_REF] Dixon | Pressures acting on waste containers in bentonite-based materials[END_REF][START_REF] Dupray | Analysis of the FEBEX multi-barrier system including thermoplasticity of unsaturated bentonite[END_REF][START_REF] Gens | Factors controlling rockclay buffer interaction in a radioactive waste repository[END_REF][START_REF] Laloui | Experimental investigation of energy piles: From laboratory to field testing[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF]. The soil-structure interface is defined as a thin zone of surrounding soil near the structure, which is generally considered as a few times the mean soil particle diameter [START_REF] Dejong | Interface load transfer degradation during cyclic loading: a microscale investigation[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Tovar-Valencia | Effect of surface roughness on the shaft resistance of displacement model piles in sand[END_REF]. Although the interface zone is significantly much thinner than the surrounded soil volume, it is the zone where major stresses and strains develop in [START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Maghsoodi, 2020;[START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF]. In the literature, the mechanical behavior of this interface mainly concerns structural materials (steel, wood, concrete) at the interface of typical soils, such as sand and clay soils (Maghsoodi et al., 2020b;[START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF][START_REF] Yazdani | Influence of temperature on soil-pile interface shear strength[END_REF], however natural soils are very often intermediate between sand and clay. The use of natural soils to characterize the mechanical behavior of the soil-structure interface is adapted to singular systems but increases the difficulty to obtain well repeatable results of laboratory studies, due to the complex nature and the multi scale heterogeneities of soil materials encountered in the field. Reconstituted (simplified) soils composed of sand and clay with controlled fractions of their components are used in the laboratory instead of natural soils to investigate the mechanical behavior of clayey and sandy materials with a better control of their content and their petrophysical properties. The amount of studies on the mechanical behavior of those soils is widely significant in the literature, but to our knowledge it is rather poorly documented on the interface between these soils and structural materials, whereas their response to mechanical loadings is very different. Interface direct shear experiments are generally performed to characterize the response of this type of interface to mechanical loadings, with classical centimeter-size cells to larger cells, up to several decimeters [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF][START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF][START_REF] Liu | Cyclic and post-cyclic behaviour from sand-geogrid interface large-scale direct shear tests[END_REF]Maghsoodi et al., 2020b;[START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Sayeed | Interface shear characteristics of jute/polypropylene hybrid nonwoven geotextiles and sand using large size direct shear test[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF][START_REF] Yin | A study of deformation in the interface between soil and concrete[END_REF].

In this thesis, the mechanical behavior of the soil-structure interface is investigated by a new interface direct shear device, recently validated by [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. To represent the interface of a pile foundation in the laboratory, sand-clay mixtures at controlled fractions of clay and a concrete plate are chosen for the soil and the structural material, respectively. The effect of the clay content, from 0% (sand) to 100% (clay), on the mechanical response of the interface was therefore investigated.

Clay soils, whatever simplified, reworked or natural soils, are multi scale materials. Their macroscopic thermo-hydro-mechanical behavior is controlled by microscopic effects [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF][START_REF] Ural | The Importance of Clay in Geotechnical Engineering[END_REF]. Use of simplified soils in the laboratory implies therefore to handle the sample preparation, in order to guarantee the homogeneity of their microstructures and to optimize the repeatability of results.

Even if lots of studies on sand and clay mixtures are well documented in geotechnics, the preparation method of such samples is rarely clearly explained or varies a lot according to the authors [START_REF] Bendahmane | Experimental parametric study of suffusion and backward erosion[END_REF][START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF][START_REF] Krage | Slurry Deposition Method of Low-Plasticity Intermediate Soils for Laboratory Element Testing[END_REF]Kuerbis and Vaid, 1988;[START_REF] Raghunandan | Preparation of reconstituted sand samples in the laboratory[END_REF]. Changes in sample preparation obviously increase the challenge to cross results from different researchers. As a consequence, sample preparations for geotechnical experiments should be kept constant as better as possible to guarantee sample's homogeneity across the scales and to limit the result variability. So far in geotechnical studies, it is clear that there is a lack of detailed explanations on the procedures of sample preparation of sand-clay mixtures, and a comparison between those procedures at different scales. Thus, an adapted sample preparation that can provide homogeneous sand-clay mixture specimens for interface direct shear test is developed in this manuscript.

The results from the experimental campaigns are then employed to model the mechanical response of the soil-structure interface at the in-situ scale (pile scale), when the structure is subjected to a lateral loading. For that, the pile is simplified as a beam and the soil-pile interface is treated as a set of one-dimensional non-linear Winkler springs [START_REF] Ahayan | A constitutive Model for natural Clays: From Laboratory Testing to Modelling of Offshore Monopiles[END_REF][START_REF] Nogami | Nonlinear soil-pile interaction model for dynamic lateral motion[END_REF][START_REF] Wolf | Assessment of py curves from numerical methods for a non-slender monopile in cohesionless soil[END_REF][START_REF] Yang | Numerical analysis of pile behaviour under lateral loads in layered elastic-plastic soils[END_REF]. As a consequence, the p-y curve, which represents the soil reaction per unit of pile length (p) as a function of pile deflection (y), is attained. The p-y method is the most commonly used approach for engineering design of piles that sustained to lateral loadings, because of its simplicity and low computational cost. However, as for the experimental studies, there is a lack of p-y curve results of piles in clayey soils with increasing clay contents to evaluate the effect of soil's composition on the interface response, contrary to interfaces with typical sand or pure clay. The interface direct shear results obtained are therefore adopted in the p-y curve numerical modeling, showing the different pile lateral loading behavior in sand-clay mixture soils with definite clay content.

Goals of the thesis

The overall aim of this thesis is to study the mechanical behavior of the soil-structure interface,

both by experiments at the laboratory scale and by models at the engineering scale. To reach this aim, the mechanical response of the interface between simplified soils at variable clay content and a concrete plate is investigated during direct shear loading. The effect of the soil's clay content on the mechanical properties of the interface is therefore examined. To reach this purpose, this thesis will focus on the following specific objectives:

(i) Firstly, in order to perform interface direct shear tests experimentally, an adapted sample preparation which provides homogeneous samples is needed. The importance of the sample homogeneity lies in the fact that the interface is a quite thin layer between the structure surface and the soil and it could be affected by the microstructure of the specimen. In addition, tests should be performed with repeatable samples. An experimental campaign aiming to find the suitable sample preparation method which can gain the most homogeneous specimens is conducted.

Three different sample preparation protocols consist of mixing sand, clay and distilled water are determined and tested in the laboratory to identify which one provides the most homogeneous and uniform structure from the macroscopic to the micropore scales. Multi scale imaging and bulk analysis are carried out to analyze the structure of samples from the macro-, meso-and microscopic point of view, as well as the oedometric behavior, the influence of the sample preparation and the water content on the multi scale structure of the sand-clay mixture soils and oedometer results are then discussed in order to provide recommendations for one of the preparations. 

Outline of the thesis

The goal of chapter 1 is to provide a better understanding of the clay influence on the mechanical behavior of clayey soils. It reviews the typical experiments (in particular triaxial and direct shear) employed on sand-clay mixtures to describe how clay controls the mechanical response of soils.

It also identifies the main factors which strongly participate to control the soil response, for example the fine content, intergranular void ratio and transitional fine content. These parameters are not independent and definitely related to the clay fraction. This chapter concludes that there are still some unclear mechanisms to understand the mechanical behavior of sand-clay mixture, that is why the research of this manuscript is carried out. Chapter 6 summarizes the general conclusions of this work and gives some perspectives about the sample preparation verification, the pursuit of interface direct shear test with sand-clay mixtures under different loadings, and future improvements of the numerical modeling.

CHAPTER 1 OVERVIEW OF THE ROLE OF CLAY ON SAND-CLAY MIXTURES' MECHANICAL BEHAVIOR

Introduction

The goal of this chapter is to have a better understanding of the clay influence on the mechanical behavior of clayey soils, to know how clay controls and affects the mechanical behavior of sandclay mixtures. For this purpose, this chapter reviews the basic knowledge state and the typical test results on sand-clay mixtures. A series of indexes which describe the clay effect on the mechanical response of sand-clay mixtures is then presented (for example fine content, intergranular void ratio, transitional fine content).

State of the art of the mechanical behavior of sand-clay mixtures

This section presents a state of the art on the mechanical behavior of sand-clay mixtures. This overview gives the definition of a sand-clay mixture as well as presents the typical experiments, especially direct shear tests, on sand-clay mixtures in the laboratory.

Definition of sand-clay mixture

Definition

In geotechnics, natural soils are generally classified as sandy or clayey soils according to the fine content classification systems (ASTM-D2487, 1992; [START_REF] Kim | Evaluation of cyclic shear strength of mixtures with sand and different types of fines[END_REF]. Natural clayey soils that contain gravel, sand, and silt or clay, are studied both in-situ and in the laboratory. The mechanical behavior of these soils is strongly affected by their intrinsic properties, in particular: heterogeneity, anisotropy and the geological history [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Kenney | Residual strengths of mineral mixtures[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF][START_REF] Muir Wood | Experimental observations of behaviour of heterogeneous soils[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF]. The complexity of soil specimens can therefore sometimes lead to not always consistent testing results, which increases the challenge to determine a finite set of intrinsic parameters able to characterize their main features.

Experimental and theoretical studies of soil behavior have often concentrated on ideal soils (pure clays or uniform sands), and soil mechanics has been mainly developed based on test results of pure sand or pure clay. However, as mentioned above, natural soils usually consist of coarse granular grains in a matrix of silt or clay. To better understand the mechanical behavior of natural soils, simplified and controlled soils are often used in laboratory testing instead of natural ones.

The simplified soils can be reconstituted sand-silt or sand-clay mixture soils (namely sand-fines mixture) with fabric similar to natural soils. The properties of such simplified mixtures are, thus, expected to be intermediate or transitional between the properties of the constituent materials (sand and fines). The engineering behavior of a mixture matrix of coarse-fine grains can be explained by the nature of the interaction between coarse and fine grains [START_REF] Lupini | The drained residual strength of cohesive soils[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF].

Sand-clay and sand-silt mixtures are often termed sand-fines mixture. A sand-fines mixture is made up of a granular material with larger particles (e.g., gravel, sand, glass beads) and a material with finer particles (e.g., silt, clay). The study in this thesis focuses on the sand-clay mixture, in other words, the simplified mixture soils are reconstituted with sand and clay in laboratory. The mineral structures of clays and sands are quite different so that the behavior of the sand-clay mixture is influenced both by the particle sizes and the physico-chemical characteristics of each material present.

Study history on sand-clay mixtures

Since last century, numerous researches have been conducted on all types of sand-clay mixtures.

The influence of the proportions of sand and/or clay in a mixture has always been of interest [START_REF] Cabalar | Behaviour of sand-clay mixtures for road pavement subgrade[END_REF][START_REF] Dixon | Pressures acting on waste containers in bentonite-based materials[END_REF][START_REF] Graham | The effective stress concept in saturated sand-clay buffer[END_REF][START_REF] Graham | Strength and volume change behaviour of a sand-bentonite mixture[END_REF][START_REF] Graham | Strength and volume change characteristics of a sandbentonite buffer[END_REF][START_REF] Havens | Pore pressure generation characteristics of sands and silty sands: a strain approach[END_REF][START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF][START_REF] Lade | Effects of non-plastic fines on minimum and maximum void ratios of sand[END_REF][START_REF] Miller | The strength characteristics of soil-aggregate mixtures & discussion[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. [START_REF] Miller | The strength characteristics of soil-aggregate mixtures & discussion[END_REF] first investigated the effects of varying the proportions of coarse-and fine-grained soils on the strength of the resulting mix.

They prepared samples with various mixtures of river sand and sandy clay ranging from 100% sand to 100% clay and then performed triaxial tests. The authors found that the cohesion and the angle of internal friction of a soil increase by an increase in density; the highest density is produced by 26% of clay and 74% of sand by weight. That may suggest that up to 26% of clay, the latter gradually fills the voids between the sand grains; beyond this percentage, the sand grains start to float in a matrix of compacted clay and there is no more grain to grain contact.

Moreover, they affirmed that the cohesion increases, and the angle of internal friction decreases with increasing clay content. [START_REF] Havens | Pore pressure generation characteristics of sands and silty sands: a strain approach[END_REF] described the relationship between the percentage of clay in a sandclay mixture and soil properties. As the percentage of clay increases, the maximum density of the mass increases up to the point where clay begins to overfill the voids. When this occurs, the clay has begun to expand the granular structure and, consequently, further consolidation of the mass is dependent upon the susceptibility of the clay-water system to consolidate. Furthermore, as stated by [START_REF] Miller | The strength characteristics of soil-aggregate mixtures & discussion[END_REF] too, as more clay is added, the cohesion increases while the internal friction angle decreases.

Other studies showed that the mechanical behavior of sand-clay mixtures highly depends on the mineralogical composition, mineral structure of clay, clay proportions, temperature as well as hydrogeological characteristics [START_REF] Cekerevac | Experimental study of thermal effects on the mechanical behaviour of a clay[END_REF][START_REF] Esrig | Some temperature effects on soil compressibility and pore water pressure[END_REF][START_REF] Georgiannou | The undrained behaviour of clayey sands in triaxial compression and extension[END_REF][START_REF] Hammad | Kaolin/montmorillonite mixtures behaviour on oedometric path and microstructural variations[END_REF][START_REF] Hattab | Internal friction angle variation in a kaolin/montmorillonite clay mix and microstructural identification[END_REF]Hong et al., 2013;[START_REF] Lingnau | Effects of temperature on strength and compressibility of sand-bentonite buffer[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Namdar | Kaolinite thermal evaluation in geotechnical engineering[END_REF][START_REF] Paaswell | Temperature effects on clay soil consolidation[END_REF][START_REF] Polidori | Relationship between the Atterberg limits and clay content[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF][START_REF] Wei | Micro-macro-experimental study of two clayey materials on drying paths[END_REF]. Further studies have also investigated the effect of water content [START_REF] Cabalar | Behaviour of sand-clay mixtures for road pavement subgrade[END_REF][START_REF] Fattah | Behavior and characteristics of compacted expansive unsaturated bentonite-sand mixture[END_REF][START_REF] Kacprzak | Permeability of sand-clay mixtures[END_REF], the swelling properties and the suction distribution [START_REF] Cabalar | Behaviour of sand-clay mixtures for road pavement subgrade[END_REF][START_REF] Fattah | Behavior and characteristics of compacted expansive unsaturated bentonite-sand mixture[END_REF][START_REF] Gray | Swelling pressures of compacted bentonite/sand mixtures[END_REF], porosity and permeability [START_REF] Kacprzak | Permeability of sand-clay mixtures[END_REF][START_REF] Revil | Mechanical compaction of sand/clay mixtures[END_REF] and volume changes [START_REF] Graham | Strength and volume change behaviour of a sand-bentonite mixture[END_REF] on sand-clay mixtures, pointing out that each of them has non-negligible effects on the behavior of such mixtures.

Experimental studies on the mechanical behavior of sand-clay mixtures

Following the previous remarks, it is evident that at low clay content a sand-clay mixture behaves as "sand-like" soil, while at high clay content it is "clay-like" soil. [START_REF] Simpson | Behavioral thresholds in mixtures of sand and kaolinite clay[END_REF] stated that the limit clay content at which behavior changes from "sand-like" to "clay-40 like" may differ and depend on the measured experimental properties such as cohesion, peak and residual strength, friction angle etc. An increasing clay content results in an increase in cohesion for low clay content (5% and 10%). At higher clay content however as 20%, cohesion decreases [START_REF] Dafalla | Effects of clay and moisture content on direct shear tests for clay-sand mixtures[END_REF]. The undrained peak shear strength and the undrained residual strength decrease with the increase in clay content, from 0% to 20% [START_REF] Krim | Experimental study on the liquefaction resistance of sand-clay mixtures: Effect of clay content and grading characteristics[END_REF]. [START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF] prepared sand-clay mixtures for direct shear tests with clay contents varying from 5, 10, 15, 20, 25 and 30%. The internal friction angle of the sand-clay mixtures is found higher than that of pure sand, and reaches a peak at a clay fraction of 10%. [START_REF] Mollins | Drained strength of bentonite-enhanced sand[END_REF] pointed out that bentonite has very little influence on the drained strength of sand-bentonite mixtures at the studied contents (5, 10 and 20% bentonite). However, at very high bentonite contents the mixture strength tends towards the strength of the clay. [START_REF] Nagaraj | Influence of gradation and proportion of sand on stress-strain behavior of clay-sand mixtures[END_REF] conducted unconfined compressive tests using different type of sand-clay mixtures, and found out that the mixtures had the highest unconfined compressive strength at 40 to 60% of clay fractions regardless of clay type. [START_REF] Dash | Undrained monotonic response of sand-silt mixtures: effect of nonplastic fines[END_REF] performed undrained monotonic triaxial tests on clean sand with varying silt fractions from 5% to 75%. Results reveal that the peak strength initially increases up to 5% silt fraction and thereafter decreases rapidly until around the limiting silt content and finally remains relatively constant for all the silt fractions up to pure silt. In dense sand-clay mixtures with clay contents from 0% to 100%, the cyclic shear strength decreases rapidly by increasing clay content since the sand skeleton structure becomes loose due to the increase of occupied clays between sand particles; while for loose samples of sand-clay mixtures, the strength increases generally by increasing clay content [START_REF] Kim | Evaluation of cyclic shear strength of mixtures with sand and different types of fines[END_REF]. These test results confirm that the mechanical response of sand-clay mixture varies with clay fraction and that depending on the single parameter (cohesion, peak and residual strength, etc.) a threshold indicating a transition from a sand-like behavior to a clay-like one can typically be defined.

Studies were also carried out on the effect of clay content on the response of sand-fines mixtures using different experimental tests, such as oedometer test, fall cone test, triaxial test, and direct shear test [START_REF] Cabalar | Compressional behaviour of various size/shape sand-clay mixtures with different pore fluids[END_REF][START_REF] Cabalar | Fall cone tests on clay-sand mixtures[END_REF][START_REF] Dafalla | Effects of clay and moisture content on direct shear tests for clay-sand mixtures[END_REF][START_REF] Dash | Undrained monotonic response of sand-silt mixtures: effect of nonplastic fines[END_REF][START_REF] Graham | Strength and volume change behaviour of a sand-bentonite mixture[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Peters | Percolation threshold of sand-clay binary mixtures[END_REF][START_REF] Simpson | Behavioral thresholds in mixtures of sand and kaolinite clay[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. The most important experimental tests used to characterize the mechanical behavior of the mixtures under different loading conditions and to investigate the role of clay in the mechanical behavior of sand-clay mixtures are triaxial and direct shear tests. The main results are presented hereafter. [START_REF] Graham | Strength and volume change behaviour of a sand-bentonite mixture[END_REF] presented triaxial tests at pressures up to 3 MPa to obtain the strength and volume change behavior of a compacted sand-bentonite mixture. Undrained triaxial compression tests were performed on host sand mixed with different amounts of fines by [START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF] to find how the fines and confining stress affect the undrained shear strength of silty sand. Undrained triaxial compression tests were also made by [START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF] to characterize the relationship between the collapse potential of silty sand and the fine content. showed a slight increase in drained shear strength with the increase in fines. Volumetric strains proved to be very sensitive to the percentage of fines and the sand-fines mixture became less contractive with increasing fine content. This trend is quite obvious since the specimens have the same amount of sand, and the addition of fines leads to denser and hence less contractive specimens [START_REF] Benahmed | An experimental investigation into the effects of low plastic fines content on the behaviour of sand/silt mixtures[END_REF]. The effect of nonplastic fines on the sand-silt mixtures was also studied with triaxial tests by [START_REF] Dash | Undrained monotonic response of sand-silt mixtures: effect of nonplastic fines[END_REF], which found that fines significantly influence this response of specimens from loose to medium dense state.

Triaxial tests

Direct shear tests

The direct shear test is of significant importance to study the mechanical response of sand-clay mixture [START_REF] Balaban | An Experimental Study on Shear Strength Behavior of Soils Under Low Confining Pressure[END_REF][START_REF] Dafalla | Effects of clay and moisture content on direct shear tests for clay-sand mixtures[END_REF][START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. It will be used in the next chapters to illustrate the behavior of the studied sand-clay mixtures.

Direct shear tests were performed on the mixture of dry Ottawa sand and dry kaolinite clay by [START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF], to know how the shear strength is influenced by the sand (or clay)

fractions. Results are presented in Figure 1.2a, showing that the shear strength of the mixture is provided both by the sand and the clay at clay content between 25% and 60%. Apart from sand and clay with different particle size and shape, a mixture of bigger and smaller glass bead with perfect spherical shape was performed on direct shear device [START_REF] Vallejo | Interpretation of the limits in shear strength in binary granular mixtures[END_REF].

Results show that shear strength depends on the weight fraction of the large and the small bead in the binary granular mixtures (see Figure 1.2b). It is clear that there is the larger graincontrolled and the smaller grain-controlled phases in Figure 1.2b compared to the sand-clay mixture case in Figure 1.2a. It seems that in the case of glass beads, the peak shear strength reduces when increasing the fine content (Figure 1.2b), while in the case of sand clay mixture, it remains constant or it increases (Figure 1.2a). This can be attributed to the fact that the sand is characterized by higher angularity than the glass beads. The contact is mainly point-point between larger glass beads and smaller ones thanks to the perfect spherical shape, which will show less particle friction than sand-clay during shearing.

Different from the results in Figure 1.2a, direct shear test results from [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF] show that the mixture shear stress decreases gradually (Figure 1.3). In addition, the transitional fine content FCt becomes higher as the normal stress increases (FCt at 49.03 kPa < FCt at 98.07 kPa < FCt at 196.13 kPa). The values of FCt are 31.4%, 33.7%, and 36.6% for normal stress of 49.03 kPa, 98.07 kPa and 193.13 kPa, respectively (Figure 1.3). It should be noticed that the corresponding FCt (i.e., the three dash lines) in Figure 1.3 is obtained from oedometer tests. There are not obvious trough points on the three shear stress curves to determine the transitional fine content FCt (Figure 1.3). Direct shear tests were also performed on a coarse rotund sand-fines angular sand mixture [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF]; the shear strength of the mixture starts to decrease up to the average threshold fine content (i.e., the dash line in Figure 1.4, about 11%).

Results of low normal stress (14 kPa) in Figure 1.4 indicate however a different shear stress curve shape than in Figure 1.3 (49.03 kPa) and Figure 1.2a (54.2 kPa). At low normal stress of 54.2 kPa, the shear strength curve of sand-clay mixtures is quite flat without too much change with clay content increase (Figure 1.2a and Figure 1.3), whereas at the vertical stress as low as 14 kPa (Figure 1.4) and 13.9 kPa (Figure 1.2b) for sand-sand and glass bead-glass bead mixtures, there are obvious transitional points at the fine content of FCt. This may be caused by the different particle contacts between sand-clay and sand-sand/glass bead-glass bead. Besides, it can be concluded that the shear strength grows considerably with increasing confining stress Looking at the Mohr-Coulomb failure envelopes from direct shear tests of Ottawa sand-kaolinite clay mixture, Figure 1.5, it can be observed that the envelopes are linear and without too large variation of slope which depends on the concentration of clay in the mixture [START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. The cohesion values are relatively small and the variation of the friction angle is without a clear trend as function of the clay content (Figure 1.5). The cohesion of the mixture is found increasing with the increase of clay content except for the water content of 20%. However, the influence of clay content on the cohesion and friction angle is unknown when the clay fraction is higher than 15% (lack of data). Moreover, at one specific The shear strength of clay-sand mixture was measured by [START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF] with direct shear and angle of repose tests in dry conditions. The angle of repose and the internal friction angle of the sand-clay mixture are found higher than that of pure sand. Moreover, the peak value occurs at a clay percentage of 10% (Figure 1.7a). Several results from the literature of the internal friction angle function of the fine content are summarized in Figure 1.7, indicating an overall decrease of the internal friction angle with increasing clay content.

Influence factors on the mechanical response of sand-clay mixtures

This section presents the most critical parameters that affect the mechanical response of sandclay mixture such as the fine fraction, the intergranular void ratio, and the transitional fine content. All those parameters will be compared and discussed to better identify the role of clay in the mechanical response of sand-clay mixtures, and the role of the mean microstructure in a more general view.

Influence of fine content on the mechanical response of sand-clay mixture

Previous works highlight different factors that may control the way in which the fine fraction influences the mechanical behavior of the mixed material and especially lead to a better understanding of the influence of fines on the shear characteristics. Hence, the knowledge of the fine fraction behavior appears essential to understand the behavior of heterogeneous soils containing a significant clay fraction [START_REF] Hattab | Internal friction angle variation in a kaolin/montmorillonite clay mix and microstructural identification[END_REF].

Figure 1.8 is employed to explain the particles packing and porosity of sand and clay mixtures under different clay fractions [START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. Figure 1.8a shows five grains of sands enclosing a void space and may clarify the changes in the mixture's structure when the clay is added to the sand. In fact, according to several studies [START_REF] Georgiannou | The undrained behaviour of clayey sands in triaxial compression and extension[END_REF][START_REF] Kumar | Mechanical behaviour of mixtures of kaolin and coarse sand[END_REF][START_REF] Lade | Effects of non-plastic fines on minimum and maximum void ratios of sand[END_REF][START_REF] Lupini | The drained residual strength of cohesive soils[END_REF][START_REF] Muir Wood | Experimental observations of behaviour of heterogeneous soils[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF], when a small amount of clay is added to the sand, the clay particles and their enclosed void space (i.e., the bulk volume of the clay) will occupy a proportion of the sand void space (Figure 1.8b). If more clay is added to the sand, it goes to the state of Figure 1.8c, the void between sand grains is completely occupied by the bulk volume of the clay. At this clay fraction in Figure 1.8c, a condition with a minimum porosity is developed in the sand-clay mixture. After the minimum porosity condition has been reached in the mixture (Figure 1.8c), there is no more space between the sand grains for adding more clay [START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. Thus, if more clay is added beyond the minimum porosity condition (Figure 1.8d), the only way to contain the volume of the additional clay in the mixture is that the sand grains become separated and make more space for the increased clay. In this case, the sand grains are floating in the clays and the clay becomes the dominant component in the binary mixture (Figure 1.8e).

With the help of a phase diagram that can indicate the solids and void components in the mixture (Figure 1.9), the minimum porosity of the mixture (Figure 1.8c) can be defined. When there is only sand in the mixture, the phase is Figure 1.9a, when the sand porosity is completely filled by clay then it can be represented as Figure 1.9b. Figure 1.9c represents the case when there is only clay in the mixture [START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. Investigations on this type of behavior are looking for the percentages of clay (or sand) at which there is a change in the mixture's structure (i.e., the threshold clay content). In Table 1.1, a summary of the previous results [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF][START_REF] Georgiannou | The undrained behaviour of clayey sands in triaxial compression and extension[END_REF][START_REF] Holtz | Triaxial shear characteristics of clayey gravel soils. US Bureau of Reclamation[END_REF][START_REF] Kumar | Mechanical behaviour of mixtures of kaolin and coarse sand[END_REF][START_REF] Kurata | Research on the engineering properties of sand-clay mixtures[END_REF][START_REF] Lupini | The drained residual strength of cohesive soils[END_REF][START_REF] Marsal | Mechanical properties of rockfill soil mixtures[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Muir Wood | Experimental observations of behaviour of heterogeneous soils[END_REF][START_REF] Paduana | The effect of type and amount of clay on the strength and creep characteristics of clay-sand mixtures[END_REF]; Schlosser and [START_REF] Schlosser | Recent results in French research on reinforced earth[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF] is collected: it shows the percentages of sand and clay in the mixture above or under which the mixture behavior is controlled by the sand or the clay or both. Average values 1 -<24.6 24.6 ~ 40.9 >40.9 -Consequently, laboratory tests on this type of mixtures indicated that their shear strength depends upon the relative concentrations of the large particles and the clay. If the weight percentage of the clay material in the sand-clay mixture is less than 25% (see Table 1.1), the shear strength of the mixture is that of the granular material alone. When the weight fraction of the clay in these mixtures is more than around 41% (Table 1.1), the shear strength of the mixtures is that of the clay that surrounds the granular material. In this case the shear strength of the mixture is basically equal to that of the clay without granular material. For the case in which the percentage of the clay material in the mixture is between these values, the shear strength is partially controlled by both phases and it increases gradually from the shear strength provided by the pure sand to that provided by the pure clay (Table 1.1).

(a) (b) (c) (d) (e)
Thus, a transition zone exists between the sand-controlled and the clay-controlled sand-clay mixture (Table 1.1). The transitional fine content, named FCt, represents a changing point for the behavior of the sand-clay mixture from the sand-controlled to the transition zone or the claycontrolled phase.

Influence of intergranular and interfine void ratios on the mechanical behavior and

microstructure of sand clay mixture

Definition of intergranular and interfine void ratio

The intergranular void ratio [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF][START_REF] Chu | Effect of fines on instability behaviour of loose sand[END_REF][START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF] in the sand-fines mixture is the same concept as granular void ratio [START_REF] Georgiannou | The undrained behaviour of clayey sands in triaxial compression and extension[END_REF][START_REF] Lupini | The drained residual strength of cohesive soils[END_REF] or skeleton void ratio (Kuerbis et al., 1988;[START_REF] Salgado | Shear strength and stiffness of silty sand[END_REF][START_REF] Yang | State variables for silty sands: Global void ratio or skeleton void ratio?[END_REF], according to [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF]. This notion was commonly mentioned and adopted in previous research concerning the mechanical response of granular soils containing fines [START_REF] Cabalar | Fall-cone testing of unsaturated sand-clay mixtures[END_REF][START_REF] Lade | Effects of non-plastic fines on minimum and maximum void ratios of sand[END_REF][START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF].

The intergranular void ratio eg is a measure of void plus fines volume (intergranular voids) w.r.t.

the volume of the granular phase (the sand) [START_REF] Mitchell | Fundamentals of soil behavior[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF]:

vf g s VV e V + = (1.1)
in which Vv is the volume of voids; Vf is the volume of fines; Vs is the volume of the sand. Hence the Vv + Vf is the volume of intergranular void space. The intergranular void ratio provides an indicator of the influence of the granular phase [START_REF] Georgiannou | The undrained behaviour of clayey sands in triaxial compression and extension[END_REF][START_REF] Kacprzak | Permeability of sand-clay mixtures[END_REF][START_REF] Lupini | The drained residual strength of cohesive soils[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF] and plays a role in the compressional stress-strain characteristics of soils consisting of fine and coarse grains of different percentages [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF][START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF]. Furthermore, the notion of eg can be used for determining the transitional fine content.

Indeed, at high fine content, the sand grains only provide a secondary contribution to the soil behavior, so that in this case the sand can be ignored in the force chain and the state of the mixture soil should depend on the stress and the interfine void ratio ef [START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF][START_REF] Zuo | Determination of the transitional fines content of sand-non plastic fines mixtures[END_REF], which can be defined as the ratio of volume of the voids to the volume of fines, see Eq.(1.2):

v f f V e V = (1.2)
The use of eg and ef can be explained as follows: At low fine content the sand grains are in contact with each other and form the major skeleton of the mixture [START_REF] Thevanayagam | Intergranular state variables and stress-strain behaviour of silty sands[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF]. Thus, at the stage of low fine content, the fines can be ignored in the force chain and the soil mechanical behavior should depend on the stress and the intergranular void ratio eg. [START_REF] Yang | State variables for silty sands: Global void ratio or skeleton void ratio?[END_REF] suggested however that the intergranular void ratio cannot provide a universal meaning to characterize the stress-strain behavior of sand-fines mixture soils because there is a lack of mechanisms to account for the complicated intergranular contacts. He pointed out that the global void ratio is still useful to provide an explanation for the response of sand-fines mixture in the critical state [START_REF] Yang | State variables for silty sands: Global void ratio or skeleton void ratio?[END_REF].

The minimum porosity (nmin) of mixtures that should occur at the minimum global void ratio (emin) of the mixtures, was utilized to classify the theoretical boundary between a sand-controlled and a fines-controlled binary granular mixture [START_REF] Vallejo | Interpretation of the limits in shear strength in binary granular mixtures[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF].

However, it is not always applicable and accurate to just use the minimum porosity (nmin) or the global void ratio (e) to analyze the mechanical behavior of sand clay mixture, since the clay locates at the void space of sand grains still contributes to the force transfer. Moreover, an experimental emin may appear even at the state of eg > emax-sand, but at this state the clay already controls the behavior of sand-clay mixture because nearly all the sandy grains are already separated by clay, force transfer burdened by sand grains has become quite weak [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF].

To avoid the limitations of the global void ratio (or porosity) and intergranular void ratio, it is a better choice to use both the two parameters to analyze the mechanical response of sand-clay mixtures.

Determination of the intergranular and the interfine void ratios

Intergranular void ratio values can be calculated on the basis of Eq.(1.1). Performing onedimensional consolidation tests, researchers suggested different equations to evaluate intergranular and interfine void ratios. For example in [START_REF] Zuo | Determination of the transitional fines content of sand-non plastic fines mixtures[END_REF], Eq.(1.1) can be rewritten in terms of the specific gravities of the soils, the fine content and the overall void ratio of sand-fines mixture in Eq.(1.3):
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in which e is the global void ratio of the mixture soil, fc is the fine content (using a decimal) and

Gs and Gf are the specific gravities of the sand and the fines, respectively. For the same purpose, they proposed that Eq.(1.2) can be rewritten as Eq.(1.4) to obtain the interfine void ratio:
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(1.4) [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF] and [START_REF] Cabalar | Compressional behaviour of various size/shape sand-clay mixtures with different pore fluids[END_REF] proposed a formula to calculate the intergranular void ratio using specific gravities and clay fraction, see Eq.(1.5). In later experimental analysis of the sand-clay mixture concrete interface direct shear test, the intergranular void ratio of the sand-clay mixture is calculated by using the following formula: 100 1 100
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where FC is fine contents, G is the specific gravity of the mixture soil. Here, the G can be obtained by calculating the weighted average value of the specific gravities of sand and the fines.

According to [START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF] and [START_REF] Kim | Evaluation of cyclic shear strength of mixtures with sand and different types of fines[END_REF], for the intergranular void ratio, fines are treated as a special kind of void without considering their types and characteristics, hence as a result, the strength is underestimated. For this reason, they introduced the concept of equivalent intergranular void ratio (e g,eq ) for higher fine content, defined by Thevanayagam et al. and by [START_REF] Kim | Evaluation of cyclic shear strength of mixtures with sand and different types of fines[END_REF] as:
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where b denotes the portion of the fine grains that contributes to the active intergrain contacts.

e g,eq in Eq.

(1.7) can be explained through a phase diagram, Figure 1.10. It is sorted into three parts when the soil is fully saturated: solid particles (sand), fines and void (water). Thevanayagam (1998) and [START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF] consider that the use of intergranular void ratio is limited to soils with fine content below the threshold fine content (FCt); at higher fine content the fines begin to participate in the force chain structure and, therefore, they proposed an equivalent granular state parameter that can be used for evaluating the equivalent granular relative density of the sand-fines mixtures. The equivalent granular relative density Drge is defined by using the equivalent granular void ratio (e g,eq ) to replace the global void ratio (e): where e maxH and e minH are the maximum and minimum void ratios of the host sand, respectively.

The influence of transitional fine content (FC t ) on the mechanical behavior and microstructure of sand-clay mixture

The definition of FC t

The transitional fine content, also named threshold fine content [START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF], is the threshold between fines-dominated and sand-dominated behavior of a sand-clay mixture. FCt can be defined as the fine content at which the maximum and the minimum global void ratios of the sand-clay mixture, emax and emin, show a trough as illustrated in Figure 1.11, where the emax and

1 e g,eq

Fines

Sand [START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF] emin are related to the densest and the loosest state of the sand-fines mixture, which can be measured in the laboratory (ASTM-D4254, 2006;[START_REF] Nova | Soil mechanics[END_REF]. [START_REF] Lade | Effects of non-plastic fines on minimum and maximum void ratios of sand[END_REF] proposed the following explanation: at low fine contents, the fines fill the voids between the sand particles without breaking the sand grains' contacts, causing a reduction in the void ratio. With increasing fine content, the voids are progressively filled with fines until they are fully filled with fine particles. At this point, the void ratio reaches the lowest value and this fine content is the transitional fine content. With further increase of the fine content, the sand grains start to be separated by the fine particles and the void ratio increases at the same time. In general, the transitional fine content determined from the emax curve is not the same as the one determined from the emin curve (Figure 1.11). Thus, an indication of the possible range in which the true value for FCt may exist can be obtained from the curves of emax and emin [START_REF] Zuo | Determination of the transitional fines content of sand-non plastic fines mixtures[END_REF]. Moreover, according to [START_REF] Bahadori | Effect of non plastic silt on the anisotropic behavior of sand[END_REF], there are three zones between the two extremes for sand-clay mixtures. In Figure 1.12, the evolution of the void ratio is shown for different fine contents: when the fine content is about 10% to 20% the mixture behavior is sand dominant. 

V sf V ss V s = 1 Void (water) V w = e V (1-b)V sf bV sf

A~B: a possible range of FC t from experiment observation C: a certain value of FC t from calculation

The second zone applies for approximately 25% to 40% of fines for which the fine skeleton is replacing the sand skeleton. In this case the fines particles fill the sand voids, which leads to a considerable decrease of the void ratio and neither the sand nor the fines can dominate the mixture. The third zone applies for a higher percentage of fine content for which the fines behavior dominates.

Laboratory studies pointed out that the void ratio (porosity) of a mixture depends upon fractional concentration of clay particles and is also affected by confining stress. It decreases as the compaction level increases and tends to a minimum value that is the theoretical threshold (i.e., the FCt) between a sand-controlled and a clay-controlled mixture (Figure 1.13). After reaching the minimum void ratio (porosity), the mixture experiences a very gradual increase in void ratio (porosity) up to the point in which the clay completely controls the behavior of the mixture [START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. According to [START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF], at FC < FCt, the coarse grain contacts play a primary role in the soil's shear response and the fines provide a secondary contribution. Furthermore, when FC > FCt, the fine grain contacts start to play a major role as the coarse grains begin to disperse and offer a secondary reinforcement effect until they are sufficiently separated.

In order to determine the transitional fine content, it is necessary to use the concepts of intergranular and interfine void ratios. The methods to get the FCt are introduced and explained hereafter.

Determination of the transitional fine content from experimental data

Oedometer tests conducted on reconstituted sand-clay mixtures indicate that initial conditions, percentage of fines, and stress conditions influence the compression characteristics. Test results

showed that, up to a threshold fraction of fines (FCt), compression behavior of the mixtures is mainly controlled by the sand grains and when the concentration of fines exceeds the FCt, clay controls the compression. Therefore, several studies focused on determining the range of FCt values by both experimental data and calculation methods. [START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF], [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF] and [START_REF] Lupogo | Effect of fines mineralogy on the oedometric compressional behavior of sandy soils[END_REF] performed oedometer tests on sand-clay mixtures with different proportions of fine content and stated that direct grains contact of the coarser grain matrix can be assumed to be initiated when the intergranular void ratio of the mixture becomes equal to the maximum void ratio of the host granular material (eg = emax-g). The eg = emax-g border represented by a horizontal dashed line in Figure 1.14 shows the upper limit under which the coarser granular grains form a continuous framework with grain to grain contact. The corresponding value of the fine content gives exactly the transitional fine content FCt. This method will be adopted in our investigation to gain the FCt in the interface test of sand-clay mixture against the concrete plate (see Chapter 4).

For the case presented in Figure 1.14, FCt varies between 24% and 34%, depending on the applied normal stress. Their following work [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF] noticed that, for samples with initial void ratios scattered between 0.68 and 0.86, the transitional fine content was in a range of 20% ~ 29%, while for samples with initial void ratios between 0.78 and 0.88, FCt was between 19% and 34%. The results indicate that FCt always depends on the applied stress. Finally, [START_REF] Lupogo | Effect of fines mineralogy on the oedometric compressional behavior of sandy soils[END_REF] concluded that the transition behavior of sand-clay mixtures is somewhere between 25% and 45% and it is expected that at this range of fine content the mixture will have a low void ratio and low compressibility. In each case, it is interesting to find that, the transitional fine content becomes higher as the confining stress increasing.

In order to better observe the arrangement stages of the coarser grain matrix, similar to the compression index Cc, [START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF] proposed a parameter called granular compression index (Cc-s) that can be defined based on the decrease of intergranular void ratio with effective stress increment as in Eq.(1.9):
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(1.9)

Based on the Eq.(1.9), another experimental method to obtain the FCt is proposed by [START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF]. The variation of the granular compression index with fine content under As illustrated in Figure 1.16, it can also be noticed that three zones can be classified to describe the compression behavior of sand-clay mixtures: Zone 1, Transition Zone, and Zone 2. At Zone 1, the mixture is mostly controlled by the sand and shows less compressive behavior. This is due to the sand grains that form a continuous framework with grain to grain contacts and fines that are mostly located in the intergranular voids. With increasing fine content, from the beginning of Transition Zone, sand grain contacts start to diminish, and the slope of granular compression index curve increases sharply. At the stage of Zone 2, almost no grain contacts exist between sand grains so that the soil is mainly controlled by the fine particles. Hence, the granular compression index increases with an increase in fine content until a maximum value [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF]. 

different

Determination of the transitional fine content by analytical methods

In parallel to characterize the transitional fine content from experimental data, analytical estimates have been proposed by several researchers. [START_REF] Thevanayagam | Intergranular state variables and stress-strain behaviour of silty sands[END_REF] and [START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF] put forwards that when the interfine void ratio (ef) of a sand-fines mixture is below the maximum global void ratio of the fines, the behavior of the mixture is fines-dominated. Hence, the transitional fine content (FCt) can be defined as: Similarly, other researchers stated that when the intergranular void ratio eg of the sand-fines mixture is greater than the maximum global void ratio of the sand, the sand grains are separated by the fines and the behavior of the mixture changes from sand-controlled to the fines-controlled [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Salgado | Shear strength and stiffness of silty sand[END_REF][START_REF] Zuo | Determination of the transitional fines content of sand-non plastic fines mixtures[END_REF]. In this case FCt can be calculated through Eq.(1.11):
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Different from the point of view that the mixture is sand-controlled or clay-controlled, according to [START_REF] Zuo | Determination of the transitional fines content of sand-non plastic fines mixtures[END_REF], the area between eg = emax,sand and ef = emax,fines is neither sanddominated nor fines-dominated, i.e., the transition zone in Figure 1.16. The fine content then satisfies both Eq.(1.10) and Eq.(1.11), so that the FCt can be calculated as follows: Taking the differences of specific gravities of the sand and the fines into consideration, Eq.(1.12) can be rewritten as Eq.(1.13):

( ) ( ) A different definition of the limiting fine content is defined by [START_REF] Polito | The effects of non-plastic and plastic fines on the liquefaction of sandy soils[END_REF] as the ratio of the weight of the fines Wf to the weight of the sand particles Ws as follows:
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Microstructure of sand-clay mixture

Clayey soils are multi-scale materials and their macroscopic behavior is impacted by the soil microstructure [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Delage | A microstructure approach to the sensitivity and compressibility of some Eastern Canada sensitive clays[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF][START_REF] Morgenstern | Microscopic structures in kaolin subjected to direct shear[END_REF][START_REF] Ural | The Importance of Clay in Geotechnical Engineering[END_REF]. The micromechanical behavior at the particle scale level, such as particle rearrangements and force chains collapses, can affect the global macro scale response. The term microstructure or micro fabric refers to the arrangement of particles, particle groups, and pore spaces at microscale within the sand-clay mixture. Knowing the microscopic structure is a good way for better understanding the macro-mechanical behavior of the soils. Microstructure of the mixture can be obtained by several imaging techniques, e.g., scanning electron microscope (SEM), environmental scanning electron microscope (ESEM) and X-ray tomography.

Undrained triaxial compression tests were performed on samples made up of sand with 20%
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Relations at no clay present

Relations at clay present non-plastic silt prepared by different sample preparation methods [START_REF] Yamamuro | Effect of depositional method on the undrained behavior and microstructure of sand with silt[END_REF].

Results show that the soil fabric is responsible for the different test results. With the help of SEM, the microstructure of sand-silt mixture was examined and quantified. The microscopic results indicate that there are internal particle structures in the mixture and their relative quantities correlate with the observed macroscopic undrained behavior. The particle arrangement in the sand-clay mixture was investigated by [START_REF] Shaker | Hydraulic performance of sand-clay mixtures: soil fabric perspective[END_REF]. SEM images identify that the different arrangements of sand and clay particles and the pore size characteristics depends on clay content. Even at low clay content about 20%, the clay particles not only stay within the pores between sand grains but also forms a thin layer coating around sand grains. At a clay content of 30%, clay particles show assemblage connectors and forming bridge-like structures between sand grains. This kind of clay matrix leads to partial separation of the sand grains [START_REF] Shaker | Hydraulic performance of sand-clay mixtures: soil fabric perspective[END_REF]. Furthermore, test results identify that the macroscopic mechanical behavior depends on the microstructure of the sand-clay mixture. Photomicrograph technique can be employed to confirm the contact between sand and clay in the mixture qualitatively [START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF]. The micrographs reveal that at clay contents from 0% to 15%, the clay fills into the voids and sand grains are in contact. Then, the sand grains are covered by clays (for the clay contents of 25 and 30%). At higher clay contents, sand grains are surrounded by clay particles rather than just clays stay in void [START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF]. The microscopic results verify the former analytical conclusions about the arrangement of sand and clay particles at different clay content.

In conclusion, the microstructure of sand-clay mixture varies with the clay content, resulting in a different macromechanical behavior. Research on sand-clay mixture should therefore not neglect the particle structure in micro scale.

Conclusions

This chapter presents a series of indexes which describe the controlling of clay on the sand-clay mixture, e.g., fine content, intergranular void ratio, interfine void ratio, transitional fine content.

The experimental method and analytical estimates for calculating the intergranular void ratio and transitional fine content are introduced. Investigations to characterize the mechanical behavior of sand-clay mixture are reviewed as well. The main findings of the chapter are summarized as follows:

1) The mechanical behavior of sand-clay mixture depends on the clay fraction. At low clay content it is mainly sand-controlled, at high clay content it is mainly clay-controlled, while in the middle range of clay content, the transitional zone, the sand-clay mixture's responses are not clear.

2) Various factors control the mechanical behavior of sand-clay mixture, e.g., intergranular void ratio, water content, global void ratio, and density etc., which are always related to the clay fraction.

3) Even though different investigations have been conducted on sand-clay mixtures, the literature suffers from a lack of experimental results especially for the case of interface tests, i.e., interface of sand-clay mixture against structure.

At the engineering scale, soils are usually natural soils, often heterogeneous and with a complicated microstructure with variable mineral components. Sand-clay mixtures are classically used as simplified soils in the laboratory to investigate various compositions of soils (from clayey to sandy soils) during geotechnical tests. Performing laboratory tests on sand-clay mixture with definite clay fraction can provide useful information to understand the simplified soils' mechanical behavior and to help to better predict natural soils' behavior at the engineering scale.

CHAPTER 2 INTERFACE DIRECT SHEAR TEST

Introduction

T he behavior between soil and construction materials is of major concern in soil-structure interaction problems including deep foundations, retaining walls, nuclear waste disposal, heat storage, geothermal piles, cutoff structures, coal mine shaft failure, marine energy foundations, earth reinforcement etc. [START_REF] Abed | Static impedance functions for monopiles supporting offshore wind turbines in nonhomogeneous soils-emphasis on soil/monopile interface characteristics[END_REF][START_REF] Burger | Thermique des nappes souterraines[END_REF][START_REF] Dixon | Pressures acting on waste containers in bentonite-based materials[END_REF][START_REF] Dupray | Analysis of the FEBEX multi-barrier system including thermoplasticity of unsaturated bentonite[END_REF][START_REF] Graham | The effective stress concept in saturated sand-clay buffer[END_REF][START_REF] Laloui | Energy geostructures: innovation in underground engineering[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF]Yu et al., 2018). The loading transfers from the structural component to the soil through a contact zone, called interface, where significant strain localization occurs [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Maghsoodi et al., 2019bMaghsoodi et al., , 2020b;;[START_REF] Porcino | Interface behavior of sands from constant normal stiffness direct shear tests[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF][START_REF] Tomlinson | Some effects of pile driving on skin friction[END_REF]. In fact, shear stress and strains occur at the interface between the soil and the structure due to the difference of mechanical properties of the materials.

Studying the characteristics of the soil-structure interface is important for researchers and practitioners; constitutive models have been therefore developed requiring the characterization of the material parameters of the interface with appropriate laboratory and field tests. Interface direct shear test has been often adopted to study the behavior of soil-structure interfaces [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF][START_REF] Dejong | Microscale observation and modeling of soilstructure interface behavior using particle image velocimetry[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Maghsoodi, 2020;[START_REF] Xiao | Investigation of effects of temperature cycles on soil-concrete interface behavior using direct shear tests[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF][START_REF] Yin | A study of deformation in the interface between soil and concrete[END_REF]. Several factors such as soil properties, materials, loading conditions, temperature effect and surface roughness have been investigated to understand their effects on the interface characteristics [START_REF] Boukpeti | Interface shear box tests for assessing axial pipe-soil resistance[END_REF][START_REF] Dejong | Role of initial state, material properties, and confinement condition on local and global soil-structure interface behavior[END_REF][START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF][START_REF] Dove | Peak friction behavior of smooth geomembrane-particle interfaces[END_REF][START_REF] Dove | Behavior of dilative sand interfaces in a geotribology framework[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Martinez and Frost, 2017a;[START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Potyondy | Skin friction between various soils and construction materials[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Xiao | Investigation of effects of temperature cycles on soil-concrete interface behavior using direct shear tests[END_REF].

In this chapter, the basic theory and state of the art of classical and interface direct shear tests are firstly reviewed. The factors affecting the soil-structure interface are then presented, i.e., normal stress, soil density, water content, structure surface roughness, shearing velocity, and temperature.

State of the art: interface direct shear test

Main characteristics of the direct shear test

Direct shear box and test phase

The direct shear test is frequently used by practicing geotechnical engineers to obtain the cohesion and friction angle of soils and to determine the consolidated drained or undrained shear strength. It is worth however to notice that, contrary to the triaxial test, the direct shear test does not induce a homogeneous state of stress within the material [START_REF] Nova | Soil mechanics[END_REF].

The soil specimen is confined in a strainless metal box of a squared or rounded section. The top and bottom surface of the sample is covered with a piece of porous stone to allow free drainage.

Above the upper porous stone, there is a metal loading cap which is subjected to the normal force. The soil sample and shear box are mounted in a tank (or cell), which is typically filled with water when the test is done in saturated or submerged conditions (Figure 2.1).

The direct shear test forces the sample to fail along a predefined plane while being subjected to a normal load (Figure 2.1). As vertical load is applied to the sample, a shear stress or a shear displacement is gradually applied horizontally, by causing the two halves of the box to move relative to each other. The shearing force or shear displacement is applied to the outside of the tank, which is always on rollers as shown in Figure 2.1.

A typical direct shear test is divided into two stages:

(1). Consolidation;

(2). Shearing.

In the first stage (i.e., consolidation), the sample is subjected to a vertical loading:

v v F A  = (2.1)
where Fv is the vertical force, A is the area of the sample. The vertical loading remains constant during the whole test. The consolidation stage proceeds as for a standard incremental oedometric test. When the pore water pressure increment becomes equal to zero (Δu = 0) and the vertical deformation is stable, then the consolidation of the sample is attained and, the shearing stage can begin. At the shearing stage, horizontal displacement is imposed with a suitable rate along the predetermined plane that divides the soil specimen and the material of the structure. The shearing rate usually depends on the soil type and the drained condition. At the same time, the shearing force, the horizontal and vertical displacements are measured. From the value of the normal force Fv, it is possible to determine the vertical stress σn:

v nv F A  == (2.2)
and from that of the shearing force T the average shear stress τ as follows:

T A  = (2.3)

Typical results of the direct shear test

The shear stress-horizontal displacement curve generally presents two types of behavior (see the solid line in On the other hand, for dense sand and overconsolidated (OC) clay, namely the dash line in Figure 2.2a, at the beginning, the shear stress increases until it reaches a peak value τf and then suddenly decreases; the final shear stress is characterized by a residual (critical) value.

Moreover, a distinction between dense and loose soils can be drawn in terms of vertical deformation (i.e., displacement or strain) as a function of horizontal displacement, as illustrated in Figure 2.2b. For loose sand and NC clay, the soil experiences a compression in the whole test while for dense sand and OC clay, there is always a compression and then an expansion.

In order to determine the resistance characteristics of a soil, performing direct shear tests on at least three specimens from the same relatively undisturbed soil samples (or reconstituted soil samples), but consolidated at different normal stresses, is needed. A straight line is fitted to the points over the normal stress range and the shear strength is given by the Mohr-Coulomb criterion in Eq.(2.4):

tan fn c    =+ (2.4)
where c is the cohesion (called adhesion in interface direct shear test), σ n the total normal stress applied to the sample and φ the friction angle. If using the effective stress, this Mohr-Coulomb criterion can be expressed by Eq.(2.5):

tan fn c       =+ (2.5)
where σ' n = σ n -u is defined as the effective normal stress, u is the pore water pressure acting on the same shear plane, c' is the effective cohesion, and φ' is the effective friction angle.

The cohesion c is the intercept deduced from the straight line (i.e., Mohr-Coulomb envelope) on the shear stress axis (Figure 2.3b). The friction angle φ is defined as the angle between the envelope line and the axis of normal stress.

When the soil is dense sand or OC clay, the same method allows to identify two types of envelopes (Figure 2.4b). The first one refers to the peak conditions while the second one considers the critical conditions. It is possible to write the Mohr-Coulomb criterion and define the envelopes at the peak conditions: and at the residual conditions:

δ h τ σ n τ σ n2 σ n1 σ n3 τ = c + σ n tanφ τ 1 τ 2 τ 3 c P1 P3 P2 φ P3 P2 P1 tan fp p n p c    =+ (2.6)
tan fc c n c c    =+ (2.7)
where cp and φp are the peak cohesion and peak friction angle, while cc and φc the residual ones.

In general, the value of c for sands or NC clays is equal to zero. For OC clays c > 0. The internal friction ranges between 30° and 45° for sands while for clays it is about 16° ~ 35°.

Interface direct shear test

Presentation

The interface direct shear box originates from a conventional direct shear box ( For the interface tested sample in Figure 2.5 and Figure 2.6, there is an "active" lower part being in contact with the structural material, it is the so-called interface, and a "passive" upper part, acting as an oedometric sample [START_REF] Boulon | Basic features of soil structure interface behaviour[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF]. To perform accurate and suitable CNS direct shear test, the thickness of the passive part of the sample (h-t) and accordingly the thickness of the whole sample (h) should be as small as possible [START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF].

The results of the interface direct shear test are similar to that of classical direct shear test;

however, it should be noted that the interface response relates to the behavior of both soil and structure.

Earlier soil-structure interface research was performed by [START_REF] Potyondy | Skin friction between various soils and construction materials[END_REF]. He studied the friction between different structure materials and soils postulating that the most important factors affecting the friction are the normal stress, the moisture content, the roughness, and the composition of the soil. Interface direct shear tests with modified shear boxes were after used extensively by other researchers [START_REF] Airey | Estimation of pile friction degradation from shearbox tests[END_REF][START_REF] Boulon | Basic features of soil structure interface behaviour[END_REF][START_REF] Frost | Interface Shear Response of JSC-1A, GRC-3, and JSC-Mars1 Regolith Simulants[END_REF][START_REF] Desai | Cyclic testing and modeling of interfaces[END_REF]Maghsoodi et al., 2019a;Maghsoodi et al., 2020a;[START_REF] Mortara | Cyclic shear stress degradation and postcyclic behaviour from sand-steel interface direct shear tests[END_REF][START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF][START_REF] Tabucanon | Pile skin friction in sands from constant normal stiffness tests[END_REF]Tsubakihara and Kishida, 1993;[START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF].

Although there are some inherent disadvantages in the interface direct shear test, such as the prescribed failure plane, the non-uniform stress being close to the interface, as well as an overestimation of the shear strength, these limitations did not affect the wide use of this apparatus to characterize the mechanical characteristics of the interface between soils and structures [START_REF] Hu | Testing and modeling of soil-structure interface[END_REF][START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Porcino | Interface behavior of sands from constant normal stiffness direct shear tests[END_REF];
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Vasilescu et al., 2018;[START_REF] Xiao | Investigation of effects of temperature cycles on soil-concrete interface behavior using direct shear tests[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF][START_REF] Yazdani | Influence of temperature on soil-pile interface shear strength[END_REF].

In this work, we will use interface direct shear test at the laboratory scale to study soil-structure interface problems at the engineering scale. The field far from the structure acts as a spring on the soil-structure interface reacting to the dilative or contractive response of the interface; it is generally assumed to comply Hook's law [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF][START_REF] Lehane | Mechanisms of shaft friction in sand from instrumented pile tests[END_REF][START_REF] Mortara | Cyclic shear stress degradation and postcyclic behaviour from sand-steel interface direct shear tests[END_REF][START_REF] Wernick | Skin friction of cylindrical anchors in noncohesive soils[END_REF], see Figure 2.7a.

Boundary conditions

Consequently, the interface dilation induces an increment of normal stress acting on the interface and thus an increase in shear strength, while a contraction causes a decrease of the normal stress and of the shear strength [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF][START_REF] Mortara | Cyclic shear stress degradation and postcyclic behaviour from sand-steel interface direct shear tests[END_REF]. The increment of normal stress is typically a linear function of the volumetric deformation of the interface soil. In this sense, the shearing boundary condition of soil-structure interface can be interpreted by the Constant Normal Stiffness (CNS) condition in interface direct shear test (Figure 2.7), which takes both dilation and deformability of soils into account [START_REF] Boulon | Physical and numerical simulation of lateral shaft friction along offshore piles in sand[END_REF][START_REF] Mortara | Cyclic shear stress degradation and postcyclic behaviour from sand-steel interface direct shear tests[END_REF][START_REF] Porcino | Interface behavior of sands from constant normal stiffness direct shear tests[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF].

Based on the concept of Constant Normal Stiffness, as illustrated in Figure 2.8, there are three [START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Xiao | Investigation of effects of temperature cycles on soil-concrete interface behavior using direct shear tests[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF], even if the CNS is also widely used [START_REF] Dejong | Interface load transfer degradation during cyclic loading: a microscale investigation[END_REF][START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF]Maghsoodi, 2020;Maghsoodi et al., 2020a;[START_REF] Mortara | Cyclic shear stress degradation and postcyclic behaviour from sand-steel interface direct shear tests[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Tabucanon | Pile skin friction in sands from constant normal stiffness tests[END_REF], in this case the normal stress acting on the interface varies during shearing. Although the shear resistance of each CNS test depends on the volumetric response, the soil-structure interface friction angle is unique for a given soil-structure interface (Di Donna, In this thesis, all the interface direct shear tests are performed with the CNL condition (because each test needs a long time to finish, there is not enough time to perform tests with both CNL and CNS conditions).

Interface thickness

The soil-structure interface can be defined as a very thin zone of soil around the structure [START_REF] Boulon | Basic features of soil structure interface behaviour[END_REF][START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. The interface has quite different mechanical properties from the rest of the soil and develops strain localization during shearing [START_REF] Hu | Testing and modeling of soil-structure interface[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF].

High-precision measurements of the interface's thickness are unfortunately quite poorly documented, even if studies from the last two decades improve its characterization. Studies of identification, measurement, and evaluation of the soil-structure interface thickness have been developed thanks to new visualization techniques. For instance, Particle Image Velocimetry (PIV) [START_REF] Dejong | Interface load transfer degradation during cyclic loading: a microscale investigation[END_REF][START_REF] Dejong | Microscale observation and modeling of soilstructure interface behavior using particle image velocimetry[END_REF][START_REF] White | An investigation into the behaviour of pressed-in piles[END_REF][START_REF] Yuan | Investigation of deflection of a laterally loaded pile and soil deformation using the PIV technique[END_REF], Digital Image Correlation (DIC) technique [START_REF] Take | Thirty-Sixth Canadian Geotechnical Colloquium: Advances in visualization of geotechnical processes through digital image correlation[END_REF][START_REF] Tehrani | Effect of surface roughness on the shaft resistance of non-displacement piles embedded in sand[END_REF][START_REF] Tovar-Valencia | Effect of surface roughness on the shaft resistance of displacement model piles in sand[END_REF], and high-resolution photography method [START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Martinez and Frost, 2017a;[START_REF] Martinez | Experimental study of shear zones formed at sand/steel interfaces in axial and torsional axisymmetric tests[END_REF][START_REF] Uesugi | Behavior of sand particles in sand-steel friction[END_REF]Zhang and Zhang, 2006) can be used to visualize the interface zone deformation and to measure the interface thickness. The interface thickness of sand-and clay-structure are summarized hereafter.

Thickness of sand-structure interface

The soil grain size, the initial density, as well as the surface roughness, influence the interface thickness. The tests performed by [START_REF] Hammad | Modélisation non linéaire et étude expérimentale des bandes de cisaillement dans les sables[END_REF] on sand with different specimen densities show that the thickness of interface tends to decrease with the increase of the initial soil density (Figure 2.9). This is due to the fact that the loose sand presents larger rotations and relative movements at the interface than the dense sand. According to previous research [START_REF] Dejong | Interface load transfer degradation during cyclic loading: a microscale investigation[END_REF][START_REF] Hoteit | Contribution à l'étude du comportement d'interface sable-inclusion et application au frottement apparent[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF][START_REF] Hu | Application of damage model for soil-structure interface[END_REF]Martinez and Frost, 2017a;[START_REF] Martinez | Experimental study of shear zones formed at sand/steel interfaces in axial and torsional axisymmetric tests[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Uesugi | Behavior of sand particles in sand-steel friction[END_REF]Zhang and Zhang, 2006) the interface thickness is estimated to be few times the average particle diameter of the soil. [START_REF] Hoteit | Contribution à l'étude du comportement d'interface sable-inclusion et application au frottement apparent[END_REF] found that the range of 7 ~ 14 times average grain diameter (D50) can be considered for evaluating the interface thickness for sand. Experimental results show that the thickness of the interface is an increasing function of the average grain diameter [START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF]. For the rough surface of the Fontainebleau sand-steel interface, the interface thickness can be defined as 10 D50 for the dense specimens and 12 D50 for the loose specimens [START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF]. Some values of sand-structure interface thickness from the literature are summarized in Table 2.1.

Interface thickness of clay-structure

Though many researchers studied the clay-structure interface [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF][START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF][START_REF] Lemos | Clay-interface shear resistance[END_REF][START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF]Maghsoodi et al., 2019bMaghsoodi et al., , 2020a;;[START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF][START_REF] Taha | Shear behavior of sensitive marine clay-concrete interfaces[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF][START_REF] Yazdani | Influence of temperature on soil-pile interface shear strength[END_REF], only few papers pointed out how to estimate the clay-structure interface thickness compared to the D50 of clay (Table 2.2). Some researches just indicate that the clay-structure interface thickness is much larger than 5 ~ 14 D50 of clay (the typical values of the sand-structure case).

Martinez and Stutz (2019) carried out interface direct shear tests on kaolin clay (with 52% particle diameter <2 μm, the D50 is unknown) and steel, finding that a shear zone with thickness of 0.55 mm is developed on the clay sample tested against the rough surface, and a thinner shear zone thickness about 0.25 mm is developed on the medium rough surface. It is quite interesting to see that these results are in agreement with the results of sand-steel interface in [START_REF] Martinez | Experimental study of shear zones formed at sand/steel interfaces in axial and torsional axisymmetric tests[END_REF]. This indicates that the interface thickness of clay against medium rough and rough steel surface is much thicker than the 5 ~ 10 D50 of dispersed clay particles. [START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF] found that in kaolin clay-concrete interface direct shear test, usually a very thin layer (less than 1 mm) of kaolin is subjected to shearing, and the thickness of the shear zone varies from test to test.

This is because clay particles are normally with a platy shape, not like sandy grains which are characterized with angular or spherical shapes. This difference influences the particle rotation or motion and results in different interface mechanical behavior and interface thickness.

Moreover, interface shearing on the clay-structure interface involves more clay particle reorientation within the shear zone, which is different from the shearing mechanism of the sand-78 structure interface which is more associated with rolling or rearrangement of granular grains in the interface [START_REF] Yazdani | Influence of temperature on soil-pile interface shear strength[END_REF]. As a consequence, using multiples of D50 to account the interface thickness of clay-structure is not precise neither practical. angularity of the soil particles, shearing velocity, soil particle size distribution, temperature, etc. [START_REF] Fleming | Shear strength of geomembrane-soil interface under unsaturated conditions[END_REF][START_REF] Frost | Shear failure behavior of granular-continuum interfaces[END_REF][START_REF] Laloui | Experimental investigation of energy piles: From laboratory to field testing[END_REF][START_REF] Lemos | Clay-interface shear resistance[END_REF]Maghsoodi, 2020;Martinez and Frost, 2017a, b;[START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF][START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF][START_REF] Tomlinson | Some effects of pile driving on skin friction[END_REF]Tsubakihara and Kishida, 1993;[START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF]Zhang and Zhang, 2006). The most important factors are reviewed as follows.

Effect of normal stress

From the Mohr-Coulomb criterion, we know that the higher the confining stress, the higher the shear strength of the soil-structure interface. Previous research has several times demonstrated that the normal stress affects the soil-structure interface strength (David [START_REF] Frost | Interface Shear Response of JSC-1A, GRC-3, and JSC-Mars1 Regolith Simulants[END_REF][START_REF] Dove | Peak friction behavior of smooth geomembrane-particle interfaces[END_REF][START_REF] Fleming | Shear strength of geomembrane-soil interface under unsaturated conditions[END_REF][START_REF] Frost | Shear failure behavior of granular-continuum interfaces[END_REF][START_REF] Martinez | Anisotropic shear behavior of soil-structure interfaces: bioinspiration from snake skin[END_REF][START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF].

As shown in Figure 2.10, for a given structure material and for low confining stress, the interface shear strength decreases with increasing normal force in the beginning phase [START_REF] Frost | Shear failure behavior of granular-continuum interfaces[END_REF].

At first, the number of soil particles in contact with the structure and consequently the contact surface increases with increasing normal stress; this leads to a decrease of the contact stress of every particle, and therefore to a decrease of the shear resistance [START_REF] Frost | Shear failure behavior of granular-continuum interfaces[END_REF]. In this case, sliding without surface damage occurs. When the critical point of vertical stress is attained (Figure 2.10), any additional increase in normal stress is transmitted to each particle-surface contact, due to the fact that the number of contacts per unit area has reached a threshold [START_REF] Dove | Peak friction behavior of smooth geomembrane-particle interfaces[END_REF][START_REF] Frost | Shear failure behavior of granular-continuum interfaces[END_REF]. When the normal stress exceeds the critical value, sliding and plowing are involved in the particle movement along the interface, the interface friction increases (see Figure 2.10) and consequently the shear strength too, see [START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF] 

Effect of soil density

The density of the soil sample has a significant effect on the interface behavior, especially for sandy soils, because the density is related to the distinction between the dilative and contractive response. Generally, the dense sand or OC clay show contraction first then dilatancy during interface shearing, while the loose sand or NC clay show contractive behavior [START_REF] Dejong | Role of initial state, material properties, and confinement condition on local and global soil-structure interface behavior[END_REF][START_REF] Fioravante | A constant normal stiffness direct shear box for soil-solid interface tests[END_REF][START_REF] Nova | Soil mechanics[END_REF].

For the soil-structure interface test, the soil specimen is usually prepared to a requested density on the structure surface; the higher the soil density (or relative density) is, the higher the total contact number of between soil particles and the surface, resulting in a larger interface shear strength during shearing [START_REF] Su | Advancing multi-scale modeling of penetrometer insertion in granular materials[END_REF][START_REF] Taha | Shear behavior of sensitive marine clay-concrete interfaces[END_REF].

The density of the soil sample can be evaluated by the relative density or density index (Dr), according to [START_REF] Nova | Soil mechanics[END_REF]:

max max min r ee D ee - = - (2.8)
where emax and emin are two void ratios to define the loosest and the densest state of soil.

The Dr of the soil influences the shear strength envelopes (Figure 2.12). Under a normal stress, as Dr increases the soil becomes denser, leading to a higher shear resistance of the interface and then to an increase of the interface friction angle [START_REF] Desai | Cyclic testing and modeling of interfaces[END_REF].

O'rourke et al . (1990) found that the peak interfacial friction angle increases with increasing sand densities (Figure 2.13). Interface direct shear experiments performed with undisturbed natural clay samples and concrete also show that the peak shear stress increases with an increase of the dry density [START_REF] Taha | Shear behavior of sensitive marine clay-concrete interfaces[END_REF]. This increase of the interface shear strength can also be attributed to the densification of clay which causes higher clay concrete interlocking forces:

in this circumstance the contact surface between clay particles and concrete surface increases [START_REF] Taha | Shear behavior of sensitive marine clay-concrete interfaces[END_REF]. 

Effect of water content

In fully saturated or fully dry conditions, the shear strength of granular soils is similar (Di Donna, 2014). However, shear resistance for the wet sand-concrete interface is lower than the one of dry sand-concrete [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF]. In general, the shear response of clayey soil and clayey soil-structure interface depends on the water content in the samples. When the soil is not fully saturated and at low water content, water tends to concentrate around the contact areas of soil particles, and its surface tension enhances adhesion among soil particles [START_REF] Nova | Soil mechanics[END_REF].

Furthermore, the cohesion vanishes if soil is submerged in water [START_REF] Nova | Soil mechanics[END_REF]. This is confirmed by results from clay-concrete interface direct shear tests under rough and smooth concrete roughness conditions performed by [START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF]. Figure 2.14 demonstrates that the shear strength of the interface increases when the water content increases for the rough concrete surface, while for the smooth interface, the increase of the shear strength is not significant. This is owing to the water content of samples related to the area of contact between the clay particles and the concrete asperities that affect the interface shear strength.

This result is not in agreement with most of the conclusions from literature that state that the shear strength decreases when the materials are wetter. For example, [START_REF] Zhang | Factors Influencing the Mechanical Characteristics of a Pile-Soil Interface in Clay Soil[END_REF] investigated the water content effect on a silty clay-concrete interface, finding that strain softening appears in the shear stress-shear displacement curves of samples with high water content, while characteristic elastic-plastic deformations happen in low water content samples.

The shear strength of the interface decreases with increasing water content, while the cohesion increases with increasing water content till a maximum value at a water content of 25%, then it decreases. The water content effect was also explored on a typical direct shear test on sand-clay mixture with different water content and clay fraction (Figure 2.15) by [START_REF] Dafalla | Effects of clay and moisture content on direct shear tests for clay-sand mixtures[END_REF]. An increase of moisture content induces a drop in both internal friction angle and cohesion (Figure 2.15).

In most cases of clay-structure interfaces, increase of water content in partially saturated conditions implies decrease of strength; a similar trend can be also seen in direct shear test of a sand-clay mixture; however exception also exists: strength of clay-structure interface increases with increasing water content (e.g., [START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF]). 

Influence of the structural material roughness

Effect of roughness

One of the most significant factors that affect the mechanical behavior of interface is the surface roughness of the structural material [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF][START_REF] Frost | Shear failure behavior of granular-continuum interfaces[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF]Tsubakihara and Kishida, 1993;Uesugi and Kishida, 1986a, b). Surface roughness is often called roughness for short, which is a component of surface texture. Amplitude parameters, employed to estimate the vertical surface deviations [START_REF] Gadelmawla | Roughness parameters[END_REF], are the most important indicators to characterize surface roughness.

As previously mentioned (see Section 2.2), [START_REF] Potyondy | Skin friction between various soils and construction materials[END_REF] Following this work, Uesugi and Kishida (1986a) conducted a systematic study on how the modified roundness and structural roughness affect the interface shearing resistance between dry sand and mild steel and proposed the normalized roughness Rn:

max 50 n R R D = (2.9)
as the indicator of surface roughness. In Eq.(2.9) Rmax is the peak-to-valley height, see Figure 2.16, which can be gained by measuring the maximum vertical distance between the highest and the lowest peak of the structure asperities along an evaluation profile length Ln [START_REF] Gadelmawla | Roughness parameters[END_REF][START_REF] Iso | 4287-Geometrical Product Specifications (GPS)-Surface Texture: Profile Method-Terms, Definitions and Surface Texture Parameters[END_REF]Maghsoodi, 2020;Uesugi and Kishida, 1986a); D50 is the mean grain diameter of the soil. The normalized roughness Rn takes both the structural surface and the soil grain diameter into consideration for evaluating the interface roughness, and can better reflect whether the surface is smooth or rough as illustrated in Figure 2.17.
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Following this approach, researchers performed interface direct shear tests with different types of soils and structural materials considering the normalized roughness [START_REF] D'aguiar | Elastoplastic constitutive modelling of soil-structure interfaces under monotonic and cyclic loading[END_REF][START_REF] Frost | Shear failure behavior of granular-continuum interfaces[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Maghsoodi et al., 2020b;Martinez and Frost, 2017a;Uesugi and Kishida, 1986b) or other roughness parameter such as Rmax [START_REF] Martinez | Experimental study of shear zones formed at sand/steel interfaces in axial and torsional axisymmetric tests[END_REF]Tsubakihara et al., 1993;[START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF] or Ra [START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF][START_REF] Subba Rao | Interfacial friction between sands and solid surfaces[END_REF]. Ra is the arithmetic average of the absolute values of the profile heights over the evaluation length along the center line (called also the center line average roughness), more details on the different roughness parameters of the structural surface texture can be seen in [START_REF] Iso | 4287-Geometrical Product Specifications (GPS)-Surface Texture: Profile Method-Terms, Definitions and Surface Texture Parameters[END_REF] and [START_REF] Gadelmawla | Roughness parameters[END_REF]. In general, the shear strength of a soil-structure interface is lower than or at most equal to the shear resistance of the soil [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF]. Shear resistance of soil-structure interface is relatively constant at lower values of interface roughness [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF][START_REF] Subba Rao | Interfacial friction between sands and solid surfaces[END_REF]. This can be attributed to the shear failure plane that slips along the smooth structure surface during interface direct shearing.

Numerous research results concluded that with increasing surface roughness, the interface shear strength increases and becomes closer to that of the soil [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Shakir | Behavior of compacted clay-concrete interface[END_REF]Tsubakihara and Kishida, 1993). This can be explained by the fact that that shear failure initiates in the soil-structure interface zone rather than on the structure surface. However, the rougher interfaces still exhibit smaller shearing strength than the soil (see In addition, the roughness together with the vertical stress can change the position of the failure plane on the interface. However, increasing the normal stress weakens the effect of roughness on the interface shear resistance because of the confining effect [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF]. 

Critical roughness and shearing modes

It exists a critical roughness value that takes into account both structure materials and soil parameters, and it can be used to distinguish a smooth from a rough interface. A relationship between surface roughness and interface friction was identified through tests performed on a series of sand-steel interfaces by Uesugi and Kishida (1986a) and Uesugi and Kishida (1986b).

Using the Rmax or the normalized roughness Rn (see Eq.(2.9)), they showed that below a certain "critical" roughness (Figure 2.23), the interface shear resistance shows a linear increasing proportional to the surface roughness with the primary mode of failure being that of particles sliding along the surface, in other words, the interface response is elastic-perfect plastic at this stage. At the "critical" surface roughness, where the interface shear resistance becomes closer or even equal to the internal soil shear strength, shearing localization transfers into the adjacent 91 soil body. Above the "critical" surface roughness, the coefficient of friction is essentially constant and there is no additional effect of an increase in surface roughness (Figure 2.23) (similar results can also be found in literature [START_REF] Dejong | Interface load transfer degradation during cyclic loading: a microscale investigation[END_REF][START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Maghsoodi et al., 2019bMaghsoodi et al., , 2020b;;Tsubakihara et al., 1993;Uesugi and Kishida, 1986a). Following this work, Tsubakihara and Kishida (1993) identified a critical roughness for the soilstructure interface in terms of Rmax, and he pointed out that the critical Rmax for clay-steel interface is 10 μm (Tsubakihara et al., 1993). Considering the roughness and the soil type, Tsubakihara et al. (1993) proposed that the failure modes of the interface can be categorized into three modes as illustrated in Figure 2.24, depending on the value of Rmax:

(1). Mode-1: the interface is rough, hence shear failure occurs in the soil body;

(2). Mode-2: the interface is smooth and full sliding occurs along with the interface;

(3). Mode-3: the shear failure and sliding occur simultaneously at the interface part.

This classification was confirmed through observations and measurements obtained by Particle

Image Velocimetry (PIV) [START_REF] Dejong | Interface load transfer degradation during cyclic loading: a microscale investigation[END_REF][START_REF] Dejong | Microscale observation and modeling of soilstructure interface behavior using particle image velocimetry[END_REF]. In the sand-steel interface direct shear tests of [START_REF] Hu | Testing and modeling of soil-structure interface[END_REF], the results also indicate that there exists a critical normalized roughness Rcr = 0.1 of the sand-steel interfaces. As for threshold values of the critical normalized roughness for sand-structure interfaces, some researchers indicate that it varies in the range of 0.06 ~ 0.3 [START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Maghsoodi et al., 2019bMaghsoodi et al., , 2020b;;Tsubakihara and Kishida, 1993;Uesugi and Kishida, 1986a, b;[START_REF] Uesugi | Behavior of sand particles in sand-steel friction[END_REF][START_REF] Uesugi | Friction between sand and steel under repeated loading[END_REF]. Though the normalized roughness Rn was proposed to evaluate the granular materials against structure interface problems, it was often used in clay-structure interface shear tests as well [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF][START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF]Maghsoodi et al., 2019bMaghsoodi et al., , 2020b;;[START_REF] Wang | Investigating the thermal and thermo-mechanical performances of geothermal heat exchanger with spiral-tubes[END_REF]. Few results are however available in the literature concerning the identification of similar critical roughness for clay-structure interfaces. Apparently, for clay-structure interfaces even a very smooth structural surface will exceed the limit of critical roughness, if this last is defined in a similar way as for granular materials, since clay has a very small particle size (Di Donna, 2014).

Additionally, shearing at clay-structure interface involves clay particle reorientation within the interface shear zone, which is different from the shearing mechanism of the sand-structure interface associated more with grains rotation or rearranging in the interface zone [START_REF] Yazdani | Influence of temperature on soil-pile interface shear strength[END_REF]. In this sense, the critical roughness values for the sand-structure interface are not quite correct for the case of clay. For example, in the research of clay-concrete interface implemented by [START_REF] Yazdani | Influence of temperature on soil-pile interface shear strength[END_REF], though the Rn adopted for assessing the concrete surface varies between 0.88 and 5.38, which should be classified as "rough" according to the range of critical roughness reported for of sand-structure interface in the literature, the author is suspicious of whether it is accurate enough for the clay-concrete interface. As for the case of granular material the Ra parameter is also frequently used. [START_REF] Littleton | An experimental study of the adhesion between clay and steel[END_REF] used smooth mild steel with a Ra of 0.18 μm on a cut-off length of 0.84 mm to characterize the adhesion behavior of the clay-steel interface. However, an additional parameter namely the time should be taken into account when using mild steel, since it is related to the development of corrosion which induces the cementation. In [START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF], the author considered the Ra = 0.29 μm, 0.94 μm, 99.47 μm of stainless-steel plate as a smooth, medium, and rough, respectively. Ra was also adopted to evaluate the surface roughness of the glass, concrete, steel, and sandstone rock in clay-structure interface tests [START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF]. [START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF] carried out direct shear tests on red clay (D50 ≈ 80 μm) against a porous stone disc with a Ra = 33.92 μm, a porous stone considered medium to high rough. The Rmax of the structure surface has been also used in clay-concrete interface study of [START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF]. [START_REF] Chen | Effect of roughness on shear behavior of red clayconcrete interface in large-scale direct shear tests[END_REF] proposed a modified poured sand method aimed to evaluating a concrete surface with regular roughness.

Effect of shearing velocity

In sand-structure interface tests, due to the drained conditions, failure conditions are quickly attained, so that the shearing velocity does not have a clear influence on the shear results. For interfaces with clays however, the shearing rate can have significant impact on the strength behavior. Experimental results revealed that shearing velocity affects the shear behavior of soil [START_REF] Lupini | The drained residual strength of cohesive soils[END_REF][START_REF] Nanda | Effects of strain rates on the undrained shear strength of kaolin[END_REF][START_REF] Scaringi | Influence of displacement rate on residual shear strength of clays[END_REF][START_REF] Sorensen | Influence of structure on the time-dependent behaviour of a stiff sedimentary clay[END_REF], since the shearing velocity relates to drainage conditions and viscosity effects. The shearing rate effect is similar for soils and soil-structure interfaces [START_REF] Lemos | Clay-interface shear resistance[END_REF][START_REF] Littleton | An experimental study of the adhesion between clay and steel[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF]Tsubakihara et al., 1993). As shown in Figure 2.25, as the shear rate increases, the response changes from drained to partially drained, then finally to undrained conditions. At drained conditions, complete consolidation occurs and no excess pore pressure accumulates; at partially drained conditions partial consolidation happens; at undrained conditions, no consolidation takes place and excess pore pressure accumulates [START_REF] Boukpeti | Interface shear box tests for assessing axial pipe-soil resistance[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF].

The shear resistance is also influenced by viscosity effects, which are more apparent at high shearing rates (undrained conditions). In Figure 2.25, the viscosity effects can be categorized as positive, neutral, and negative, causing the increase, no change, or decrease in the undrained shear resistance, respectively [START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF].

The shear velocity effects on the soil-structure interfaces have been studied a lot recently [START_REF] Lemos | Clay-interface shear resistance[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Nanda | Effects of strain rates on the undrained shear strength of kaolin[END_REF][START_REF] White | Free fall penetrometer tests in sand: Determining the equivalent static resistance. Cone penetration testing[END_REF]. [START_REF] Lemos | Clay-interface shear resistance[END_REF] 

Influence of temperature

Another factor that affects the behavior of the soil-structure interface is temperature. Numerous experiments in the past focused on the shear behavior of both sand-structure and clay-structure interfaces under various thermal loadings [START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF]Maghsoodi, 2020;Maghsoodi et al., 2020b;[START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF][START_REF] Xiao | Shear behavior of silty soil and soil-structure interface under temperature effects[END_REF][START_REF] Xiao | Modified-thermal borehole shear test device and testing procedure to investigate the soil-structure interaction of energy piles[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF]. A brief description of the experiments and main results follows.

Xiao et al. ( 2014) performed a series of direct shear tests with controlled temperatures to characterize the influence of temperature on the shearing behavior of silty soil and silty soil-pile interface. The shearing was conducted at a rate of 0.20 mm/min, during the shear stage, the temperature of the soil-structure interface was maintained at the 6°C or 21°C. At the same normal stresses and water contents, the peak shear strengths of the soil are 30 ~ 90% larger than the soil-concrete interface shear strength. The soil-concrete interface strength increases with increasing temperature. Furthermore, the soil-concrete interface friction angle is slightly smaller than that of the soil, as presented in Table 2.4. This is expected since sand is a thermo-elastic soil, no thermally induced effect is generated during the interface direct shear process. On the contrary and for the clay-concrete interface, a temperature increase results in increasing the interface shear strength due to the increase of the cohesion of clay and the adhesion between clay and concrete plate. Moreover, during heating, it is observed a volumetric contraction for the NC clay, while the friction angle decreases. Thus, the response of the clay-concrete interface varies with temperature, showing an increase of strength at higher temperature. Wang (2016) conducted sand-concrete CNL interface tests under dry conditions and clayconcrete interface tests under fully saturated conditions, using a direct shear apparatus with thermal control. The samples were sheared with drained conditions under three thermal loads (10°C, 24°C, and 60°C). The sand-concrete interface response either at high or low temperature conditions does not have an obvious change compared to that at normal temperature conditions.

On the other hand, results of the clay-concrete interface tests show that with the drop of 98 temperature the interface shear stress decreased slightly. As for the interface friction angle and adhesion, they increase at high temperature, while decreasing at low temperature. Carbonate sand and Fontainebleau sand were tested against a concrete under constant temperature (8°C, 13°C, and 18°C) and 10 cycles of cyclic temperature (8°C to 18°C) loadings in interface direct shear experiments [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF]. Concerning the carbonate sand, the resulting interface friction angle after each monotonic thermal loading test series is found equal to 35.0°, 34.6°, and 32.4° for 8°C, 13°C, and 18°C (Figure 2.28a). After a cyclic thermal load of 10 cycles the interface friction angle is found 34.9° (Figure 2.28a). The interface friction angle of the Fontainebleau sand-concrete interface after monotonic thermal loading is found 25.9°, 26.8°, and 25.4° for 8°C, 13°C, and 18°C respectively (Figure 2.28b), and after cyclic thermal loading is 27.9°±0.9° (Figure 2.28c). These values are lower than the internal friction angle of Fontainebleau sand (36.2°). The results illustrate that the influence of monotonic and cyclic thermal loadings is small and rather negligible on the carbonate sandconcrete as well as silica sand-concrete interface properties.

Hence in general, temperature does not significantly affect the properties of the sand-structure interface, while for a clay-structure interface the thermal effect cannot be ignored. The following remarks can be drawn:

(1) For silica sand-structure or carbonate sand-structure interfaces, the shear behavior of the interface is not sensitive to thermal changes (for example 8°C ~ 18°C in Vasilescu ( 2019)), which is confirmed by the fact that the friction angle of the sand-structure remains almost constant.

(2) For clay-structure interfaces, heating leads to an increase of the shear strength of the interface and the cohesion between the two materials; this may be attributed to the thermal consolidation caused by heating [START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF][START_REF] Xiao | Modified-thermal borehole shear test device and testing procedure to investigate the soil-structure interaction of energy piles[END_REF]. Besides, when the clay-structure interfaces are tested under drained conditions, usually a volumetric contraction is observed, agreeing with the typical behavior of NC clays. This can be explained by the fact that contraction is accompanied by loss of moisture of the soil. Attention should be paid however to the fact that the temperature range studied (typical of geothermal engineering) is not to high (e.g., 5°C, 20°C, 

Particle movement during shearing

The particle movement during interface shear has been investigated with imaging techniques, in particular particle image velocimetry (PIV) or high-resolution photographs [START_REF] Dejong | Interface load transfer degradation during cyclic loading: a microscale investigation[END_REF][START_REF] Guler | Measurement of particle movement in granular soils using image analysis[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]Martinez and Frost, 2017a;[START_REF] Martinez | Experimental study of shear zones formed at sand/steel interfaces in axial and torsional axisymmetric tests[END_REF][START_REF] White | An investigation into the behaviour of pressed-in piles[END_REF]Zhang et al., 2006).

High-resolution photos of sand particles were captured by digital Charged Coupled Device (CCD) camera during sand-steel interface shear. Normal and tangential displacements of the particles versus the distance from the interface were tracked, indicating that when the surface roughness is higher than the critical roughness, bulk dilatancy occurs in a narrow zone of about five grains thick [START_REF] Hu | Testing and modeling of soil-structure interface[END_REF]. Considering a correlation-based image analyzing algorithm, soil mass movement analysis and soil particle tracking analysis were proposed by Zhang et al. (2006) to study the sand particle movement during shearing. The measurements revealed that soil particle movements decrease with increasing distance from the structure, and the interface thickness is approximately 5D50. Photographs of carbonate sand-pile and silica sand-pile interface showed that the closest displacement vector is located 4 mm from the pile and high particle breakage can be seen in the interface zone of Figure 2.29 [START_REF] White | An investigation into the behaviour of pressed-in piles[END_REF]. 101

Moreover, from high-resolution photographs of colored sand in the interface zone of cone penetration testing (CPT), deformations of sand particles can be seen clearly in Figure 2.30 (Martinez and Frost, 2017a). The sand grains in the interface have a larger horizontal displacement than these far away from the interface zone. Unlike sand, there are less results on spatial particle movements, deformation distribution, and shear band characteristics of clay during shearing [START_REF] Kwak | Shear Band Characterization of Clayey Soils with Particle Image Velocimetry[END_REF], especially in interface direct shear tests on clay-structures. Most of the research studies in the literature focus on the clay particle orientation after the shearing stage [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Dudoignon | Macro-micro measurement of particle arrangement in sheared kaolinitic matrices[END_REF][START_REF] Hattab | Experimental study of kaolin particle orientation mechanism[END_REF][START_REF] Hattab | Internal friction angle variation in a kaolin/montmorillonite clay mix and microstructural identification[END_REF][START_REF] Hicher | Microstructural analysis of strain localisation in clay[END_REF][START_REF] Hicher | Microstructural analysis of inherent and induced anisotropy in clay[END_REF][START_REF] Sachan | Variation in geometric arrangement of particles in kaolinite clay due to shear deformation using SEM technique[END_REF]. In general, the consolidation process transforms the clay particles from edge-toedge orientation to face-to-face orientation. A reorientation of clay particles occurs along the shear plane during the shearing process [START_REF] Mitchell | Fundamentals of soil behavior[END_REF][START_REF] Sivakumar | Particle orientation and its influence on the mechanical behaviour of isotropically consolidated reconstituted clay[END_REF]. This because shear stress leads to large deformations on the connecting links between clay particles as well as clay aggregates, which results in parallel reorientation on the clay particles [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Meunier | Clays[END_REF]. Nevertheless, most of the previous experimental results observed the shear band only at the final stage of the experiments and did not continuously observe the shear band characteristics and spatial distribution of deformation [START_REF] Kwak | Shear Band Characterization of Clayey Soils with Particle Image Velocimetry[END_REF].

The imaging methods track the deformation of soil particles as well as the interface thickness during shearing, providing a clear visualization of the interface and the soil particle motion trail.

Interface direct shear tests on sand-clay mixture

Very few results are available in the literature on direct shear tests performed on reconstituted soils of sand-clay mixture in the laboratory [START_REF] Balaban | An Experimental Study on Shear Strength Behavior of Soils Under Low Confining Pressure[END_REF][START_REF] Dafalla | Effects of clay and moisture content on direct shear tests for clay-sand mixtures[END_REF][START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Shahin | A Disaster Resilient Road: Effects of Fines on Density and Shear Strength of Sands[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. Furthermore, the results do not provide a comprehensive understanding on the mechanical behavior of the sandclay mixture even though they clearly indicate that the clay content affects the shear behavior of the mixtures. 

Conclusions

This chapter reviews the basics of the classical direct shear test. The interface direct shear test is presented and three different shearing boundary conditions are discussed. The chapter contains also information on the interface thickness for both sand-and clay-structure and a discussion on the main factors that influence the interface mechanical behavior, normal stress, soil density, water content, interface roughness, shear velocity and temperature. Finally, research on soil particles movement during shearing and previous experimental research on the interface between sand-clay mixture and structure material is reviewed.

Although there are a lot of studies on sand-clay mixtures and on the interface for typical soils (i.e., pure sand or pure clay), there is lack of data on the interface mechanical behavior between sand-clay mixture and structure. For example, information is missing on how the clay content influences the interface direct shear behavior, i.e., shear strength, volumetric deformation, interface friction angle, adhesion etc., and how the particles arrangement changes with changes in the clay content. Since these questions are significant for geotechnical engineering design, implementing interface direct shear test on sand-clay mixture with different clay content is necessary to better understand natural soil structure interface problems.

This thesis will try to go through these topics and will focus on the interface direct shear test for CHAPTER 3 MATERIALS AND EXPERIMENTAL METHODS

Introduction

In this chapter, the mechanical behavior of the soil-structure interface is investigated experimentally by a novel interface direct shear apparatus of École Centrale de Nantes adapted to a large range of soils and validated by [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. In order to reduce as much as possible the effects of the intrinsic heterogeneity of natural soils [START_REF] Elkateb | An overview of soil heterogeneity: quantification and implications on geotechnical field problems[END_REF][START_REF] Meunier | Clays[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF], laboratory reconstructed sand-clay mixtures are used. The chapter presents the methodology developed to investigate the interface behavior of sand-clay mixture with concrete, the materials used, the interface test conditions, and to propose an adapted procedure for the interface apparatus capable to guarantee homogeneity of the soil sample, in terms of distribution of the phase components and water content. Three different mixing protocols of sand, clay and water are proposed. The characterization of the soil-structure interface obtained using the retained protocol is compared with that resulting from a conventional dry tamping sample preparation.

The chapter is divided in two parts: the interface direct shear apparatus is first described and then the investigation of the most adequate sample preparation is detailed.

Interface direct shear apparatus

Presentation of the interface direct shear apparatus and validation

Interface direct shear machine

Under in-situ conditions, it is difficult to measure the intrinsic properties (i. In general, a classical direct shear box is equipped with an upper part and a lower part with the same size, as illustrated in Figure 3.3a. The classical machine results however in a varying contact area between the sample and the plate during shearing. An ad-hoc new design is therefore proposed (see Figure 3.3b) so that a constant shearing area is maintained over the specified range of displacement to avoid loss of soil, principal stress rotation, and spurious friction component during shearing. 3.1. In general, the space between the two half boxes is zero. However, if the thickness of the structural plate is larger than the depth of the groove (i.e., 11 mm) in the bottom part of the shear box, there will be a space (0.1 ~ 0.6 mm) between the upper and bottom parts. This space depends on the manufacturing accuracy of the structural plate. The whole shear box is installed in a container (see Figure 3.2a, c) that can be filled with distilled water for testing saturated specimens and that guarantees homogeneous thermal conduction.

During the interface shearing phase, the upper part of the shear box is fixed by the piston that applies the vertical load and cannot move, while the lower part moves horizontally, imposing a relative displacement that results in shearing the sample.

The vertical (i.e., normal) and horizontal (i. As shown in Table 3.2, the vertical load cell provides the normal force with a capacity of 10 kN while the horizontal load cell can impose a maximum shear force of ±10 kN; both the two load cells have an accuracy of 0.1%. The maximum vertical and horizontal (shear) displacement is ±5 mm and ±20 mm respectively (with an accuracy of 0.1%). The apparatus allows to choose a load-controlled shear mode or a displacement-controlled shear mode. The frequency for the cyclic test option ranges between 0 and 10 Hz. The maximum amplitude of horizontal displacement at the frequency of 1 Hz is ±5 mm, and at the frequency of 5 Hz is ±1 mm.

The monotonic or cyclic thermal loading can be applied through a closed loop circuit, that passes through a system installed under the container accommodating the shear box and that is connected to a refrigerated heating circulator bath (Figure 3.2e) with air-cooled cooling machine (i.e., the Huber Ministat 125), which can give an allowable temperature range between 5 and 50°C. The high precision thermoregulation system is equipped with one Pt100 internal temperature sensor and one Pt100 sensor external connection (Figure 3.2e), in which the bottom temperature sensor is plugged-in. The temperature in the tested sample is measured through the above mentioned Pt100 thermal sensor installed in the bottom of the lower shear box (see Figure 3.2c) which is also used for piloting the temperature tests and a top Pt100 temperature sensor installed in the piston to acquire the temperature on the top part of the specimen. The Pt100 sensor can measure the temperature ranges from 0 to 50°C with a precision of ±0.2°C (see Table 3.2).

The machine is accompanied by a system of data acquisition that uses the GEOSYS software offering a minimum acquisition rate of 0.001 s. All commands are executed and visible via the GEOSYS software so the load and displacement are directly available to follow up the experiment.

Calibration and validation

A series of 20 verification tests were performed by [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF] The usual test procedure of the interface machine is the following: first applying a vertical loading to consolidate the sample at ambient temperature; then adding a thermal loading (e.g., constant, monotonic, or cyclic) and finally a shearing phase at a constant temperature under different boundary conditions (CNL, CV or CNS). Even though all tests in this thesis are carried out under constant temperature conditions, it is still necessary to calibrate the deformation of the device during a heating or cooling process. More specifically, the part of the shear box inside the container experiences a thermoelastic deformation during the thermal phase. According to Di Donna (2014), the normal or horizontal displacement measured includes the real sample displacement (δ n and δ h ) and a device displacement (δ n,d and δ h,d ) caused by the thermal deformation, as follows:
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where δ n,m and δ h,m are the measured normal and horizontal displacements during the thermal loading.

In the horizontal direction, δh is the relative horizontal displacement between the upper shear box and the lower shear box, it is measured during the shearing phase which starts once the corresponding thermal deformation becomes stable (after the application of the temperature). In this case, the thermal deformation (δh,d) of the device does not have an influence on the δh measurement, i.e., the δh,d is zero during the shearing process (nevertheless, if the thermal loading induces a non-negligible horizontal relative displacement between the soil and the concrete before the shear test, part of the interface shear resistance is already mobilized before the starting of the sharing phase (Di Donna, 2014)).

Considering a temperature increasing of 30℃, which can include the range of thermal change in this interface study. A linear thermal expansion coefficient of 10 -5 /℃ for Fontainebleau sand and concrete (Di Donna, 2014) is used for the calibration. The heights of the sand sample and the concrete plate are assumed as 25 mm and 11 mm, respectively. After the application of the temperature, the vertical displacement of the sand is 0.0075 mm, and the vertical displacement of the concrete plate is 0.0033 mm and thus the total vertical displacement is 0.0108 mm. This vertical displacement is quite smaller than those in the shear process and does not exceed the range of the sensors' accuracy. Consequently, the thermal effect on the deformation of the system is negligible.

Requirements and parameters for the sample preparation

Requirements

The dimension of soil samples should be with definite restrictions due to the shear box dimension and shape. The structural plate at the bottom should also correspond to the size of the lower shear box (Table 3.1). The required dimensions (100 mm × 100 mm) of the soil sample are quite large in comparison to the classical direct shear test (e.g., 60 mm × 60 mm).

Particular attention must be taken during sample preparation to avoid working with unconsolidated soil samples (see the sample preparation in section 3.4) which may lead to leakages from the space between the upper and bottom parts of the shear box (Figure 3.5). The sample must be preconsolidated before putting it into the shear box, it must be as less viscous as possible and it must have a planar surface for the piston to stay correctly in contact with it.

Moreover, the sample must be as homogeneous as possible. All these requirements necessitate of a non-trivial protocol for the sample preparation. Three different mixing orders of the soil components were studied. Also, considering the large size of the sample (100 mm × 100 mm), a sufficiently large cylindrical consolidometer cell had to be developed (with a diameter at least of 141.42 mm) to ensure proper preconsolidation. The preconsolidated prismatic sample was obtained by cutting the cylindrical one. More details about the large oedometer apparatus follow.

The oedometer test is first performed, then the specimen is trimmed and put into the direct shear device. In our case, it is not possible to use the sample with the same shape for both This cell was calibrated with an oedometer test on Fontainebleau sand. The results were compared and validated with the test results of the classical standard oedometric cell. The validation shows that the cell works well and has consistent results with the classical one.

Parameters controlled and measured

First the sand, clay, and water are mixed into slurry at a selected water content. This mixing water content (w0) should be controlled to produce repeatable specimens with homogeneous structure in both microscopic and macroscopic scales.

Then when the preconsolidation in the new oedometer cell is finished, after cutting the sample, using an oven (105°C for 48 hours) and a balance, the water content (w1) of the preconsolidated sample can be obtained. The mass of the squared sample (100 mm × 100 mm) msample for the shear box is known via the balance as well (Table 3.3). we can calculate the initial void ratio (e 0 ), the initial density of specimen (ρ a ) and the degree of saturation (Sr) (Table 3.3). The degree of saturation is defined as the percent ratio of the volume occupied by water (Vw) to the volume of voids (Vv) [START_REF] Nova | Soil mechanics[END_REF] and is expressed by:
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where is the w is the water content of the sample, Gs is the specific gravity of the soil particle, and e is the void ratio of the sample. Hence, before performing tests on the interface device, these parameters are measured directly or indirectly.

The shear box together with the container are unmounted from the machine after the interface test. The depth (d1) between the top surface of upper shear box and top surface of the sample is measured again to get the sample height after test (h1) by calculating the difference of hb and d1.

Then, the shear box is dismantled and the specimen is taken out from the box. The sample is divided and cut into three layers (i.e., interface, middle, and upper parts), as illustrated in Figure 3.7. By using the oven (105°C for 48 hours) and the balance, the mass of the small wet and dry samples from each layer can be obtained. The water content of the sample after the interface test is computed at the three different layers and then the average water of the sample is attained (Table 3.3). The parameters in Table 3.3 are used in setting the interface tests and assess the shear behavior.
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A detailed list of direct and indirect measures during the consolidation and the shear phase is reported in Table 3.4 (for instance, vertical force, horizontal force, vertical displacement, horizontal displacement, temperature of the Huber, temperature of the interface, temperature of the sample top, time and sample height, void ratio etc.). 

Materials

In this study, Fontainebleau sand and kaolinite clay are used to prepare, sand-clay mixtures, that is to say simplified soils. Concrete is selected as the structural material for the interface direct shear test. In the sample preparation study, glass beads are also chosen as simplified sand. The characteristics of these materials are introduced as follows.

Fontainebleau sand

Fontainebleau sand NE34 (called hereafter FSand NE34) from Sibelco company was used to prepare sand-clay mixture samples. Fontainebleau sand is a fine siliceous sand (Figure 3.8a), which is widely utilized as a reference material in many experimental studies especially for geotechnical researches [START_REF] Bolton | Centrifuge cone penetration tests in sand[END_REF][START_REF] Gaudin | Sand characterization by combined centrifuge and laboratory tests[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF]. Energy dispersive spectrometer (EDS) analyses show that FSand NE34 is composed of 99% quartz (SiO2).

Geotechnical (or called physical see [START_REF] Wei | Micro-macro-experimental study of two clayey materials on drying paths[END_REF]) characteristics, optical observation, and microstructure of FSand NE34 are shown in Table 3.5, Figure 3.8 and Figure 3.9, respectively.

On the secondary electron (SE) images, FSand NE34 contains both angular and smooth particles with a heterogeneous roughness (Figure 3.9a, b). Test of grain size distribution was performed with a laser granulometer, the results are presented in Table 3.5 and Figure 3.10a (with a mean grain size (d50) of 0.21 mm, emin = 0.545 and emax = 0.866, a coefficient of uniformity (Cu) equal to 1.70 [START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF][START_REF] Yin | Influence of sample preparation on the multi scale structure of sand-clay mixtures[END_REF]). The grain density ρs of FSand NE34 is 2.65 g/cm 3 . The grain size distribution of FSand corresponds to the typical distribution in the literature, with grain sizes below 300 µm in diameter. 

Kaolinite clay

An industrial kaolinite-rich clay material (called hereafter K Clay) from Argeco company (France) was chosen to prepare the sand-clay mixtures, in agreement with previous studies [START_REF] Hammad | Comportement des sédiments marins de grande profondeur: approche multiéchelle[END_REF][START_REF] Kim | Evaluation of cyclic shear strength of mixtures with sand and different types of fines[END_REF][START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF][START_REF] Polidori | Relationship between the Atterberg limits and clay content[END_REF][START_REF] San Nicolas | Characteristics and applications of flash metakaolins[END_REF], see Figure 3.6. Other minerals than kaolinite are essentially small quartz, calcite and others in small amounts (Table 3.6).

The microstructure of K Clay is mainly composed of kaolinite and well-dispersed quartz particles (Figure 3.9c). Kaolinites are present as micrometre-size individual particles and multimicrometre aggregates (Figure 3.9d). The main parameters of K Clay are summarized in Table 3.5 and Table 3.7. The liquid (wL) and plastic limits (wP) of this K Clay correspond to the [START_REF] Hattab | Experimental study of kaolin particle orientation mechanism[END_REF][START_REF] Wei | Micro-macro-experimental study of two clayey materials on drying paths[END_REF]. The grain size distribution of the K Clay has been obtained by two laser granulometers three times each: (1) by using a dispersed K Clay in distilled water in order to characterize the classical distribution of the material, and (2) by using a dry K Clay powder which is not dispersed (Figure 3.10), to quantify the size distribution of the aggregates already present in the dry material (which will be mixed with sand and water afterwards, see section 3.4.2 and Figure 3.20). The first device used was a Malvern Mastersizer 2000 laser diffraction granulometer, which allowed a wide dynamic granulometric analysis of soil particles range from 0.02 μm to 2000 μm. The identification of the grain size distribution was conducted in wet conditions, the K Clay was dispersed by distilled water in sample dispersion units before measuring. The second granulometer was an OMEC LS-C (ⅡA) laser particle sizer device with a precision of 3% for particle diameter in the range of 0.2 to 500 µm. The characterization obtained for the two types of samples is given in Table 3.5 and Figure 3.10. In K Clay, the mean grain size d50 is multiplied by 5.5 with the absence of particle dispersion. The comparison of passing fractions before and after dispersion reveals that clayey aggregates are present in the dry K Clay, and they are then scattered by the dispersion process. The diameter of the aggregates is from 1 µm to 100 µm (Figure 3.10a,b). SEM images show that those aggregates are composed of clays or small grains of quartz surrounded by clays (Figure 3.9c, d).

Silica beads

In order to identify the geometry and roughness effect of FSand NE34 on the clay location within the mixtures, spherical silica beads (Figure 3.8c) were also used as simplified sand to form mixtures of glass beads and K Clay. The diameter range of the silica beads is 150 ~ 250 μm, like FSand NE34. This kind of glass beads is characterized by a well-round ball shape and a very smooth surface. Locally submicrometer roughness is visible, probably due to manufacturing defaults. Mixtures of dry silica beads and K Clay were scanned under SEM in the same conditions as the sand-clay mixtures to investigate their microstructure for the same protocols which will be explained below.

Atterberg limits of the sand-clay mixture

Atterberg limits and plasticity index (PI) are used to classify and predict the engineering behavior of fine soils [START_REF] Polidori | Relationship between the Atterberg limits and clay content[END_REF]. Relating to the mineralogical composition of sand-clay mixtures, there are some studies in the literature on the Atterberg limits as a function of their clay contents [START_REF] Polidori | Relationship between the Atterberg limits and clay content[END_REF][START_REF] Seed | Fundamental aspects of the Atterberg limits[END_REF], some investigations also dealt with the 122 relationships between Atterberg limits and different types of clay [START_REF] Hammad | Kaolin/montmorillonite mixtures behaviour on oedometric path and microstructural variations[END_REF][START_REF] Hattab | Internal friction angle variation in a kaolin/montmorillonite clay mix and microstructural identification[END_REF][START_REF] Wei | Micro-macro-experimental study of two clayey materials on drying paths[END_REF].

Atterberg limits test of the sand-clay mixtures with a series of K Clay content (i.e., 25%, 50%, 60%, 75%, 100%) were performed by using the Casagrande apparatus in the laboratory to get the liquid limit (wL), plastic limit (wP), and plasticity index (PI). The results of liquid limit and plastic limit are given in Figure 3.11. 123 At the 25% of K Clay content, since the quantity of clay is quite small, the measurement of the plastic limit is not very precise. As mentioned before, this K Clay has a 55% by weight of real clay (<2 μm), so we multiply 55% on the K Clay content to get the actual clay fraction, see Figure 3.12. The results show the Atterberg limits of the sand-clay mixture have a linear relationship with the K Clay and clay contents (Figure 3.11, Figure 3.12), which correspond to the literature [START_REF] Hattab | Internal friction angle variation in a kaolin/montmorillonite clay mix and microstructural identification[END_REF][START_REF] Polidori | Relationship between the Atterberg limits and clay content[END_REF].

The liquid limit of the sand-clay mixture will be used in sample preparation section. The initial water quantity for mixing is set up and calculated with a criterion based on the liquid limit of the sand-clay mixture at each clay fraction.

Concrete plate

The concrete mixing design and plate cutting

Concrete was prepared in the laboratory by mixing CEM I 52.5 N CE CP2 NF-23-01-12 cement, limestone filler, sand (0 ~ 4 mm), and aggregates (6 ~ 10 mm) according to a mix design based on Eurocode-2 (2004). The concrete mix design is summarized in Table 3.8. The distilled water was used to mix the different components. After mixing, the concrete was moved to a mould and under steam curing for 28 days. Finally, several pieces of concrete plates with a thickness of 11 mm were cut from the larger concrete block (Figure 3.13) for the interface test, the chosen thickness is equal to the depth of the groove in the lower shear box. The mechanical properties of the concrete can be found in Table 3.9. Table 3.9 Mechanical properties of the concrete plate.

Property Value

Density (kg/m 3 ) 2500

Tensile strength (MPa) 2.8

Compressive strength (MPa) 33.9

Young modulus (GPa) 44.4

Shear modulus (GPa) 17.9

Poisson's coefficient (-) 0.24

Roughness of the concrete plate

Roughness parameters were measured by a Taylor Hobson Surtronic 3+ surface roughness tester before and after the interface tests. The roughness test was performed on two directions of the plate surface, as illustrated in Figure 3.14. In the shear direction, there are six roughness testing profiles, and perpendicular to the shear direction, there are eight profiles. The tester measured the roughness on each testing profile, got all the roughness parameters of all the profiles and then the mean values were calculated.

The average Ra and Rmax of the concrete plate are 10.3 μm and 92.0 μm, respectively, as shown in Table 3.10. Normalized roughness (Rn) is used for evaluating the interface roughness, the normalized roughness between the concrete plate and FSand NE34, K Clay, and dispersed K Clay, are listed in Table 3.10. For the Fontainebleau sand, the concrete surface is medium rough, while for the dispersed and non-dispersed K Clay, it is a high rough surface. We assumed that the roughness would not change before and after the interface tests, so one concrete plate was used for all the interface shear tests. The roughness was measured again after all the interface direct shear tests, the average Ra and Rmax are 10.2 μm and 90.5 μm. The results thus confirmed that the shear tests did not significantly alter the concrete roughness, which is in agreement with previous publications (Tsubakihara et al., 1993;[START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. 

Sample preparation

Sample preparations techniques in the literature

The sample preparation procedure is a key factor which influences the mechanical behavior of reconstituted soils in laboratory experiments [START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF][START_REF] Krage | Slurry Deposition Method of Low-Plasticity Intermediate Soils for Laboratory Element Testing[END_REF][START_REF] Liu | A slurry consolidation method for reconstitution of triaxial specimens[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF][START_REF] Wang | A slurry consolidation approach to reconstitute low-plasticity silt specimens for laboratory triaxial testing[END_REF][START_REF] Wichtmann | On the influence of the sample preparation method on strain accumulation in sand under high-cyclic loading[END_REF][START_REF] Yamamuro | Effect of depositional method on the undrained behavior and microstructure of sand with silt[END_REF]. The influence becomes more prominent for sand-clay mixture samples due to the clay fraction within the mixture. A high diversity of sample preparation methods is available in the literature [START_REF] Bendahmane | Experimental parametric study of suffusion and backward erosion[END_REF][START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF][START_REF] Krage | Slurry Deposition Method of Low-Plasticity Intermediate Soils for Laboratory Element Testing[END_REF]Kuerbis and Vaid, 1988;[START_REF] Marot | Internal flow effects on isotropic confined sand-clay mixtures[END_REF][START_REF] Polidori | Relationship between the Atterberg limits and clay content[END_REF][START_REF] Raghunandan | Preparation of reconstituted sand samples in the laboratory[END_REF]. Different sample preparation techniques found in the literature are described hereafter.

Dry pluviation

The dry pluviation method aims to produce fairly uniform samples of well-sorted sand or wellsorted silt and models the natural deposition process of wind-blown aeolian and water sedimentation deposits (Kuerbis and Vaid, 1988;[START_REF] Wichtmann | On the influence of the sample preparation method on strain accumulation in sand under high-cyclic loading[END_REF]. Kodicherla et al.

(2018) investigated how the reconstituted techniques affect the void ratio and density index of soil specimens. This study of [START_REF] Kodicherla | Effects of preparation methods on inherent fabric anisotropy and packing density of reconstituted sand[END_REF] indicates that the samples prepared by pluviation methods possess more pronounced inherent fabric anisotropy than those by tamping methods. Besides, the dry pluviation method provided the highest degree of inherent fabric anisotropy. Furthermore, the medium to dense air pluviated specimens tend to dilate more in drained triaxial test than the wet pluviated samples [START_REF] Raghunandan | Preparation of reconstituted sand samples in the laboratory[END_REF]. Dry pluviation reconstituted sand-fines samples with higher fines content usually have a larger skeleton void ratio and tend to be metastable and may show large strain behavior (Kuerbis and Vaid, 1988).

In conclusion, the dry pluviation method cannot guarantee a homogeneous and saturated specimen of sand-clay mixture or well-graded sand whose mechanical response closely resembles the behavior of natural soils.

Wet pluviation

The wet (or water) pluviation sample preparation method is similar to the dry pluviation but the sand is pluviated in de-aired water rather than air [START_REF] Ghionna | Liquefaction resistance of undisturbed and reconstituted samples of a natural coarse sand from undrained cyclic triaxial tests[END_REF][START_REF] Shi | Anisotropic small-strain stiffness of calcareous sand affected by sample preparation, particle characteristic and gradation[END_REF][START_REF] Vaid | Preparation of reconstituted sand specimens[END_REF][START_REF] Wichtmann | On the influence of the sample preparation method on strain accumulation in sand under high-cyclic loading[END_REF]. Sand specimens reconstituted by wet pluviation are considered to mimic better the fabric of fluvial or hydraulic-fill sands [START_REF] Ghionna | Liquefaction resistance of undisturbed and reconstituted samples of a natural coarse sand from undrained cyclic triaxial tests[END_REF], and the wet pluviation is a convenient technique to produce the sand samples for undrained tests [START_REF] Vaid | Fundamental factors affecting liquefaction susceptibility of sands[END_REF]. For the wet pluviation, the soil particles can reach the required final velocity at a very small drop height in water, unrelated to the total drop height [START_REF] Juneja | Effect of sample preparation on strength of sands[END_REF]. Furthermore, wet pluviated sand samples are initially saturated and easy to replicate [START_REF] Vaid | Preparation of reconstituted sand specimens[END_REF]. [START_REF] Raghunandan | Preparation of reconstituted sand samples in the laboratory[END_REF] pointed out that wet pluviated samples do not dilate compared to the samples prepared by dry pluviation although both were compacted at the same density.

Even though the wet pluviation can prepare uniform samples of poorly graded sand, this method cannot be used for well-graded soil or sands containing fines because of the particle segregation (Kuerbis and Vaid, 1988).

Moist tamping

Concerning the density or particle size gradation, the moist tamping method cannot provide a specimen with excellent uniformity, except with a high void ratio (Kuerbis and Vaid, 1988;[START_REF] Vaid | Liquefaction of silty soils. Ground failures under seismic conditions[END_REF]. Even though it is apparent that the homogeneity of moist tamping specimens cannot be guaranteed, there is a lack of studies evaluating this systematically. This method is generally demonstrated to be not adequate to prepare soil samples in the laboratory [START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF]. As a result of the capillary forces between the moist grains, the fabric of a sand sample made by the moist tamping usually possess a honeycomb structure and appears easy to collapse [START_REF] Casagrande | Liquefaction and cyclic deformation of sands: a critical review[END_REF]. Besides, the capillary effect brings about a more isotropic fabric in samples prepared by using this technique [START_REF] Sze | Failure modes of sand in undrained cyclic loading: impact of sample preparation[END_REF].

Finally, loose sand-fines mixture samples produced by moist tamping often show the most contractive behavior under saturated conditions [START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF]. [START_REF] Raghunandan | Preparation of reconstituted sand samples in the laboratory[END_REF] also found a similar result, say that the moist tamped sand sample appears to dilate less than the sample prepared by dry tamping.

Dry tamping

The dry tamping method is a classical sample preparation for soils, especially for sandy soils.

Even though this method tends to produce samples with an anisotropic fabric due to the gravitational deposition of grains (Ya ng and Liu, 2016), it is widely employed in soil sample preparation [START_REF] Raghunandan | Preparation of reconstituted sand samples in the laboratory[END_REF][START_REF] Shi | Anisotropic small-strain stiffness of calcareous sand affected by sample preparation, particle characteristic and gradation[END_REF][START_REF] Shi | X-ray analysis on the effect of sample preparation on the microstructure of calcareous sands[END_REF][START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF][START_REF] Yang | Shear wave velocity and stiffness of sand: the role of non-plastic fines[END_REF].

For example, Raghunandan et al. ( 2012) conducted dry tamping with different layers and drop height on air dry sand; after comparing digital images he found that the tamping method affects the local bonding between the adjacent layers. [START_REF] Yang | Shear wave velocity and stiffness of sand: the role of non-plastic fines[END_REF] performed a comparison of shear modulus measured from resonant column (RC) and bender element (BE) tests on clean sand samples prepared by dry tamping. [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF] prepared Fontainebleau sand and carbonate sand specimens for sand concrete interface tests employing dry tamping; the sample was made by pouring layers of sand and then compacting them to the target density [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Vasilescu | Influence of thermal cycles on the deformation of soil-pile interface in energy piles[END_REF]. With the help of X-ray tomography, the microscopic interfacial faces between layers in the dry tamped sample can be observed, and the density of the sample prepared by dry tamping shows significant fluctuation in layers along with the sample height [START_REF] Shi | X-ray analysis on the effect of sample preparation on the microstructure of calcareous sands[END_REF].

Dry tamping sample preparation can successfully avoid the honeycomb4 structure induced by the capillary forces, but it also enhances the heterogeneities of physical properties in the specimens. Generally, the dry tamping technique is not used to prepare samples of mixtures to avoid the uncertainty caused by a possible segregation effect.

In this research study, the preconsolidation cell took a long time to manufacture. Therefore, a series of interface direct shear tests were firstly performed by the dry tamping sample preparation method, before using an optimized sample preparation (see part 3.4.2 of this chapter).

The results from the two sample preparations are compared and discussed in chapter 4. The procedure of the dry tamping method for the interface direct shear test of sand-clay mixture concrete is presented in Figure 3.15. The sand and clay are mixed at the definite ratio by shaking a container until visual homogeneity (same as [START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]), firstly in dry condition (Figure 3.15a), then dividing the mixture into six small containers (i.e., six layers).

The empty container being weighted, each soil part is weighted together with its own container and poured as a layer into the shear box (Figure 3.15b,c). A manual compaction is then realized by a steel rod with a flat base (30 hits), see 

Slurry deposition method

To overcome the problems of dry tamping, especially the particle segregation of the other sample preparations, a slurry deposition technique was proposed by Kuerbis and Vaid (1988) to prepare well-graded and silty sand specimens. It is a preparation method adapted for sand-silty sand, sand-silt or sand-clay mixture. The soils are mixed as a slurry and placed in a cell or tube, then the slurry is placed in a container for testing or moved to a cell and consolidated to a more solid shape. Kuerbis and Vaid (1988) compared the advantages and limitations of different sample preparation techniques (i.e., moist tamping, air pluviation, water pluviation), and pointed out that the slurry deposition method can overcome the inherent problems of the former sample preparation methods; the slurry deposition technique can create homogeneous saturated sand or sand-silt/clay samples with respect to void ratio and particle size distribution. In addition, the sample is easy to be replicated, possessing similar fabric to natural soils at the same time. The slurry deposition method is widely adopted, some variants of this technique are developed based on its theory [START_REF] Abdulhadi | An experimental investigation into the stress-dependent mechanical behavior of cohesive soil with application to wellbore instability[END_REF][START_REF] Bendahmane | Experimental parametric study of suffusion and backward erosion[END_REF][START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF][START_REF] Castelbaum | Laboratory apparatus and procedures for preparing test specimens of slurry mixed soils[END_REF][START_REF] Krage | Slurry Deposition Method of Low-Plasticity Intermediate Soils for Laboratory Element Testing[END_REF][START_REF] Liu | A slurry consolidation method for reconstitution of triaxial specimens[END_REF][START_REF] Marot | Internal flow effects on isotropic confined sand-clay mixtures[END_REF][START_REF] Wang | A slurry consolidation approach to reconstitute low-plasticity silt specimens for laboratory triaxial testing[END_REF]. [START_REF] Bendahmane | Experimental parametric study of suffusion and backward erosion[END_REF] and [START_REF] Marot | Internal flow effects on isotropic confined sand-clay mixtures[END_REF] used the following mixing procedure for sandclay mixture: First, the sand is mixed with water at a water content of 8% for 3 minutes, by using a mixing machine with a vertical axis of rotation at the speed of 145 rpm. While mixing continues, powder clay is then added progressively and mixing is then carried on for an additional 10 minutes. This method has been validated through confirmation of the size distribution homogeneity achieved after mixing [START_REF] Bendahmane | Influence des interactions mécaniques eau-sol sur l'érosion interne[END_REF]. [START_REF] Polidori | Relationship between the Atterberg limits and clay content[END_REF] used an oven at 60℃ to eliminate humidity of the inorganic soils and fine silica sand before mixing, then performed sample preparation by mixing dry inorganic soils and fine silica sand, following by adding deionized water. [START_REF] Kim | Evaluation of cyclic shear strength of mixtures with sand and different types of fines[END_REF] prepared sand-fines mixture (plastic soils) samples by mixing the soils with water content about twice its liquid limits. Then the slurry was placed in a preconsolidation cell and a vertical pressure of 50 kPa was applied to form a normally consolidated condition. [START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF] improved the slurry deposition method and presented a detailed sample preparation procedure. After the samples are prepared, they are divided into four slices, to assess the homogeneity by evaluating the grain size distribution curves and the maximum void ratios of the four slices. The results indicated that the modified slurry deposition technique results in reconstituted specimens of clean sand, silty sand, and sandclay mixture with good homogeneities and it is appropriate for mechanical experiments.

Consequently, the preparation of reconstituted clayey soils for geotechnical applications should be constant as better as possible and ensure sample's fabric homogeneity (i.e. uniformity) across the scales to limit the variability of a high number of experimental results [START_REF] Krage | Slurry Deposition Method of Low-Plasticity Intermediate Soils for Laboratory Element Testing[END_REF]Kuerbis and Vaid, 1988). A non-optimized control of sample's uniformity influences variability, increasing the challenge to determine intrinsic parameters in the laboratory and to compare the results to previous studies [START_REF] Cabalar | Fall cone tests on clay-sand mixtures[END_REF][START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF][START_REF] Muir Wood | Experimental observations of behaviour of heterogeneous soils[END_REF][START_REF] Sze | Failure modes of sand in undrained cyclic loading: impact of sample preparation[END_REF]. Otherwise, the micro-mechanical behavior of soil at small scale which considers the variability of the heterogeneities, can result in the development of constitutive theories for its macroscopic behavior through a statistical integration process at discrete and micro levels [START_REF] Langroudi | A micro-mechanical approach to swelling behavior of unsaturated expansive clays under controlled drainage conditions[END_REF]. So far in geotechnical studies, there is a clear lack of detailed explanations on the procedures of sample preparation of sand-clay mixtures, and on a comparison between those procedures at different scales.

To our knowledge, the influence of the sample preparation on the homogeneity (i.e., an identical arrangement of mineral content and physical properties: density, water content, saturation degree, particle segregation…) of sand-clay mixture's structure across different scales has not been well documented. The influence of the sample preparation on the multi scale structure of the sand-clay mixture soils needs to be investigated in order to provide recommendations for sample preparations in laboratory.

Development of an optimized sample preparation adapted to the soil-concrete interface shear test

Importance of small scales to establish a protocol for a mechanical study at the macroscale

Like natural clayey soils, sand-clay mixtures are multi scale materials for which the macroscopic behavior is usually known to be controlled by microstructural effects [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Delage | A microstructure approach to the sensitivity and compressibility of some Eastern Canada sensitive clays[END_REF][START_REF] Kiki | Microstructural, chemical and mineralogical analyses for understanding the geotechnical properties of clayey soils[END_REF][START_REF] Ural | The Importance of Clay in Geotechnical Engineering[END_REF]. Despite a very significant number of studies on the thermo hydro mechanical behavior of sand-clay and clay-clay mixtures [START_REF] Emiroğlu | Performance of ready-mixed clay plasters produced with different clay/sand ratios[END_REF][START_REF] Kim | Effect of clay content on the shear strength of clay-sand mixture[END_REF][START_REF] Kim | Evaluation of cyclic shear strength of mixtures with sand and different types of fines[END_REF][START_REF] Miller | The strength characteristics of soil-aggregate mixtures & discussion[END_REF][START_REF] Revil | Mechanical compaction of sand/clay mixtures[END_REF][START_REF] Thevanayagam | Intergranular state variables and stress-strain behaviour of silty sands[END_REF][START_REF] Wei | Micro-macro-experimental study of two clayey materials on drying paths[END_REF][START_REF] Zuo | Determination of the transitional fines content of sand-non plastic fines mixtures[END_REF], lots of different sample protocols are found in the literature (see the introduction of chapter 3), involving possible variable microstructures. However, the verification of the microstructure after the preparation is rarely done, except for classical material characterization.

Due to the variability of protocols and experimental results on sand-clay mixtures available in the literature, the influence of sample preparation on the uniformity of the sand clay mixture texture across the scales is investigated in this section. More specifically, three different protocols were adopted to mix sand, clay and water to identify which one provides the most homogenous texture from the macroscopic to the microscopic scales. For that, optical observation, 3D X-ray tomography, 2D scanning electron microscopy (SEM), 2D environmental scanning electron microscopy (ESEM) images and mercury intrusion porosimetry (MIP)

analyses were carried out on wet and dry samples.

The sample preparation investigation section is organized as follows: section 3.4.2.2 is devoted to the characterization of Atterberg limits of the sand-clay mixture at different K Clay fraction; in sections 3.4.2.3 and 3.4.2.4 the sample preparation is described and an introduction to methods and experimental apparatuses used to investigate the role of microstructure in the investigation of texture uniformity is presented; in section 3.4.2.5 the main results of the analyses obtained by optical observation methods, SEM, ESEM, X-ray tomography and contents (w) of 0.5, 1.0, 1.25, 1.5, 1.75 and 2.0 times of wL (wL = 22.4% for 50% K Clay content by weight), to check the evolution of sand-clay mixture's texture at the macroscopic scale and choose an optimum initial water content.

After mixing, the samples were placed in a vacuum device [START_REF] Abdulhadi | An experimental investigation into the stress-dependent mechanical behavior of cohesive soil with application to wellbore instability[END_REF][START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF] for 1 hour to remove potential air bubbles. The samples were then oven-dried (48 hours at 105℃) for microstructure analyses, as X-ray tomography, scanning electron microscopy and mercury porosimetry measurements, require dry samples [START_REF] Hammad | Kaolin/montmorillonite mixtures behaviour on oedometric path and microstructural variations[END_REF][START_REF] Hattab | Internal friction angle variation in a kaolin/montmorillonite clay mix and microstructural identification[END_REF][START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the Callovo-Oxfordian mudstone (Bure, France)[END_REF]. Besides, humid samples were prepared just before observation under environmental scanning electron microscopy to compare humid with dry microstructures. A total of 36 samples was prepared.

Experimental methods used to determine the best protocol

Optical observations

Firstly, macroscopic observations were made on the three different protocols mixed with different water contents, ranging from 0.5 wL to 2.0 wL, in order to delineate both the difference between the various preparations at the same water content and the difference between the same preparation at various water contents. Then, optical macroscopic views of the samples mixed with the three different preparations were observed after drying the samples in the oven at 105°C for 48 hours.

Scanning electron microscopy (SEM)

SEM is commonly used in geosciences to investigate the microstructure of clay materials [START_REF] Fauchille | An enhanced understanding of the Basinal Bowland shale in Lancashire (UK), through microtextural and mineralogical observations[END_REF][START_REF] Fauchille | Variability in spatial distribution of mineral phases in the Lower Bowland Shale, UK, from the mm-to μm-scale: Quantitative characterization and modelling[END_REF][START_REF] Hattab | Experimental study of kaolin particle orientation mechanism[END_REF][START_REF] Hattab | Experimental analysis of kaolinite particle orientation during triaxial path[END_REF][START_REF] Hicher | Microstructural analysis of inherent and induced anisotropy in clay[END_REF]. A secondary electron (SE) signal was used to acquire electronic images of the surface of samples. Dry specimens of 1 cm 3 of the sand-clay mixtures were cut carefully and separated in few parts to access a "fresh" surface of each preparation to serve the SEM investigations. Before observation, the specimens were gold-coated to ensure electron reflexion and interactions on their surface (Figure 3.17 SEM scanning was also done with dry silica bead-K Clay mixture (50 wt.% silica bead, 50 wt.% K Clay) prepared by the three sample mixing protocols (1.5 wL).

Environmental scanning electron microscopy (ESEM)

Environmental scanning electron microscope (ESEM) is a type of SEM. Different from the conventional SEM, the ESEM eliminates the need for special specimen preparation (e.g., goldcoating the sample surface to render it electrically conducting) and can examine a specimen at various temperatures and even in a gaseous atmosphere, thus the need of a high vacuum is excluded. The testing environment in an ESEM can be water vapor, air, nitrogen, and oxygen, etc. Furthermore, ESEM can allow to observe some dynamic phenomena such as wetting, drying, melting, freezing, crystallization, and corrosion as well. The ESEM allows the examination of specimens' surfaces either in wet or dry conditions, under insulating or conducting conditions [START_REF] Danilatos | Review and outline of environmental SEM at present[END_REF][START_REF] Danilatos | Introduction to the ESEM instrument[END_REF].

Three humid samples from S1, S2 and S3 protocols were prepared at 1.5 wL and placed in the 136 ESEM chamber (Figure 3.18a,b,c). Pressure and temperature conditions were kept constant during the observations. Investigations were conducted in a Zeiss EVO ® 40 (Figure 3.18d, e) using a pressure of 946 Pa, at a temperature of 20°C, a voltage of 20 kV, and a relative humidity between 88 and 42%. Back scattered electron (BSE) mode was used with a working distance of 5.5 mm. In total, 9 areas of each sample were scanned at different magnifications. 

X-ray tomography

X-ray tomography technique has been shown to be a very powerful characterization tool to study the multi scale structure of natural materials in 3D, even in 4D (i.e., 3D plus time), despite the thin size of clay minerals [START_REF] Cała | Preliminary application of X-ray computed tomograph on characterisation of polish gas shale mechanical properties[END_REF][START_REF] Figueroa Pilz | 4D Strain Quantification during Maturation of Kimmeridge Clay using Synchrotron X-Ray Tomography[END_REF][START_REF] Ma | Multi-scale 3D characterisation of porosity and organic matter in shales with variable TOC content and thermal maturity: Examples from the Lublin and Baltic Basins, Poland and Lithuania[END_REF][START_REF] Meier | Influence of bedding angle on borehole stability: a laboratory investigation of transverse isotropic oil shale[END_REF][START_REF] Stavropoulou | Dynamics of water absorption in Callovo-Oxfordian Claystone revealed with multimodal x-ray and neutron tomography[END_REF][START_REF] Sufian | Microstructural pore changes and energy dissipation in Gosford sandstone during pre-failure loading using X-ray CT[END_REF][START_REF] Viggiani | Laboratory X-ray tomography: a valuable experimental tool for revealing processes in soils[END_REF]. It has also been widely applied to investigate the internal structure and behavior at the mesoscopic scale (i.e., related to the rigid inclusions embedded in a homogeneous matrix) of soil materials in past studies [START_REF] Kawaragi | Microstructure of saturated bentonites characterized by X-ray CT observations[END_REF][START_REF] Kozaki | Observation of microstructures of compacted bentonite by microfocus X-ray computerized tomography (Micro-CT)[END_REF][START_REF] Van Geet | The use of microfocus X-ray computed tomography in characterising the hydration of a clay pellet/powder mixture[END_REF]. In order to evaluate the uniformity of sandy particle distribution within the clays, 3D observations of dry sand-clay mixtures were performed at the mesoscopic scale.

X-ray tomography scans of the dry samples were acquired with a XRadia Micro XCT-400 device After the reconstruction of raw images, the grey level (8 bit) volumes were filtered by a 3D median filter in ImageJ software (2 × 2 × 2 voxels), followed by a non-local mean filter (Ma et al., 2017;[START_REF] Ma | Novel 3D centimetre-to nano-scale quantification of an organic-rich mudstone: The Carboniferous Bowland Shale, Northern England[END_REF]. The 3D segmentation was set on volumes of 852 × 823 × 1000 voxels for each. The volume data in the faces of image results were then segmented in macroporosity, sand and clay matrix component by ImageJ to quantitatively investigate the differences in the three preparations. The segmentation threshold of macroporosity, FSand NE34 and K Clay was defined by using the histogram of grey levels with well distinct peaks over the stack of images [START_REF] Fauchille | Variability in spatial distribution of mineral phases in the Lower Bowland Shale, UK, from the mm-to μm-scale: Quantitative characterization and modelling[END_REF][START_REF] Prêt | A new method for quantitative petrography based on image processing of chemical element maps: Part II. Semi-quantitative porosity maps superimposed on mineral maps[END_REF][START_REF] Robinet | Effects of mineral distribution at mesoscopic scale on solute diffusion in a clay-rich rock: Example of the Callovo-Oxfordian mudstone (Bure, France)[END_REF]. Only particles larger than 10 voxels were considered in this study [START_REF] Fauchille | Variability in spatial distribution of mineral phases in the Lower Bowland Shale, UK, from the mm-to μm-scale: Quantitative characterization and modelling[END_REF], to avoid any resolution artefacts.

Volume fraction of each phase was finally calculated by the analysis tool pack in ImageJ.

Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry (MIP) is a technique usually applied for the characterization of connected porous networks. It is a standard and effective method employed for measuring macro-, meso-and micropore size distributions of very variable materials, such as concrete, rocks and soils [START_REF] Diamond | Pore size distributions in clays[END_REF][START_REF] Diamond | Microstructure and pore structure of impact-compacted clays[END_REF][START_REF] Penumadu | Compressibility effect in evaluating the pore-size distribution of kaolin clay using mercury intrusion porosimetry[END_REF][START_REF] Wei | Micro-macro-experimental study of two clayey materials on drying paths[END_REF][START_REF] Zhou | Microscopic analysis of saturated soft clay in Pearl River Delta[END_REF]. The instrument for the MIP test is a porosimeter, which employs a pressurized chamber to force mercury to intrude into the voids in a porous material. As pressure is applied, mercury fills the larger pores firstly and then proceeds to smaller and smaller pores as pressure increases.

Both the inter-particle pores and the intra-particle pores can be characterized using this technique.

The Washburn equation links pressure of entrance and pore diameter (Eq.(3.5)), and can be applied to estimate the diameter of pore throat intruded at each pressuring step during the MIP test [START_REF] Diamond | Pore size distributions in clays[END_REF][START_REF] Diamond | Microstructure and pore structure of impact-compacted clays[END_REF][START_REF] Diamond | Mercury porosimetry: an inappropriate method for the measurement of pore size distributions in cement-based materials[END_REF][START_REF] Washburn | The dynamics of capillary flow[END_REF]:

4 cos d P  - = (3.5)
where d is the diameter of the pores being intruded, γ is the surface tension of mercury, θ is the contact angle of mercury on the soil, and P is the applied mercury pressure. Test under high-pressure mode allowed the detection of pore diameter size range from 6 to 0.005 μm, with a full-scale transducer accuracy of ±0.1%. At the same water content and same weight fraction (50 wt.%) of sand and clays, the macrostructure of the samples (in terms of volume and size of aggregates) depends on the sample preparation. S1 at 1.5 wL is the first configuration to be visually homogeneous among all samples and water contents tested.

Mercury intrusion porosimetry (MIP

Comparison of the samples prepared by the three mixing protocols

2D dry microstructures from samples prepared at different water contents

After the series of mixing tests with different water content, all the samples were placed into the oven to obtain dry specimens (48h at 105℃). Then the 2D dry microstructures of samples prepared by S1, S2 and S3 protocols and at initial water contents of 0.5, 1.0 and 1.5 wL were selected and compared under SEM. The goal of the observation is double: (a) to choose the most suitable initial water content to get a uniform microstructure of the mixture, and to (b) notice differences and similarities of microstructures between the protocols at the most suitable water content (Figure 3.21).

The clay matrix is much more continuous for samples prepared by S1 at 0.5 and 1.0 wL, compared to S2 and S3 samples which show well-separated sandy grains covered by clays (Figure 3.21). The higher continuity of the clay matrix after desiccation shrinkage in S1 is interpreted by a better distribution of heterogeneities within the samples.

Macroporosity is characterized by cracks and macropores around sandy grains boundaries and in the clay matrix. In all samples, clays are present as a clay matrix between sandy grains, and by a heterogeneous and orientated micrometer-size clay layer around sandy particles. Some sandy grains are also not covered by clay, especially in S3 but also in S2 and S1 samples prepared initially at 1.5 wL. In the S1 samples, sand looks more homogeneously covered by clays but the thickness of the clay covering among all samples, during mixing and or due to desiccation cannot be quantified.

Under SEM and in dry conditions, S1 provides therefore the most homogeneous sample preparation among the water contents tested. The differences of clay matrix continuity and clay arrangement within the microstructures of S1, S2 and S3 are noticeable for initial water content ≤1.0 wL. Nevertheless, there are more difficulties to identify and quantify the differences from 141 1.5 wL because clay aggregates tend to dilute in the clay matrix in S2 and S3, so the gap of possible differences is significantly reduced. For general laboratory geotechnical applications, only homogeneous samples should be taken so the water content was fixed at 1.5 wL for sample mixing in the rest of the manuscript. An example of macroporosity, sand and clay segmentation is given in Figure 3.24d. The volume fractions resulting from the phase segmentation is shown in Table 3.11. Remember that due to the resolution of image acquisition and segmentation for particles above 10 voxels, only particles above 121.7 µm 3 (10 × 2.3 3 ) are taken into account, which corresponds to a mean diameter of 6.2 µm for spherical particles. The mean macroporosity detected in S1, S2 and S3 is slightly the same, 10.02% in average with a ±0.7% fluctuation (Table 3.11). The sum of macroporosity and K Clay closes to 50% for all the three samples (Table 3.11), showing that the segmented macroporosity is mainly formed within the clay phase.

Considering a dry density of K Clay of 2.63 g•cm -3 and FSand NE34 of 2.65 g•cm -3 , weight fractions were calculated from the volume fractions. K Clay and FSand NE34 represent 44.0 and 56.0% for S1, 43.4 and 56.6% for S2 and 42.8 and 57.2% for S3. The initial weight fractions of FSand NE34 and K Clay are 50% each, so the difference of fractions after drying is attributed by the addition of 6 to 7.2% of small grains of quartz in the K Clay, significantly larger (>6.2 µm in diameter) to be segmented by image analysis.

The normalized frequency of macropore and crack volume is compared for the three samples in Pore throat diameters (dp) are classified into the six following scale categories based on the pore diameter values [START_REF] Jozefaciuk | Surface and micropore properties of saline soil profiles[END_REF][START_REF] Kodikara | Changes in clay structure and behaviour due to wetting and drying[END_REF][START_REF] Rouquerol | Recommendations for the characterization of porous solids (Technical Report)[END_REF][START_REF] Zhou | Microscopic analysis of saturated soft clay in Pearl River Delta[END_REF]:

(i) Optical pores of dp > 100000 nm, including cracks in the mixture;

(ii) Large-size pores of 10000 < dp < 100000 nm, mainly cracks and pores between clayey and clay-sand aggregates (macropores);

(iii) Medium-size pores of 5000 nm < dp < 10000 nm, mainly within the clayey aggregates (mesopores);

(iv) Small-size pores of 400 nm < dp < 5000 nm, mainly between the clay particles and partly within the aggregates (also treat as mesopores);

(v) Micropores of 10 nm < dp < 400 nm, between clay particles;

(vi) Ultra-micropores of dp < 10 nm, mostly the ones inside the clay particles.

Macroporosity is composed of optical pores and macropores (ⅰ+ⅱ), mesoporosity of medium and small size pores (ⅲ+ⅳ) and microporosity of micropores and ultra-micropores (ⅴ+ⅵ), see Quantitative values of mean porosity, and mean and median pore throat diameter are deduced from the analysis of the pore volume distribution and the cumulative mercury intrusion curves (Figure 3.26, Table 3.12, Table 3.13). Mean porosity values are 28.054% for S1, 30.116% for S2 and 28.593% for S3 (Table 3.12, triangles in Figure 3.26). Even if the mean porosity difference between the samples is relatively 5 Median pore diameter is the pore diameter at which 50% of the total intruded volume of mercury is intruded into the sample.

Median pore diameter (Area) is calculated with surface area, i.e., maximum cumulative pore area (m 2 /g).

148 low (2%), the comparison of median and mean pore diameter values to the mean porosity highlights that with increasing bulk porosity, the mean and median pore throat diameters increase as well. In other words, the mean pore throats are statistically larger when the samples are more porous. S1 is therefore the less porous sample (in terms of connected porosity) and also the sample composed of the thinnest pores in average, compared to the two other samples (Table 3.12). S2 and S3 are slightly more porous and contain larger connected pores.

This result is confirmed by Table 3.12 and Table 3.13 which show the different volume fractions of macroporosity, mesoporosity and microporosity according to the sample protocol, and the mean pore throat size as a function of the porosity category.

S2 contains the same amount of macroporosity than S1 (S1: 12.72% and S2: 12.74%) but macropores are significantly larger in S2 (mean macropore diameter of 98532.90 nm in average in S2 against 70422.93 nm in S1, see Table 3.14). The volume fraction of mesopores is also higher in S2 but their size is smaller in comparison to S1 which contains larger mesopores (Table 3.13 and Table 3.14). Similarly, S3 contains significantly less macroporosity (8.16%) than the S1 sample, with smaller macropores, thinner mesopores but in a larger amount (42.35% in S3

against 37.05% in S1), and larger micropores. In this case, the increasing pore diameter as a function of mean porosity presented in Figure 3.26 (values from Table 3.12) is not dependent on a porosity category but it is a consequence of a balance effect between the three porosity categories. The sample prepared by S1 protocol contains thinner pores in average with a smaller amount of mesoporosity but larger mesopores than the two others protocols. Mesopores refer to the pores within and partly within clay aggregates (pores ⅲ+ⅳ), so the results are interpreted by the fact that S1 contains less clay aggregates than S2 and S3.

The sample preparation changes therefore the balance of volume fractions of connected macroporosity, mesoporosity and microporosity for the samples investigated. These changes represent only a maximum of 5% variation of the entire pore volume for the samples prepared by the three protocols, 56% for the macropore mean diameter, 10% of the mesopore diameter and 5.8% micropore diameter. 

Discussion

Flocculation and aggregation during mixing

At the macroscale, the three types of samples contain various fractions and sizes of flakes and aggregates despite of identical fractions of clays, sand and water. This flocculation and aggregation effect are linked to the availability of water in the mixture and to the adsorption capacity of kaolinite on its external surface [START_REF] Schoonheydt | Surface and interface chemistry of clay minerals[END_REF]. S1 protocol consists to mix sand and water, then clay progressively. For water contents lower than 1.5 wL,

water is therefore fully accessible to the minor unsaturated clay fraction. Due to their charged external surface, clays adsorb water and form flakes because of particle collision during the mixing process [START_REF] Likos | A laser technique to quantify the size, porosity, and density of clay clusters during sedimentation[END_REF]. Due to the significant excess of water in the mixture and continuous stirring, those flakes are directly diluted, as flocculation is known as a reversible process [START_REF] Biermann | Handbook of pulping and papermaking[END_REF]. In the other cases (S2 and S3), clay is the majority phase compared to water. Kaolinite adsorbs water at each water addition and clayey flakes and aggregates forms around water drops which are thrown by the spray. For water contents higher than 1.5 wL, aggregates in samples prepared by S2 and S3 start to dilute and all samples become qualitatively the same at the macroscale. Even if the macrostructure is different at 1.5 wL, no major differences at the mesoscale are visible between the humid samples under ESEM.

The results confirm that a final mean water content of 1.5 wL has to be considered to ensure homogeneity of water content and particle arrangement for S1, as previous studies suggested [START_REF] Abdulhadi | An experimental investigation into the stress-dependent mechanical behavior of cohesive soil with application to wellbore instability[END_REF][START_REF] Hammad | Kaolin/montmorillonite mixtures behaviour on oedometric path and microstructural variations[END_REF][START_REF] Hattab | Internal friction angle variation in a kaolin/montmorillonite clay mix and microstructural identification[END_REF][START_REF] Kumar | Mechanical behaviour of mixtures of kaolin and coarse sand[END_REF][START_REF] Muir Wood | Experimental observations of behaviour of heterogeneous soils[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF], however the water content should be higher than 1.5 wL for S2 and S3 due to the presence of aggregates at the macroscale.

Effect of sand geometry on clay location in sand-clay mixtures

In the three types of samples, K Clay is present as a clay matrix around sandy particles and as a discontinuous micrometer layer around sand in humid and dry samples. This discontinuous clay layer is possibly caused by several effects of: (a) while rotating, the shape of sand particles bring about the clays along their surface; (b) the heterogeneous roughness of sand particles: sand cavities capture clay particles during their rotation [START_REF] Krasowska | Air-facilitated three-phase contact formation at hydrophobic solid surfaces under dynamic conditions[END_REF][START_REF] Verrelli | Influence of particle shape and roughness on the induction period for particle-bubble attachment[END_REF], and (c) the desiccation process at 105°C: the viscous clay matrix shrinks while surrounding the grains [START_REF] Albrecht | Effect of desiccation on compacted natural clays[END_REF].

Angular edges of sandy grains are clay-poor, showing that clay covert is mainly due to a geometric effect on sand surface, which is emphasized by desiccation [START_REF] Meunier | Clays[END_REF]. Clays are caught on sand for an interval of roughness which is dependent on particle size [START_REF] Katainen | Adhesion as an interplay between particle size and surface roughness[END_REF]. A minimum roughness is required to catch clays on sand surface and above a maximum roughness clays cannot be stocked [START_REF] Jerez | Coating of silica sand with aluminosilicate clay[END_REF]. At dry state, angular edges are then preferential contact points or surfaces between sandy grains.

Effect of drying on the multi-scale structure of sand-clay mixtures

The desiccation process caused clay matrix shrinkage and crack opening within the matrix and at the interface between clay matrix and sandy grains. For water contents lower than 1.5 wL, the desiccation of the matrix shows different patterns under SEM. For S1, the matrix dries as one continuous phase. Nevertheless, in S2 and S3 samples clay covered sand grains and aggregates separately shrank from the clay matrix.

For dry samples initially mixed at water contents higher than 1.5 wL, aggregates are not clearly visible at the mesoscale under X-ray tomography, SEM or ESEM, contrary to the macroscale.

As a consequence, the desiccation process has probably caused a rearrangement of clayey particles which formed aggregates [START_REF] Douglas | Soil micromorphology: A basic and applied science[END_REF]). However, the mechanisms which control this rearrangement at the particle scale are still poorly understood.

Effect of sample preparation on the porosity

At the mesoscale and under X-ray tomography, all samples have the same pore size distribution (whatever they are connected or not) but slightly different mean porosities, which highlights that the number of macropores, but not their size, varies as a function of the sample. Different macropore size distributions were detected under MIP, which is interpreted by different pore connectivity because of desiccation cracks [START_REF] Kodikara | Changes in clay structure and behaviour due to wetting and drying[END_REF].

At the meso-and microscales, S2 and S3 have the same mean pore size distribution contrary to S1 which is characterized by larger mesopores. In clay soils and clay rocks [START_REF] Meunier | Clays[END_REF][START_REF] Yven | Mineralogy, texture and porosity of Callovo-Oxfordian argillites of the Meuse/Haute-Marne region (eastern Paris Basin)[END_REF], mesopores usually separate clay minerals organized in flakes which contain interlayered and unmovable bound water. The larger size of mesopores in S1 is interpreted by a more efficient dispersion of kaolinite in water, in comparison to S2 and S3.

The mean porosity (including macro to microporosity) values of all samples reveal that on average, porosity differences do not exceed 5% between the different sample preparations.

However, even if the mean porosity is close, different fractions of micro, meso and macropores are highlighted. On average, samples prepared by S1 contain a lower fraction of larger mesopores and a significantly lower median pore size, which confirms that clay minerals are better dispersed in the mixtures prepared by S1 than in S2 and S3.

Conclusion and summary of all sample preparations of sand-clay mixtures

The study reveals that the protocol which consists to mix sand firstly, then water, and clays allows to prepare samples with a better dispersion of clays without significant macroscopic clayey aggregates. The samples prepared by this way contain in average a lower mean porosity with a lower mean and median pore size, despite of larger mesopores but in lower quantity than in the other preparations. Sample preparation therefore affects quantitatively the pore scale and qualitatively the macroscale, contrary to the mesoscale, for which differences are more difficult to be established. For a better dispersion of mineral phases within the samples, S1 preparation is more recommended for laboratory geotechnical applications which involves grain rotation and movements. Concerning the initial water content for sample mixing, 1.5 wL is the most suitable one for S1, not for S2 and S3.

The role of the different sample preparations on the mechanical behavior of such mixtures is investigated in the following section with the oedometer test, because the response of such mixtures is dependent on the contacts of particles.

Comparison of the oedometric behavior of samples prepared by the three mixing protocols and the dry tamping method

Experimental setup

The mechanical behavior of the mixtures prepared according to the four sample preparation protocols (S1, S2, S3 and dry tamping) can be studied performing classical one-dimensional oedometer tests. The goal of this type of test is to understand the four preparations' mechanical behavior and also to find out the mixtures' response when the vertical stress reaches 800 kPa (the maximum limit of the device). The results of the oedometer tests performed hereafter provide also a first insight into understanding what will happen when using the designed preconsolidation cell.

Oedometer tests were performed on samples (50% K Clay by weight) prepared with the three different mixing protocols and the classical dry tamping technique. For S1, S2, and S3, the samples were mixed at an initial water content of 1.5 wL while the dry tamping was done in dry condition. The initial properties of the four samples are listed in Table 3.15. After the specimens were prepared in the oedometer cell without any vertical stress loaded, the water contents of S1, S2 and S3 were measured and the initial void ratio values were calculated (see Table 3.15), then an incremental loading oedometer device was used. The vertical stress loading steps were 12.5 kPa, 25 kPa, 50 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa, then unloaded to 50 kPa. A loading step can be started only when the vertical displacement in the previous step was stable. After that the test was stopped and the water content of the specimen was measured. 

Results and discussion

To evaluate the main characteristics of the mixtures' compressibility in a 1D oedometer test, basic oedometric curves and parameters have to be delineated. First of all, the compressibility curve has to be found out: it is the curve that links the experimental points represented in a e-σ'v diagram in a semi-logarithmic scale, where e is the global void ratio of the sample at the end of each loading step when a effective normal stress equal to σ'v is applied. The compressibility curves for specimens are shown in Figure 3.27 (the initial void ratio is not included). Since the specimens are reconstituted soil in the laboratory and consists in virgin materials, the virgin compression line is delineated.

As can be seen, Sample S1 and Sample S2 have similar behavior: the values of the initial and the final void ratio are very close. Sample S3, instead, presents lower initial and final void ratios while, for the dry preparation, the initial void ratio is the highest and the final void ratio is close to the one of S1. As regards to the dry preparation, it can be expected that the void ratio at the beginning (12.5 kPa and 25 kPa) is not similar compared to the wet preparations since the water is not added at the mixing phase, and the volume of the voids is higher than the volume of the solids due to the dry tamping compact the mixture mainly on the sand skeleton than the wet deposition preparations. However, the overall slopes of the four curves are nearly the same, and does not depend on the initial value of the void ratio of each sample. From the compressibility curves, the most important parameters can be calculated and analytical differences between the preparations can be evaluated. In Table 3.16, the compression index Cc (that is, the slope of the virgin compression line), the oedometer modulus Eoed and the coefficient of volume compressibility mv are outlined. To facilitate the comparison, these parameters are plotted in a bar chart as presented in Figure 3.28. The dry tamping sample preparation and the wet ones (i.e., S1, S2, and S3) have similar values of the parameters and no significant differences can be observed among them. From Table 3.16 and Figure 3.28, the differences in the four sample preparation methods on the oedometer behavior is quite small because the values are quite similar and the heights of the bars are quite close. The maximum gaps between the results of the four preparations are: 0.020 for compression index (Cc), 0.188 MPa for the oedometer modulus (Eoed), 0.029 MPa -1 for the coefficient of volume compressibility (mv).

In conclusion, what can be pointed out from the mechanical behavior in oedometer tests of the of the interface direct shear machine. This cutter has a sharp edge, a highly polished surface, and been coated with a low-friction material for corrosion prevention (Figure 3.29e, f).

Alternatively, a trimming platform or working table is also preferable for the sample cutting.

During cutting, the cutter must be aligned appropriately to keep the specimen with precisely the same dimension as that of the shear box. The water content and the mass of the sample is measured at this step with an oven and a balance. With the help of a squared aluminum rod (Figure 3.29g), the sample is moved to the shear box, flatting the surface and adding a piece of filter paper, then measuring the initial height of the sample. Finally, the shear box is set within the container then they are installed in the interface shear machine, and the test then can be performed (Figure 3.29g, h).

Experimental program

In this section, the experimental plan of the interface direct shear test on sand-clay mixture and concrete is presented. Test programs are on samples prepared by S1 protocol and dry tamping.

Testing plan of direct shear on soils are also included here. In the last part of the section, the sample properties as well as loading conditions are given and characterized to verify the repeatability and reliability of the tests.

Experimental plan

Direct shear test on soils

Direct shear test on FSand and K Clay were performed on the interface direct shear device to get the direct shear results of soil as the reference, to compare the results with the interface results. The samples for the soil direct shear test are prepared by the dry tamping method.

Fontainebleau sand and K Clay are dry tamped at the shear box layer by layer, without the concrete plate in the shear box bottom. The samples are firstly consolidated on the interface machine and then a displacementcontrolled shear is carried out at a constant speed. The normal stresses are 50 kPa, 100 kPa and 150 kPa (for sand a low vertical stress of 20 kPa is applied). After reaching the target vertical stress, water is added into the container to submerge the sample during the consolidation process.

The temperature setting (constant temperature of 18.62℃) is the same as the one for interface tests. The shear velocity for sand and clay are 0.1 mm/min and 0.005 mm/min, respectively, ensuring a drained shear condition. The total horizontal displacement in shearing for sand is 10 mm, which is enough to reach the critical state. For clay, the horizontal displacement in shearing is the same as the one of sand, however when post-processing the data, some strange data points in the critical state will be ignored (see chapter 4). The experimental program related the sand and clay direct shear tests are presented in Table 3.17.

Interface direct shear test group with S1 sample preparation

The K Clay contents of interface direct shear experiments with S1 sample preparation method are ranging from 0% to 100% by weight (Table 3.18). Tests of the 75% and 100% clay fraction are performed two or three times, in order to validate the test repeatability. The maximum vertical stress of preconsolidation is 50 kPa, as a consequence the samples of all the tests are normally consolidated (NC) soil. 

✔ 7 ✔ ✔ 25% ✔ ✔ ✔ 40% ✔ ✔ ✔ 50% ✔ ✔ ✔ 60% ✔ ✔ ✔ 75% ✔✔ ✔✔ ✔✔✔ 100% ✔✔ ✔ ✔
Once the preconsolidation is finished, the sample is trimmed and placed in the shear box, and the initial properties can be measured directly or indirectly (Table 3.19). For the 0% K Clay content group, since the mixture just contains sand, it is not possible to use the S1 160 preconsolidation method, so tests of this content use the test results from the dry tamping method. 

Test group for classical dry tamping method

The K Clay content of interface direct shear experiments with dry tamping sample preparation method is ranging from 0% to 100% by weight as well, see Table 3.20 and Table 3.21. The initial sample properties after the preparation of the sample in the shear box are provided in Table 3.21.

Since the specimens are dry tamped in dry state, there are not any values of the initial water content (w 0 ) and saturation degree (Sr). 

✔ ✔ ✔ 25% ✔ ✔ ✔ 50% ✔ ✔ ✔ 75% ✔ ✔ ✔ 100% ✔ ✔ ✔

Evaluation of the time for each experiment

The testing time of the interface direct shear tests is summarized in Table 3.22 and Table 3.23.

The time presented takes into account the time of: preconsolidation (t0, only for S1), consolidation on the interface machine (t1), interface direct shearing from 0 to 5 mm (t2), interface direct shearing from 5 to 0 mm (t3), the total time on the interface machine (t1+t2+t3)

and the total time (t0+t1+t2+t3). We can see that the minimum total interface testing time is 36.60 hours (0% K Clay content at 50 kPa, in Table 3.22 and Table 3.23), and the maximum interface testing time is 87.17 hours and 329.80 hours for S1 and dry tamping, respectively (Table 3.22

and Table 3.23).

Thanks to the designed preconsolidation cell, the consolidation time of samples on the interface machine from S1 is shorter than the dry tamped ones (Table 3.22, Table 3.23), resulting in that S1 has a smaller average total interface testing time (56.06 h) per group on the machine than the one of dry tamping (177.58 h).

However, if taking the preconsolidation time into consideration, the average total test time of S1 for each group is 140.99 h, but the preconsolidation process can be run in parallel with the interface direct shear test. Thus, we can say that the S1 sample preparation is more efficient than the dry tamping. Due to long duration time for each test, it was impossible to finish a lot of groups of interface direct shear tests during this thesis. 

Characterization of the loading conditions

Choices of the loading conditions

The consolidation process is stress controlled, i.e., keep the vertical stress at the target value and let the soil consolidating until the vertical deformation becomes stable. The vertical stress of 50 kPa, 100 kPa, 150 kPa corresponds to the typical normal effective stresses acting on the soilpile interface at different depths for pile foundations. After the consolidation is finished, the Constant Normal Load (CNL) boundary condition is employed for all the interface direct shear tests.

After adding the first step of the normal stress, the temperature of the sample is set as a constant say 18.62℃, which corresponds to the mean temperature of the laboratory over a year. The temperature of the sample is kept constant for all the groups of the interface tests, to obviate the thermal influence on the test results.

Once the vertical strain of the sample during the consolidation stage is stable, the direct shear test begins. The shear stage is displacement-controlled shear by adding the horizontal displacement with a specific rate and shear the interface to the critical state. The details of the vertical loading steps and shear velocity are introduced below.

Step loading procedure

The normal load is added by a step loading procedure, as illustrated in Figure 3.30. At each step, the vertical loading rate is 50 kPa/min. For instance, if the target vertical stress is 100 kPa, the vertical stress is firstly added to 50 kPa with a rate of 50 kPa/min, after it reaches the 50 kPa, distilled water is added to the shear box container, then the constant temperature of 18.62℃ is set. The first consolidation step sustains until the normal deformation is stable then the vertical stress continues to be loaded to 100 kPa with the same rate (50 kPa/min) and meanwhile the temperature is kept the same as the last step (18.62℃), see Figure 3.30. 166 judge if the consolidation is stable will be introduced later.

Shearing velocity and drained conditions

The displacement-controlled shearing is performed by keeping the upper part of the shear box at the initial position and moving the lower part up to the imposed range of horizontal displacement. The specimen is sheared against the concrete plate under the same constant normal stress applied in the consolidation phase to a total horizontal displacement of 5 mm, which is enough to reach the critical state. Shearing is induced by a constant displacement rate of 0.005 mm/min. This shearing rate is small enough and can ensure a total drained shearing, it is chosen in accordance with ASTM-D3080 (2011) to ensure that excess pore water pressure is dissipated during the shearing process. To check this shear velocity, according to [START_REF] Head | Manual of Soil Laboratory Testing: Permeability, Shear Strength and Compressibility Tests Pt. 2[END_REF] this displacement rate can be determined in the graph of normal displacement in function of the square root of time: 100 12.7

f tt = (3.6)
where tf is the failure time, t100 is the time at which consolidation of the soil is 100% completed.

Using the test of 100% K Clay 50 kPa (S1 method) as presented in Figure 3.31, 100 t = 1.76 min, then t f = 39.34 min that is smaller than the time (1000 min) shearing to 5 mm at 0.005 mm/min, in this case the shear velocity is enough to ensure a drained shearing. The small t 100 can be attributed to the preconsolidation process in the new designed oedometer cell.

When the horizontal displacement reaches 5 mm, the sample is unloaded and comes back to the initial position again. Each of the loading and unloading processes lasts about 17 hours. At that point, the piston is pulled up slowly and the test ends.

Conclusions

This chapter presents the methodology developed to investigate the interface direct shear test behavior on sand-clay mixture at the interface with a concrete plate, that is to say: the materials, the devices used and designed, the designed sample preparation and the test program.

This chapter firstly reviews different soil sample preparation methods in the literature. Three different sample preparation protocols for sand-clay mixture are then investigated, to identify the adapted initial water content for mixing and to verify sample's homogeneity from macroscopic to microscopic with different imaging techniques (optical observation, SEM, ESEM, X-ray tomography, MIP). After comparing all results, the S1 method with 1.5 wL is chosen, since other two (S2 and S3) make more heterogeneous samples (based on microstructural aspects). On the one hand, the main interface test program includes two kinds of sample preparation: the optimized S1 protocol for 25% to 100% of K Clay samples, and a classical dry tamping for 100% sand samples (impossible to prepared with S1). On the second hand and due to experimental restrictions, another experimental campaign which involves only tamping prepared samples is performed. The results of the two campaigns will be further compared in chapter 4. Finally, the experimental plan, loading steps and characterization of loading conditions for the interface direct shear tests are described.

The most important contributions of this chapter are:

1) The S1 method with 1.5 wL, combined with a new designed oedometer cell is chosen for preparing samples for the interface direct shear test.

2) Since technical problems, a conventional sample preparation of dry tamping is also employed and will be compared to S1 in the next chapter.

3) A detailed developed procedure is given to perform the interface direct shear test. 

Characterization of the soils' mechanical behavior

Direct shear tests are performed on Fontainebleau sand (FSand NE34) and kaolinite clay (K Clay) in the interface machine to get the cohesion and internal friction angles. The soils are prepared in the interface shear box without the concrete plate installed at the bottom by dry tamping method [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. When the vertical stress is loaded and reached the target value (20, 50, 100 and 150 kPa), distilled water is added into the container. After completing the consolidation and shear test on the saturated specimens, the cohesion and internal friction angles are obtained.

Direct shear behavior of saturated Fontainebleau sand

The consolidation phase is performed by applying the vertical load at a rate of 50 kPa/min (this vertical loading rate is kept constant for all interface tests). The shear results are presented in (100 kPa and 150 kPa) while the curve peak is not apparent at low normal stress (20 kPa and 50 kPa). This result is definitely consistent with the literature [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF] and can be read thinking of the behavior of dense and loose sands which exhibit a dilatancy (see Figure 4.2) or a compacting response to direct shear loading, accompanied by a peak and a critical stress or just a critical stress, respectively.

As presented in Figure 4.1b, the peak internal friction angle is 40.38°, and the internal friction angle at the critical condition is 33.66°. The internal friction angle of soil is called φ in this graph and the similar ones that will follow. The results are provided in Table 3.19 and Figure 4.5. In general, the saturation degree (Sr) cannot reach 100% [START_REF] Nova | Soil mechanics[END_REF]. Nevertheless, when it is higher than 95%, the samples are usually considered as saturated-like [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF]. As shown in Figure 4.5, the Sr of the specimens produced by S1 protocol are mainly >95% and thus they are treated as saturated samples for the interface tests in this study. The soil samples are submerged in the distilled water in the container during the whole test phases, to ensure the direct shear test is performed under saturated conditions with a homogeneous temperature around the shear box. When sand-clay mixture samples are tamped and flatted by dry tamping protocol in the shear box, they are in dry state without water inside, hence the saturation degree is zero. However, after the consolidation on the interface machine, the distilled water within the container goes into the samples, so that before the shearing phase the samples are characterized with a high degree of saturation. This is confirmed by measuring the water content and calculating the Sr after the interface tests again.

Void ratio and density after sample preparation

The global void ratio and bulk density of the specimens after the sample preparation in the shear box but before the consolidation phase, are calculated through the measured sample height and mass and summarized in 

Consolidation results

This section presents the results of consolidation performed on the interface direct shear device with samples prepared by both the S1 and the dry tamping protocols. The different response between the samples during and after consolidation is compared, and the initial quality of the sample preparations is evaluated.

Results in terms of vertical displacement and strain of S1 and dry tamping are presented hereafter.

Finally, the stability of vertical deformation at the end of consolidation is checked to make sure this process is fulfilled for later shearing.

Vertical deformation results of sand-clay mixture samples during consolidation

To analyze the vertical deformation of mixture samples in the consolidation process, the vertical displacement as well as vertical strain of different clay fraction are summarized in 

Vertical deformation of S1 samples

For all the S1 samples of all the clay fractions tested, the vertical displacement and strain increase sharply at the first minute for each step loading (Figure 4.8 and Figure 4.9), due to the imposed stress ramp (i.e., 50 kPa, 100 kPa, and 150 kPa with a rate of 50 kPa/min). As expected, for a definite clay content, with increasing normal stress, both the vertical displacement and strain increase (Figure 4.8 and Figure 4.9).

In the pure sand-concrete tests (i.e., 0% clay) in 

Comparison between S1 and dry tamping

At the relative low clay content of 13.75%, mainly sand makes up the mixture, the two different sample preparations result in small difference (0.54 mm) in terms of vertical displacements, see This difference is enhanced at clay content of 41.25% and 55%, 4.85 mm and 9.71 mm, respectively. The maximum vertical displacement and strain of the two sample preparations in the three normal stress are collected in Figure 4.12.

These results indicate that dry tamped samples always lead to higher vertical displacements in the process of consolidation than the S1 protocol ( At a certain clay fraction, the final vertical strain increases when the normal stress rises.

Although all the samples following the S1 method obey this rule (Figure 4.9), this is not the case for the samples from dry tamping (Figure 4.11). The heterogeneity of initial height and void ratio of dry tamped samples is probably the reason of that.

With more clay component, the final vertical strain becomes higher in samples following the two protocols (Figure 4.9,Figure 4.11 and Figure 4.12b). Compared to the S1 protocol, the maximum vertical strain of dry tamped samples is larger, particularly in high clay fractions (Figure 4.9,Figure 4.11 and Figure 4.12b). The differences between the two methods are 2.66%, 10.13%, 15.73%, and 23.39% for clay fractions of 13.75%, 27.5%, 41.25%, and 55% (Figure 3.22 and Table 3.23 (section 3.5.1.4).

For the samples from both sample preparations, the higher vertical stress, the larger the maximum vertical deformation. The vertical deformation increases fast at the beginning of the consolidation, then it tends gradually to become stable. Samples with higher clay content, present a larger vertical displacement and strain.

Looking at the results reported in Figure 4.12, S1 preparation shows a clear difference in the strain after consolidation when passing from a sand-like mixture (percentage of clay smaller than 27.5%) to a clay like one (percentage of clay higher than 41.25%). This is not the case for dry tamped samples for which the absence of a preconsolidation phase does not allow to clear observe this behavior.

Besides, several criteria have to be employed to define when is the right time to stop the consolidation and continue to perform the next test step. These criteria are presented in the next section. 

Vertical displacement and strain rate at the end of the consolidation

To identify the time to stop the consolidation phase, the vertical displacement and strain rate in the last hour are calculated and compared to the literature. [START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF] employed a criterion of a vertical deformation rate of 0.005 mm/h in testing clay specimens submerged into water and consolidated under classical normal stress (50 kPa, 100 kPa, 200 kPa, and 400 kPa). In this study, when the vertical deformation rate is less than 0.005 mm/h, the consolidation process is stopped and the following loading step starts. Furthermore, according to the ASTM-D2435

(2011), once the change in vertical deformation is reduced to less than 0.2% per hour, the vertical deformation is considered stable. The goal of this section is to present the interface direct shear test results performed with samples prepared by the S1 protocol to know the influence of clay fraction on the mechanical behavior of the soil-concrete interface.

Behavior of the soil-concrete interface

The comparison between the interface tests results of different clay content is presented in terms of shear stress and volumetric behavior in Figure 4.15, Figure 4.17, and Figure 4.18.

Shear stress as a function of horizontal displacement is exhibited in Figure 4.15. As expected, the shear strength of the interface increases with normal stress, while it might either increase or decrease with the clay content. At the clay content of 0% (so pure sand), there is a small peak of the shear stress curve at relative higher normal stress (100 kPa and 150 kPa), while at the lowest normal stress (50 kPa), the peak is not distinct. For the tests of other clay fractions, no obvious peaks are found because the specimens are fully saturated and normally consolidated, this is the reason for the case of sand as well.

The peak and residual shear strength are compared in Figure 4.16. For the lower normal stress of 50 kPa, the shear resistance exhibits a quite stable behavior, the peak strength ranging between 21.63 kPa and 25.88 kPa and the residual one between 18.90 kPa and 23.92 kPa, for increasing clay fraction. While for higher normal stress of 100 kPa and 150 kPa, the shear strength presents an overall decrease for increasing clay fraction ( The results of vertical displacement in Figure 4.17 show the magnitudes of the vertical deformation in terms of millimeter in the shearing phase. The total vertical strain that takes both consolidation and shearing into account is given in Appendix C. It gives all the vertical strain data and reflects the vertical deformation of the whole test. this result is confirmed by the literature [START_REF] Di Donna | Thermo-mechanical aspects of energy piles[END_REF][START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. The interface friction angle is hereafter called δ in order to distinguish from the internal friction angle φ.

In soil mechanics, cohesion refers to the shear strength under null normal stress, i.e. the intersection of the failure envelope with the shear stress axis in shear stress-normal stress plot [START_REF] Al-Shayea | The combined effect of clay and moisture content on the behavior of remolded unsaturated soils[END_REF][START_REF] Lu | Origin of cohesion and its dependence on saturation for granular media[END_REF][START_REF] Nova | Soil mechanics[END_REF]. For the soil-structure interface, the term used is adhesion. According to Di Donna (2014) and [START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF], the adhesion between the soil and the solid surface is induced by the contact of soil particle-solid surface asperity. Like the cohesion of the soil, the adhesion of the interface is obtained from the Mohr-Coulomb envelope (Figure 4.20a,b).

As shown in Figure 4.21, the values of both the peak and residual adhesions are smaller than 5 kPa (some are zero, i.e., 33% and 41.25% clay group). These results correspond to the case of saturated normally consolidated clayey soils in previous experiments [START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF][START_REF] Potyondy | Skin friction between various soils and construction materials[END_REF][START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF]. Moreover, the adhesion results confirm that the degree of saturation is high enough to consider that the samples reconstituted with S1 are fully saturated.

For sand under saturated conditions, the cohesion or adhesion is zero [START_REF] Lu | Origin of cohesion and its dependence on saturation for granular media[END_REF][START_REF] Nova | Soil mechanics[END_REF]. For overconsolidated clay, the adhesion usually has positive values. The cohesion is quite small or even zero for normally consolidated clays [START_REF] Nova | Soil mechanics[END_REF]. Concerning the interface between sand-clay mixture and concrete, adhesion is mainly supplied by the contact of clay particles and clay particles-concrete surface in the interface zone. Overall, we can conclude that adding clay to sand allows the cohesion to increase a bit (though null values at 33% and 41.25%) as exhibited in Figure 4.21. This is in agreement with the test results of sand-clay mixture with different clay contents, indicating that cohesion increases with increasing clay content [START_REF] Akayuli | The influence of observed clay content on shear strength and compressibility of residual sandy soils[END_REF][START_REF] Al-Shayea | The combined effect of clay and moisture content on the behavior of remolded unsaturated soils[END_REF][START_REF] Balaban | An Experimental Study on Shear Strength Behavior of Soils Under Low Confining Pressure[END_REF]. Thus, adding clay into the sand clay mixture modifies the adhesion c of the soil-concrete interface.

At the 55% clay content in Figure 4.21, the peak adhesion is 4.72 kPa, which is quite close to the maximum cohesion of the clay (4.52 kPa). And the residual adhesion is 3.31 kPa, 0.92 kPa lower than the residual one of the clay (4.23 kPa). 

Interface friction angle compared to the internal friction angle of soils

One of the most demanding tasks in soil-pile engineering is to find the friction angle in the interface zone. In general, the interface friction angle (δ) is not the same than soil's internal friction angle (φ). The difference between δ and φ are discussed in this section.

In Figure 4.22, the interface soil-concrete friction angles at different clay contents are compared to the internal friction angles of the pure sand and clay materials. Even though there is a lack of data on internal friction angles of the clayey soil materials at the intermediate clay fraction range (i.e., from 13.75% to 41.25%), it is probable to conclude that both the peak and the residual interface friction angles are lower than the soil's internal friction angles, see also [START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF][START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF], [START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. As clay content increases, both the peak and the residual interface friction angles decrease (Figure 4.22), which agrees with previous results of sand-clay mixture in direct shear test [START_REF] Balaban | An Experimental Study on Shear Strength Behavior of Soils Under Low Confining Pressure[END_REF][START_REF] Dafalla | Effects of clay and moisture content on direct shear tests for clay-sand mixtures[END_REF][START_REF] Phan | Effects of fines contents on engineering properties of sand-fines mixtures[END_REF]. The soil internal friction angle is expected to decrease with the increase of clay fraction in the intermediate clay fraction (however we do not have experimental results from our campaign, Figure 4.22).

To sum up, the friction angle of the soil-concrete interface is smaller than the internal friction angle of the soil (δ < φ) and it decreases linearly when the clay content increases (Figure 4.22).

Determination of the transitional clay content (FC t )

The intergranular void ratio

The intergranular void ratio, the global void ratio as well as the density of the sand-clay mixture are employed to analyze the interface shear response of sand-clay mixtures against concrete plate. which agrees with previous publications [START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF].

From 0% to 55% clay, the maximum eg varies from 0.529 to 3.030 for 50 kPa, 0.495 to 2.739 for 100 kPa, 0.520 to 2.693 for 150 kPa.

Transitional clay content

As mentioned before, the clay contents (FC) at the condition when the intergranular void ratio (eg) of the mixture becomes equal to the maximum void ratio (emax-sand) of the host granular sand, i.e., eg = emax-sand, can be defined as "transition clay content" or "threshold clay content" (FCt).

In other words, when the clay content is higher than the threshold clay content (FC > FCt), the grains of sand are expected to be fully separated by clay particles.

The maximum void ratio (emax-sand) of the host sand can be measured in laboratory, according to the testing procedure of ASTM-D4254 (2006). The maximum void ratio of Fontainebleau sand is 0.866 [START_REF] Vasilescu | Impact of temperature cycles at soil-concrete interface for energy piles[END_REF][START_REF] Yin | Influence of sample preparation on the multi scale structure of sand-clay mixtures[END_REF]. For different vertical consolidation stresses, FCt varies (Figure 4.23 and Figure 4.24), which is consistent with the literature [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF]. In order to identify more accurately FCt for the sand-clay mixture after the consolidation phase on the interface machine under 50 kPa, 100 kPa and 150 kPa, a series of additional consolidation tests with 25% clay content was performed (see Figure 4.24). Zooming at the intersection part of Figure 4.23, FCt is 20.93%, 23.73%, and 24.32% at 50 kPa, 100 kPa, and 150 kPa respectively FCt FCt FCt (Figure 4.24). The transitional clay content for the three normal stress is thus around 22%, a value that will be used for the shear behavior analysis afterwards.

Comprehensive analysis and discussion

Interface test result analysis

In order to understand the role of clay on the soil-concrete interface behavior, the results of the When a soil sample is sheared, the external force is distributed and carried internally by the soil particles at different scale levels. An internal force chain is formed by the contacts along the boundaries of the soil particles, which transfers the normal stress and sustains the shear forces [START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF]. In the case of sand-clay mixture, the clay phase affects and changes the interaction, moving, and rolling at the contact boundaries of sand grains. The macroscopic shear behavior can be interpreted at the scale of the microscopic sand-clay contacts because the microstructure of the sand-clay mixture and the internal mechanisms of the forces sustaining affect the macroscopic behavior of interface shearing [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF][START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF][START_REF] Thevanayagam | Undrained fragility of clean sands, silty sands, and sandy silts[END_REF]. From 0% to 13.75%, the Vc increases, the Vv decreases, according to eg = (Vc + Vv)/Vs, so finally the intergranular void ratio eg increases from 0.529 to 0.533 for 50 kPa, 0.495 to 0.581 for 100 kPa, and 0.520 to 0.555 for 150 kPa (Figure 4.25g). In order to interpret these results consider Figure 4.26a, b: when adding 13.75% clay to the mixture, the clay mainly remains located at the intergranular void of sand [START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF][START_REF] Thevanayagam | Intergranular state variables and stress-strain behaviour of silty sands[END_REF], but also a few might exist at the contact points of sandy matrix [START_REF] Yamamuro | Effect of depositional method on the undrained behavior and microstructure of sand with silt[END_REF] or form a From 22% to 41.25%, the response of the sand-clay mixture is governed by both sand and clay.

When the clay content goes up, the clay begins to be more dominant than the sand in the mixture.

The intergranular void space of sand is totally filled with more and more clay while some sand grains are still in contact with each other (Figure 4.26 c, d, e, f, Figure 4.27). In principle, the sand grains should be totally separated after the FCt. Looking at the interface test results in Figure 4.25 however, a part of sand grains still contacts with each other and can sustain shear force. This is due to the compression effect in the preconsolidation cell and on the interface device.

From the point of view that the mixtures' behavior relating to the transitional clay content [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF][START_REF] Monkul | Effect of intergranular void ratio on one-dimensional compression behavior[END_REF][START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF], the shear behavior of sand-clay mixture is expected to be controlled by clay after the FCt (about 22%, see Figure 4.24), according the direct shear test result from [START_REF] Monkul | Compressional behavior of clayey sand and transition fines content[END_REF] and [START_REF] Cabalar | The effects of fines on the behaviour of a sand mixture[END_REF].

Looking at the interface test results of friction angle and shear strength (Figure 4.25b, c) however, the mechanical behavior of the interface is controlled by both sand and clay in the clay content range from 22% to 41.25%, and not just by clay. After the FCt, i.e., at the void ratio of eg > emaxsand, a part of the clay acts as the role of secondary load transfer media [START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF].

Then from 41.25% to 55%, the mechanical behavior of the interface is mainly controlled by clay, this is clearly illustrated in change (average decreasing of 0.17 mm for the three normal stress), while there is remarkable evidence that the increasing of clay fraction from 41.25% to 55% affects the interfacial friction angle and adhesion (Figure 4.25c,d).

Subsequently, at the clay fraction of 55%, just the K clay is in contact with the concrete surface, and therefore the behavior of the interface is dominated by clay. The industrial kaolinite clay used in this research has a 55% clay purity. In other words, in the interface test with 100% K Clay group, the soil is composed of 55% clays, the rest 45% is particles larger than clay particle but smaller than FSand grain, hence it can be treated as a special kind of mixture as well. The particles larger than clay in this case play the same role as sand in this mixture during the sample preparation and interface shearing. Clay separates all the larger particles at this clay content (55%) and dominates the shear behavior. From the above results, with increasing clay content the main information can be summarized as follows:

(1) the contact between sand grains in the sand-clay mixture changes, especially in the interface zone. Contact between sand-sand grains offers higher shear strength and friction than the one of clay-sand or clay-clay.

(2) the number of particles in contact with the concrete plate surface changes, which affects the normalized roughness and consequently the kind of particles (sand or clay) which participate more to the shearing.

The shearing of sand involves more rotation of the rotund sand grains, the particle orientation is expected to have negligible effects and finally a higher shear resistance is exhibited [START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF]. While shearing in clay involves more sliding along clay particles orientation, the nucleated shear surface usually exhibits a low shear strength with respect to case of sandy mixtures [START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF]. Moreover, in the interface direct shear with sand-clay mixture, clay particles have lower particle friction than sand grains. With the increase of clay content, the shear surface in the interface zone gets smoother since more contact area is taken up by clay particles.

In this case of soil-concrete interface, the shear strength and interface friction angle present a decreasing trend (Figure 4.25b, c). In addition, with the increasing of clay content, the separation of sand grains by clay particles is also increased which is indicated by the intergranular void ratio (Figure 4.25g). This weakens the interlocking between sand grains in the rearrangement and rotation process caused by the shearing to arrive at the peak strength. The undertaking of force chain transfer changes from sand grains subsequently to both sand and clay and finally to clay. However, as normal load of 50 kPa is a relative low stress, the peak shear strength nearly stays constant for all the clay contents studied (Figure 4.25b).

In conclusion, with increasing clay content from 0% to 55%, the shear strength decreases (Figure 4.25b) due to the arrangement of clay particles. The size and shape of particles in contact with the concrete plate affect the shear resistance. Clay at the concrete surface asperities not only influences the horizontal displacement to arrive at the peak shear strength but also affects the shear resistance (Figure 4.27). The status of contact between sand and clay particles at different clay contents is identified by the intergranular void ratio and interpreted by the sand-clay contact sketch in Figure 4.26.

Friction angle of interface compare to literature

The residual interface strength is mobilized for a horizontal displacement of about 2 mm (see A subsequent trend of the residual δ is expected, basing on the overall trend of the interface friction angle for clay content from 0 to 55% (Figure 4.28), even if there is a lack of the interface direct shear test with the clay content higher than 55%. The residual interface friction angle of soil with clay fraction >55% should be close to the 19.33° because the sand-clay mixture is totally clay-controlled at this stage.

Adhesion compared to literature

In the literature, there are not a lot of interface direct shear results for sand-clay mixture and 

Conclusions of S1 interface results

From the interface shear results, two main interpretations are proposed to explain how the clay content affects the interface behavior of soil-concrete interface: the first is that the clay content changes the contact of particles in sand-clay mixture, especially in the interface zone, causing a change of the intergranular friction. The second is that particles in contact with the concrete surface asperities changes with clay fraction, which influences the normalized roughness and determines the type of soil (sand or clay) particles to be involved in the shearing at the interface zone more than the other one.

The experimental results provide information on adhesion and friction angles for sand-clay mixture-concrete interface at different clay fractions, which is a first step to cover the lack of experimental data in the field.

Results in the Appendix

During the interface direct shear tests with soil-concrete, experiments of 41.25% and 55% clay were repeated two or three times to characterize the interface behavior and to check the repeatability of the interface test results. The repeated test results are provided in Appendix C, confirming that the interface tests on the machine are reproducible.

After the interface direct shear tests, all the sand-clay mixture samples were cut into three slices (i.e., bottom, middle, and upper parts), the water content of each layer was measured through an oven and a balance and finally the saturation degree was calculated (see chapter 3). The different water contents of the sand-clay mixture specimens after the shear tests are detailed in Appendix D.

Comparison of the interface's mechanical behavior between S1 and the classical dry tamping sample preparation protocol

Introduction

In the following, the interface direct shear test results with dry tamping are compared to the results from the S1 method. Since the 0% clay content interface test of S1 shares the same tests with the dry tamping method, the comparison hereafter is done only for the results of 13.75%, 27.5%, 41.25%, 55% clay content group (i.e., 25%, 50%, 75%, 100% K Clay content, correspondently).

The comparison considers the shear strength, the volumetric deformation, the horizontal displacement at peak shear stress, the peak/residual shear strength, the interface adhesion, and the interface friction angle etc. Finally, a comprehensive discussion and suggestion concerning the two preparation methods are presented.

Comparison of shear stress and volumetric deformation

Shear stress comparison

The mobilized shear stress with the horizontal displacement in shearing phase for the three imposed vertical stress and two sample preparations are compared in Figure 4.30. All the specimens prepared by the two preparation techniques do not undergo a distinctive curve peak before getting to the constant volume state. This is because the sand-clay mixture samples are normally consolidated. Even though the specimens are relatively dense (see Table 3.19 and Table 3.21), the clay within the mixture changes the fabric, and results in a normally consolidated clay behavior without a distinct peak on shear strength curve (Figure 4.30).

However, a not completely concave profile is obtained for shear stress-displacement curves at low clay content of 13.75%, since the mixture is mainly sand-controlled soil at this stage. The For a normal stress of 100 kPa, at the clay content of 13.75%, the two curves are totally overlapping in the beginning phase (Figure 4.30a), then the dry tamping result shows 3.58 kPa Finally, with respect to the normal stress of 150 kPa, the samples from dry tamping show a sharper shear stress increasing in the initial state of 13.75%, 27.5%, and 41.25% (Figure 4.30a, b, c), whereas no dramatic difference can be found in terms of the curve shape for the beginning phase of 55% technique need less time for shearing to the peak shear strength than S1 at the sand-controlled phase and the transitional phase. This is due to the fact that in S1 sand and clay are more homogeneously mixed than just tamping with a rod in dry conditions.

To sum up, at the low clay content of 13.75%, lower residual shear stress is induced by the dry tamping sample preparations at 50 kPa and 150 kPa normal stress. At the higher normal stress (150 kPa), dry tamping results in a faster shear strength increase (Figure 4.30a) at the initial phase of the shearing (<1 mm). At the same time, dry tamped specimens need smaller horizontal shear displacement to mobilize the peak strength (Figure 4.33), since S1 can mix the sand and clay more homogeneously than just tamping with a rod in dry conditions. response during shearing (Figure 4.36b,c,d). The reasons for this are that the specimens are normally consolidated and the larger dimension of the shear box. Since NC clayey soils (with a maximum preconsolidation stress of 50 kPa in all the samples with S1) are more contractive than dilative. Besides, the volumetric shear behavior is affected by the size of specimen [START_REF] Dadkhah | The effect of Scale Direct Shear Tests on The Strength parameters of Clayey Sand in Isfahan city, Iran[END_REF], less dilatancy is mobilized in larger shear box in the shearing phase [START_REF] Cerato | Specimen size and scale effects of direct shear box tests of sands[END_REF]. The sand-clay mixture sample at clay content of 13.75% is dominated by sand, for the two sample preparation methods. Due to the higher relative densities, part of the samples contracts at the beginning then dilates (Figure 4.36a). As already mentioned, samples prepared by dry tamping generally need less time than S1 to reach the peak shear strength (see Figure 4.33) since the shear rate is fixed constantly at 0.005 mm/min. However concerning the time to mobilize the critical state, looking at Figure 4.36, except at clay content of 27.5% (Figure 4.36b), in the other three clay fractions (i.e., 13.75%, 41.25% and 55%) compared, no evidence of the fact that the same property is valid for critical state condition can be extracted (Figure 4.36a,c,d). In addition, the dilatancy angle (ψ) of the four clay fractions compared is nearly zero.

Less consistent results are recorded for the volumetric response during shearing in the dry tamped samples (Figure 4.36). The vertical strain of the dry tamping does not increase with increasing normal stress. Similar vertical deformation was recorded in [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. This can be correlated to the slightly different initial density induced by the dry tamping before the shearing test (Figure 4.37b). Moreover, previous studies [START_REF] Shi | X-ray analysis on the effect of sample preparation on the microstructure of calcareous sands[END_REF] on calcareous sand mentioned that dry tamping leads to the most significant variation on the initial density of samples. However, the vertical strain for the S1 method appears more logical Figure 4.36. Since dry tamping can compact the sand-clay mixture more than S1 (Figure 4.37), it leads to smaller or at least equivalent vertical strain in the final constant volume for all the samples, except for at 100 kPa of 13.75% and 50 kPa of 55%, see Figure 4.38. At the normal stress of 50 kPa in Figure 4.38a, with the clay content increases, the final vertical strain of S1 increases from 0.51% to 1.78% (at 41.25% clay content), then decreases to 1.21% (at 55% clay content). The dry tamping one shows an increase from 0.18% to 1.53%, however the last two values are quite close (1.50% and 1.53%, respectively), see Figure 4.38a. The reason for this phenomenon is under the relatively low normal stress of 50 kPa, and at high clay content, the vertical stress cannot compress the specimen to get more vertical strain increase. From the clay of 27.5% to 55%, vertical strain of S1 varies from 1.71% to 1.94% in 100 kPa, and from 1.78% to 2.17% in 150 kPa. While for the dry tamping, it increases from 0.78% to 1.98% in 100 kPa, from 0.56% to 1.84% in 150 kPa. These results reveal that dry tamping compacts the mixture directly, can make the sand grains and clay particles contact better with higher densities than S1 (Figure 4.37), so that shearing cannot result in a vertical strain as large as S1. In addition, the volumetric behavior in terms of vertical strain (Figure 4.36) is consistent with the observed shear behavior in Figure 4.30; no distinctive shear stress peak appears during the shearing process.

In all the three subplots of Figure 4.38, the overall tendency of the vertical strain for S1 and dry tamping is to increase with increasing clay content. Two reasons are attributed to this tendency.

On the one hand, sand-clay mixture with higher clay fraction is more compressible during the interface shearing since the clay particles and clay matrix tends to orientate towards the horizontal plane and an anisotropic structure develops [START_REF] Cetin | Soil-particle and pore orientations during consolidation of cohesive soils[END_REF][START_REF] Hattab | Experimental study of kaolin particle orientation mechanism[END_REF][START_REF] Hattab | Experimental analysis of kaolinite particle orientation during triaxial path[END_REF] under relatively high vertical stress. On the other hand, for the clay particles, as the drained shearing continues, the degree of preferred orientation increases towards the failure plane in the horizontal direction [START_REF] Cetin | Soil-particle and pore orientations during drained and undrained shear of a cohesive sandy silt clay soil[END_REF][START_REF] Hattab | Experimental analysis of kaolinite particle orientation during triaxial path[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF]. Hence, when the clay fraction increases, more clay particles participate in this orientation process, resulting in larger vertical strain.

Comparison of intergranular and global void ratio

The intergranular void ratio (eg) after the consolidation phase on the interface device is summarized as a function of clay fraction in Figure 4.39, for the specimens from the two reconstitution techniques. The intergranular void ratio is obtained by Eq.(1.5) with the global void ratio e and clay content FC.

The overall trend of S1 and dry tamping is similar: eg increases with the increasing of clay content. The eg appears to be dependent on the applied vertical loading when the clay content is higher than a given value: after about 22% the eg of S1 begins to decrease with increasing of vertical load, however, for dry tamping, this clay content is about 28% (see Figure 4.39).

At the first clay fraction (13.75%), the eg values of the two method are quite close (S1 to dry tamping: 0.684 to 0.737 at 50 kPa; 0.745 to 0.780 at 100 kPa; 0.766 to 0.801 at 150 kPa, see 

Comparison of interface friction angle and adhesion

The interface friction angle as well as the adhesion from the interface direct shear test performed on samples prepared by the two reconstitution techniques are compared in this section. The results of S1 with 22% and 33% clay fractions are also plotted (Figure 4.41), however there are no results of dry tamping for these two clay fractions (because they were not included in the test plan of conventional dry tamping).

Looking at the interface friction angles (Figure 4.41), it is possible to see that the overall decreasing trend with increasing clay content is similar between the two methods. In S1 results, there are two fluctuations at the clay content of 22% and 33%, they are characterized by higher δ values than the other clay fractions before and after them (see Figure 4.41). The peak and residual δ are 26.99° and 26.83° of 22% clay, 26.32° and 25.59° of 33% clay.

Dry tamping leads to larger peak and residual friction angles at 13.75% (25.72°, 23.75°) and 27.5% (24.79°, 23.75°) clay content than S1 as plotted in Figure 4.41. As presented in Figure 4.42, the differences on peak and residual δ between S1 and dry tamping for 13.75% clay are:

1.45° and 0.12°, respectively. At 27.5% clay, this gap increases to 1.79° of peak and 0.85° of residual. At the clay content of 41.25%, higher peak and residual friction angles are generated on S1

(peak: 24.02°, residual: 23.06°) than dry tamping (peak: 23.27°, residual: 21.76°). The gap of δ between the two methods is: 0.75° on peak and 1.30° on residual (Figure 4.42). Both S1 and dry tamping methods generate quite small interfacial adhesion (<5 kPa), this because on the one hand the adhesion itself is a very small value, on the other hand, the double layer of clay is diffused in the saturated condition which further weakens the adhesion [START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF][START_REF] Mitchell | Fundamentals of soil behavior[END_REF]. Concerning the highest clay content (55%), it has lower to produce higher porosity to hold water. However, at 13.75% the two methods provide similar interface water content since the clay content is quite low (Figure 4.44a).

The comparison for the water content of other parts (i.e., the middle and upper parts of the sample) and the average one after the interface direct shear tests with S1 and dry tamping method is listed in detail in Appendix D.

Discussion and conclusion

When the sample is prepared by dry tamping, the sandy grains are well compacted which is not the case for clay particles. This is due to the fact that the clay particles are quite small, it is hard to compact them just by rod tamping in dry conditions without adding any water. The dry tamping makes the sand grains packed closely more than the S1. While in S1 preparation, both the sand grains and the clay particles are mixed well and form a more homogeneous structure, because the clay particles can better fall down, rotate and disperse in water during mixing and afterwards there is a longer preconsolidation process in the designed oedometer cell. During the preconsolidation of S1, the vertical loading is added more uniformly and slowly on the sample surface, so that both the sand and clay particles are compressed with a reduced grain crushing, however the sand grains are not compacted as close as with the dry tamping method. The bulk density and global void ratio before shearing are therefore different for the two methods, leading to different contraction behavior (i.e., final vertical strain). This is the reason for the differences in the shearing behavior, especially for the sand-clay mixture with intermediate clay proportions.

In the case of S1 sample, clay particles are more orientated than in the dry tamped specimens due to the preconsolidation process [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Cetin | Soil-particle and pore orientations during consolidation of cohesive soils[END_REF][START_REF] Hattab | Experimental study of kaolin particle orientation mechanism[END_REF][START_REF] Hattab | Experimental analysis of kaolinite particle orientation during triaxial path[END_REF], the resulted microstructure implies that S1 samples need more horizontal displacement to reach the peak shear resistance. Though the clay orientation is different between S1 and dry tamping, there is not a significant difference in the values of peak and residual adhesion as well as the interface friction angle. What is different is the kinetics of the process. This is because the drained shear test is slow enough and the shear box size is big enough to allow the soil particles to have both time and space to reach the constant volume conditions. However, the details about the different microstructure are unknown since no investigations were performed during or after the interface tests.

Remarks of the interface results comparison between the S1 and dry tamping methods are summarized as following:

1) For large scale geotechnical engineering tests, both the two sample preparation methods are suitable, since they do not have significant influence on the residual friction angle. For small scale tests or numerical modeling, attention should be paid to the results with the two sample preparations, because some results are different (for example, the time to reach the peak shear stress and to reach the final constant).

2) Dry tamping preparation leads to denser samples with higher bulk density and lower global void ratio. The trend of intergranular void ratio from the two sample preparations is similar, but the transitional clay content for dry tamping is higher than S1.

3) The S1 and dry tamping sample preparations do not change the overall trend of soil-concrete interface friction angle as a function of clay fraction. At low clay content, dry tamping is characterized by higher peak interface friction angles than S1. The critical friction angle is slightly affected by the sample preparation.

Results in the Appendix

The Mohr-Coulomb envelopes, the peak and residual friction angles from interface direct shear tests on dry tamped sand-clay mixture samples are provided in Appendix C.

The water content of each layer (i.e., bottom, middle, and upper parts) in the specimens produced by dry tamping after the interface tests was measured and then the saturation degree was calculated, these results are summarized in Appendix D.

Conclusions

This chapter investigates the influence of clay content on the interface direct shear behavior of reconstituted sand-clay mixture soil-concrete. Two methods are adopted to prepare the sand- (5.10) where b is a constant plastic dilatancy parameter. Using a return-mapping algorithm in the stress invariant space, the discrete plastic multiplier is given as: (5.11)

where K and μ are the elastic bulk and shear moduli, respectively. (5.12) in which γ is the unit weight of the soil, z is the depth from the pile section to the ground surface (Figure 5.3), K0 is the earth pressure coefficient. For the p-y modeling, a depth of 10 m and K0 = 0.5 are considered; the initial stress state parameters are summarized in Table 5.1. 

Validation

To validate the calculation of the p-y curves, the interface test results of 55% clay fraction are selected as input parameters (in order to consider the soil and the interface as a pure clayey material) and the corresponding p-y curves are traced and compared with different design methods (API and Matlock). 5.2. The concrete pile is considered as a rigid material with a Young's modulus of 33 GPa (Table 5.2). The pile is loaded by a stepwise loading (horizontal displacement) with increments of 0.002 m in the MATLAB code. The lateral capacity (p) of the pile is calculated by integrating the normal and tangential stresses along the circumference of the pile (or of the soil-pile interface). Results are presented in terms of normalized p-y curves (Figure 5.4) using the shear strength of soil and the pile diameter (see also [START_REF] Ahayan | A constitutive Model for natural Clays: From Laboratory Testing to Modelling of Offshore Monopiles[END_REF] and [START_REF] Vethanayagam | Determination of py Curves for Bucket Foundations in Silt and Sand Using Finite Element Modelling[END_REF]). More .58, which is 0.5 higher than the one of API (8.08) and 0.4 lower than the one from the Matlock empirical calculation (8.98), see Figure 5.4. As the horizontal displacement goes up to 0.45B, the result of the MATLAB code is equal then it gradually becomes higher than that of Matlock.

Finally, at the 0.6B, the normalized lateral capacity of the MATLAB code is 10.57, which is 104.6% of the one of Matlock (10.28). In the MATLAB code, p is calculated by integrating the normal and tangential stresses along the circumference of the pile or the soil-pile interface. The two results are compared in Figure 5.5, revealing that the p-y curves are the same before 0.4B and with small difference (1.38 ~ 2.23%) at 0.4 ~ 0.6B.

Even if the p-y curve obtained from the MATLAB code presents not an identical shape with these from API and Matlock empirical equations, the normalized horizontal reaction force is not exceeding the empirical values when y < 0.35B, then it is characterized without small difference with the Matlock until y/B = 0.6. Furthermore, the validation procedure reveals that in engineering design, the DP model leads to lower p-y curves than the API and Matlock equations at y < 0.35B (Figure 5.4). However, at horizontal displacement larger than 0.35B, the MATLAB code generates close lateral reaction force as the Matlock formulation. The integrated results from the pile and soil-pile interface are the same. Both confirm that the p-y curves from the 238 MATLAB code are reliable and consistent with the Matlock design method. 

Sensitivity analysis

Number of finite elements

In order to check the spatial discretization, the influence of the number of finite elements is studied hereafter. The circular geometry with a 5 mm interface thickness are used for this FE number sensitivity analysis. More specifically 3600, 6300, and 11000 T3 finite elements are considered. The input parameters of the simulations are listed in Table 5.2.

The normalized p-y curves are similar when the finite elements number are 3600, 6300 and 11000, see Figure 5.6. At 0.4B horizontal displacement, the values of normalized p rank as 8.71, 8.69, and 8.58 for the three element numbers studied (3600, 6300 and 11000). The p-y curves are fitted and presented in Table 5.3, indicating there is no significant differences for the three FE numbers. From a coarse mesh with 3600 elements to a dense mesh with 11000 elements, the final normalized p (at 40% of y/B) decreases with a small percentage of 1.57%. Considering the necessary computational time, the FE number for the p-y modeling can be chosen as 6000 ~ 10000, to insure both effective calculation and enough elements on the interface zone. 

Interface thickness

In order to check the influence of the interface thickness on the numerical results, the following different interface thickness values are considered: 5 mm, 7 mm, 1 cm, 2.5 cm, 5 cm, and 10 cm. The input parameters of the simulations are listed in Table 5.2. 8.69, 8.55, 8.75, 8.81, and 8.67. The difference between the final normalized p of the six curves

The effect of clay fractions on the p-y curves is illustrated in Figure 5.8 and the reformulated functions are provided in Table 5.7. The curves show non-linearity shapes due to the nonlinearity characteristics of the soil-pile interface. The overall shapes of the p-y curves in Figure 5.8 do not exhibit a strong asymptotic behavior in the horizontal displacement range considered (0 ~ 40 cm), which agrees with the results calculated using the Mohr-Coulomb model in Østergaard et al. (2015) and [START_REF] Wolf | Assessment of py curves from numerical methods for a non-slender monopile in cohesionless soil[END_REF]. When y < 0.15B, the same lateral capacity values are resulted at clay contents of 27.5% and 55%, and they are higher than the curve of the sand only (Figure 5.8), but the differences are not significant. At the 0.15B, the p is about 5.22 for the three clay contents presented. To conclude, clay contents have nearly no effect on the p-y results when y is smaller than 0.15B. It follows from Figure 5.8 that the normalized p after y > 0.15B is influenced by the clay content.

The curve of 0% clay fraction (i.e., sand) becomes higher than the one of 27.5% clay content at each load step, see Figure 5.8. And the curve of 27.5% clay content is higher than the one of 55%

clay, but with a smaller p/(s d B) gap (0.35) at each loading step, compared to the one (0.46) between 0% and 27.5% clay contents. At the horizontal displacement of 40 cm (0.4B), the normalized p attains 10.18, 9.23, 8.58 for 0%, 27.5%, and 55% clay, respectively (Figure 5.8).

This because the adhesion, friction angles and Young's modulus vary with the increasing clay fraction (Table 5.5 and Table 5.6). The p-y curves are affected by the cohesion and friction angles, clay) with 1.5 wL is chosen, since the other two (S2 sand-clay-water and S3 clay-water-sand) induce more heterogeneous samples (based on microstructural aspects). The S1 protocol with 1.5 wL combined with a new designed oedometer cell is selected, which produces homogeneous and reproducible sand-clay mixture specimens. A detailed procedure from the sample preparation to the loading steps is given to perform interface direct shear tests.

3) The friction angle values of the interface do not seem to be classified as sand-controlled and clay-controlled; the interface friction angle decreases linearly when the clay content increases.

The interface friction angle is lower than the internal friction angle of the soil. For all the clay contents studied, the adhesion values of the soil-concrete interface are less than 5 kPa.

4) When the clay content is modified, the contact and the arrangement of sand grains and clay particles change within the soil, but also in the interface zone in contact with the structure. Clay content affects the interface's mechanical behavior and its mechanisms through the contact of particles in the sand-clay mixture. In particular, the arrangement of soil particles in contact with the roughness asperities (relief) of the concrete surface changes with the clay fraction, which affects the normalized roughness of the concrete.

5) The S1 and dry tamping sample preparations do not affect the overall trend of soil-concrete interface friction angle versus clay content. Dry tamping leads to higher peak interface friction angles than S1 at low clay content. Moreover, the residual interface friction angle is not significantly modified when changing the sample preparation. The interface adhesion values are smaller than 5 kPa for both the S1 and the dry tamping. Both sample preparations can be adopted in macroscopic scale geotechnical engineering tests. However, for small scale investigation or numerical modeling, it should be noticed that using the dry tamping method causes heterogeneities of densities and water content in the samples contrary to S1 preparation. In addition, the transitional clay content between the sand-control to the clay-control on the intergranular void ratio is higher for the samples prepared by dry tamping, as it causes more contacts between sandy grains.

6) The p-y curves are affected by the clay fractions. When y < 0.15B, the same lateral capacity values are resulted at clay contents of 27.5% and 55%, and they are higher than the curve of the 4) The primary FE modeling of p-y curves is done with the DP model, and the input parameters are the ones from three clay fractions of the S1 interface results. Further numerical studies should involve more advanced constitutive laws, water, 3D conditions and the possibility to have gaps between the pile and the soil. A new function relating the lateral capacity and the horizontal displacement as well as the clay fractions should be proposed. interface is an important aspect to take into account in soilstructure interactions because it relates to the stability of the supported structure. In particular, the mechanical behaviour of the interface plays a key role in the design of civil engineering structures and their analysis over time. The interface is a thin zone of soil in contact with the structure where major stresses and strains develop in. To our knowledge, previous works on the characterization of the mechanical behaviour of the soil-structure interface mainly include typical soils (sand or clay) or natural soils, in contact with variable structural materials (concrete, steel, wood). However, natural soils are very complex, partly due to geological heterogeneities, and the mechanical response of typical soils do not always represent accurately intermediate soils between sand and clay. Previous studies on the mechanical behavior of those soils are significantly represented in the literature, especially in experimental research, however it is rather poorly documented on the interface between these soils and structural materials, whereas their response to mechanical loadings is different. Moreover, at the engineering scale, there is still a lack of understanding on how this interface behave along loaded pile within soils between sand and clay, numerically, and experimentally due to instrumentation restrictions along the pile.

The objective of this thesis is to characterize the mechanical behaviour of the soil-structure interface for intermediate soils between sand and clay, both by experiments at the laboratory scale and by models at the engineering scale. Artificial mixtures of silica sand and kaolinite-rich clay are chosen to represent intermediate soils in this study. For this propose, the research is organized in a first and main experimental campaign that aims to investigate the effect of the clay content, from 0% (sand) to 100% (clay) on the mechanical behavior of a soil-concrete interface by a new interface direct shear device in the laboratory. A particular attention is given to the design of the setup, and to the investigation of four sample preparations to insure an optimize sample homogeneity. A second and numerical campaign is performed to input the results from the experimental campaign, to model the mechanical response of the interface between sand-clay soils and a lateral concrete loaded pile at the engineering scale. A new subroutine of a MATLAB finite element code is implemented to perform the numerical modelling of the interface's response via the p-y curves. The characterization of the mechanical behaviour of the soil-structure interface at different clay and sand fractions allows to enlighten the role of soil microstructure at the soil-structure interface on the stability of civil engineering structures.
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  sand-clay mixture-concrete interface direct shear experiments are carried out on an interface direct shear machine, aiming at identifying how the clay fraction influences the mechanical behavior of the soil-concrete interface. On the one hand, the samples are prepared by the sample preparation method chosen (mixing in the order of sand-water-clay) with variable clay content. On the other hand, the same experiments are also performed on sand-clay mixture specimens that are prepared by a classical dry tamping protocol, to evaluate the effect of sample preparation on the interface's mechanical response. The comparison of the results from the two sample preparations is then discussed. The interface direct shear results from the laboratory simplify the soil-pile interaction met in the field, so numerical modeling has been used to simulate the soil-pile interface at the engineering scale. (iii) A numerical modeling of the p-y curve in pile foundation is thereby implemented based on an existed MATLAB FE code. The Drucker-Prager model is employed to build the p-y curve model. The interface direct shear results from the first experimental campaign (taking into account the optimized sample preparation) provide the input parameters for the p-y modeling. The influence of the clay content on the p-y behavior of pile with lateral loading is presented and discussed.

  Chapter 2 presents the interface direct shear test and the controlling factors of the interface's mechanical behavior between structural and granular materials. First of all, it reviews the basic theory and state of the art of classical and interface direct shear tests, how the interface direct shear test is derived from the classical one, the mechanisms of shearing at the interface, and the importance of interface thickness on its mechanical response. The main factors affecting the soil-structure interface are then presented: the boundary conditions (CNL, CNS or CV), the normal stress, soil density, water content, structure surface roughness, shearing velocity, and temperature. Particle movement and arrangement at the soil structure interface and during shearing, are also presented. Although there are a lot of studies on sand-clay mixture and important amount of interfaces studies on classical or natural soils, there is still a lack of data about interface mechanical behavior involving soils at controlled clay contents, whereas those represent better the natural soils, but without scattered heterogeneities at multiple scales.Chapter 3 provides the methodology developed to investigate the interface direct shear behavior of sand-clay mixture with concrete, that is to say the materials used, the interface test conditions, and the development of an adapted sample preparation for the interface machine. The interface direct machine and the materials used for experiments are shown at the beginning of this chapter, then a literature review about different classical sample preparation methods is presented. Next, three different sample preparation protocols are proposed, to investigate the different initial water content for mixing, to check sample homogeneity from the macroscopic to microscopic scale according to different imaging techniques, in order to find an optimized sample preparation adapted to the interface direct shear tests performed. Finally, the interface direct shear test plan is illustrated.Chapter 4 presents the results of laboratory interface direct shear tests on sand-clay mixture against concrete at different clay content, using the selected sample preparation protocol. The results are then compared with results obtained with the classical dry tamping sample preparation. This chapter aims to identify how the clay phase controls the interface behavior between sand-clay mixture and a concrete plate, and how the sample preparation modifies its mechanical response. Chapter 5 develops the numerical modeling of the p-y curve of a lateral soil-pile interaction.This chapter presents the state of art of the p-y curve method for pile designing. Then a MATLAB finite element code is implemented and the Drucker-Prager model is adapted in the code. The experimental results obtained above are employed as the input parameters for the model. Finally, the p-y curves under different clay fractions are compared and discussed to evaluate, numerically, the effect of the clay content on the mechanical response of the interface at the engineering scale.
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 15 Figure 1.5 Failure envelopes of the sand-clay mixtures (from Vallejo and Mawby, 2000).
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  Figure 1.6 Influence of clay content on: (a) cohesion and (b) internal friction angle of sand-clay

  an increase in moisture content causes a drop in both cohesion and internal friction angle (Figure1.6). It seems that when the water content overwhelms a given threshold, the cohesion significantly changes (Figure1.6a).
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 17 Figure 1.7 Internal friction angles of the sand-fines mixture as a function of fine content from the
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 18 Figure 1.8 Changes of structure in the sand-clay mixtures (modified from Vallejo and Mawby, 2000).
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 19 Figure 1.9 Phase diagram of the sand-clay mixtures (from Vallejo and Mawby, 2000).
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 1 Figure 1.10 Phase diagram of a sand-fines mixture (from Kim et al., 2017).
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 1 Figure 1.11 Changes of microstructure and void ratio in the sand-clay mixtures (from Zuo and
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  Figure 1.12 Schematic explanation of sand-fines mixtures (after Lade et al., 1998).
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 1 Figure 1.14 Variation of intergranular void ratio with fine content under different oedometric

  stress ranges is shown in Figure1.15. It can be observed that there is a nonlinear relationship between Cc-s and fine content, and the nonlinearity degree decreases at the higher stress range (Figure1.15b). The intersection of tangent lines, corresponding to the threshold fine content FCt below which soil behavior is governed by the coarser grain matrix can be read as 22.9% for Figure1.15a and 25.3% for Figure1.15b.
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 1 Figure 1.15 Variation of granular compression index with fine content (after Monkul and Ozden,
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 1 Figure 1.16 Variation of granular compression index with fine content (after Monkul and Ozden,

  1.13)If we consider a phase diagram in Figure1.17, es is void ratio of the sand, Vv is the volume of voids, Vs is the volume of sand and Vf the clay volume; the weight of the fines Wf and the weight of the sand particles Ws can be calculated.Based on this, Hazirbaba (2005) proposed that the FCt can be defined by the ratio of the weight of the fines Wf to the total weight of the sand and fines (Ws +Wf) as:

Figure 1 .

 1 Figure 1.17 Phase diagram for the transitional fine content calculation: (a) relations at no clay present

  [START_REF] Carraro | Shear strength and stiffness of sands containing plastic or nonplastic fines[END_REF] characterized the mechanical behavior of silica sand containing different amounts of plastic or non-plastic fines by using triaxial tests combined with ESEM to evaluate the microstructure. Their study highlights the importance of soil fabric on the overall mixture response; the mechanical behavior is found affected by both the amount and plasticity of the fines in the sand.
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 21 Figure 2.1 Schematic diagram of the direct shear apparatus.

  Figure 2.2a): for loose sand and normally consolidated (NC) clay, the shear stress increases as the horizontal displacement increases. The shear strength is defined as the τf that the soil can sustain.
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 22 Figure 2.2 Typical curves of direct shear test response as a function of horizontal displacement: (a)

For a loose sand

  or NC clay, typical direct shear results are shown in Figure 2.3. The shear strength is plotted as a function of the normal stress on the failure plane (Figure 2.3b), to determine the points P1, P2, and P3. In the τ-δ h plane, the three points represent the shear strength for the three specimens (Figure 2.3b).
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 23 Figure 2.3 Direct shear test results on soils (loose sand or NC clay): (a) shear stress-horizontal
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 24 Figure 2.4 Direct shear test results on soils (dense sand or OC clay): (a) shear stress-horizontal

  Figure 2.1). The lower part of the classical direct shear box is modified to contain the structure plate inside. This modification is illustrated in Figure 2.5, one-half of the interface direct shear box involves a soil material, and the other half includes a structural material. When the shear stress is applied to the sample, a relative displacement between the upper and lower sections of the shear box develops along the horizontal direction (see Figure 2.5). As the classical direct shear test, the interface can be performed in saturated conditions as well.
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 25 Figure 2.5 Interface direct shear test interpretation (after Boulon, 1989).

  Figure 2.6 Schematic diagram of the consolidation of interface direct shear during the application of
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 27 Figure 2.7 Soil-pile interface with an imposed normal stiffness: (a) in-situ scale and (b) at the

  different typical boundary conditions which are distinguished by the values of the stiffness: 1. Constant Normal Load (CNL): the normal stress remains constant during the shearing stage of the interface direct shear test. In this case: Volume (CV) or Constant Normal Height (CNH): the normal stress changes during the interface shearing and no normal displacement is allowed in the upper part of the interface element. In this case: K =, Normal Stiffness (CNS): the normal stress changes proportionally to the elastic stiffness K of the surrounding soil during the interface shear test. In this case: K = constant, 0  , [ ] 0 u  .

Figure 2 . 8

 28 Figure 2.8 Boundary conditions of interface shearing (after Pra-ai, 2013).
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 29 Figure 2.9 Shear band thickness ratio versus normal stress (from Hammad, 1991)
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 2 Figure 2.10 Friction coefficient as a function of normal stress for interfaces of soil-continuum material

Figure 2 .

 2 Figure 2.11 Effect of normal stress on clay-concrete interface shear strength at different specimen
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 2 Figure 2.12 Static Mohr-Coulomb strength envelopes for different relative densities of soil (after Desai
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 2 Figure 2.13 Influence of soil density on the interface test results: (a) coefficient of friction as a function
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 2 Figure 2.14 Influence of water content on clay-concrete interface shear strength: (a) rough and (b)
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 2 Figure 2.15 Influence of water content on cohesion and internal friction angle of sand-clay mixture at

  first performed a series of experimental tests on soil-structure interfaces aiming to determine the magnitude of interface friction angle, and considers different factors (e.g., construction materials, soil types, moisture content, normal loadings and surface roughness). He concluded that surface roughness highly affects the friction angle and the adhesion of the soil-structure interface and published a database of interface friction angles for different granular cohesive soils and structural materials with smooth or rough surface.
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 2 Figure 2.16 Evaluation of the roughness of soil-structure interface.
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 2 Figure 2.17 Interpretation of interfacial roughness: smooth and rough interface.
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 2 Figure 2.18 Influence of normalized interface roughness on the shear behavior of sand-aluminum
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 2 Figure 2.19 Influence of normalized roughness on sand-steel interface response under CNL
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 2 Figure 2.20 Relationship between shear stress and shear displacement of clay-concrete interface with
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 2 Figure 2.21), but stronger shearing strength than the smooth interface. According to D'Aguiaret al. (2011), in the case of rough interfaces, more soil grains stay in the structure surface valleys like in Figure2.17b, thus soil in the interface zone and the structure can be considered as a whole, shear response gets closer to results of soil direct shear test. For instance, experimental results of the cohesive soils-steel interface fromTsubakihara et al. (1993) show that the friction coefficient of interface increases with the steel surface roughness (Rmax), and finally becomes nearly equivalent to that of the soil (Figure2.21).
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 2 Figure 2.21 The behavior of cohesive soil-steel interface as a function of the interface roughness for
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 2 Figure 2.22 The behavior of red clay-concrete interface: (a) adhesion and (b) friction angle of the
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 2 Figure 2.23 The friction coefficient for sand-steel interfaces as a function of the interface roughness in
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 2 Figure 2.24 Three failure modes for soil-structure interface (after Tsubakihara et al., 1993).

  Maghsoodi et al. (2019b),Maghsoodi et al. (2020b) used the Rn in the kaolin clay-steel interface direct shear tests and chose the critical roughness (Rcr) in a range of 0.1 ~ 0.13 for the kaolin clay-steel interface test. A comparison between sand-concrete and clay-concrete interfaces has been carried out in Di Donna (2014) and Di Donna et al. (2016), and different critical normalized roughness has been identified in sand and clay cases to judge whether the interface is rough or not, see

  performed an investigation on the shear behavior of clay-structure interfaces. Results indicate that in undrained conditions, as a result of the positive viscosity effects, shear rate increase mobilizes higher peak and residual strengths. The experimental study consisting of interface direct shear tests with kaolin clay led by[START_REF] Martinez | Rate effects on the interface shear behaviour of normally and overconsolidated clay[END_REF] shed 95 light on the effects of shearing velocity on the interface shear response (Figure2.26) for different interface roughness. Figure2.26 demonstrates that with increasing shear rate, the shear resistance decreases and at the same time the sample changes from drained to undrained. The shearing velocity has a coupled effect with the surface roughness on the interface shear behavior.
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 2 Figure 2.25 Schematic diagram of influence of shearing velocity on shear behavior of normally

Figure 2 .

 2 Figure 2.26 The (a) peak and (b) residual stress ratio as a function of shearing velocity for NC kaolin-

A

  direct shear test to investigate the shear behavior of a kaolinite clay-concrete interface was performed at a range of temperature 5°C ~ 40°C by[START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF] in drained conditions (shearing velocity of 14 μm/min). Contrary to Di Donna et al. (2016), the results of this work highlight that the effect of the temperature on the interface shear strength is negligible. As indicated by Figure2.27a, the effect of temperature on the friction angle is small and the trend is not clear. The cohesion and adhesion measured on clay and the clay-concrete interface are also small presenting no significant variation between 5°C and 40°C (Figure2.27b).
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 2 Figure 2.27 Effect of temperature on the shear behavior of soil and soil-concrete interface: (a) friction

Figure 2 .

 2 Figure 2.28 Interface friction angle of sand-concrete for different monotonic and cyclic thermal

  and 40°C in[START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF]; -18°C ~ 20°C in[START_REF] Xiao | Modified-thermal borehole shear test device and testing procedure to investigate the soil-structure interaction of energy piles[END_REF] 20°C and 60°C in Di Donna et al. (2016).
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 2 Figure 2.29 Photography of sand particles in the sand-structure interface zone (from White, 2002).
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 2 Figure 2.30 Photographs of sand particles movement in interface zones during shearing with surfaces

  [START_REF] Aksoy | Skin friction between soil and pile materials[END_REF] mixed sandy soil and low plasticity clay at various ratios, then carried out direct shear tests and interface direct shear tests to obtain the internal and interface friction angles of the sand-clay mixtures, respectively. Results are presented in Figure2.31. In general, the internal friction angles decrease with the increase of clay content. At a clay content of about 30% however, there is a slight increase of the internal friction angle. Both soil-steel and soilwood interface friction angles are lower than the internal friction angles of sand-clay mixtures, whereas the one of soil-wood is quite close to the one of the soil.Another experimental investigation was carried out by[START_REF] Li | Shear behavior at interface between compacted clay linergeomembrane under freeze-thaw cycles[END_REF] to study the influence of freeze-thaw cycles on the shear behavior at the interface between a sand-bentonite mixture and smooth geomembrane. Samples of the mixture were produced by mixing Ottawa sand and sodium bentonite at only one ratio of 10:1 by weight. After the samples were prepared, interface direct shear tests were conducted under different loadings. The test results show that the shear strength at the interface is lower than that of the mixture itself, and the shear strength decreases with increasing freeze-thaw cycles.

Figure 2 .

 2 Figure 2.31 Internal and interface friction angles of sand-clay mixture as a function of clay content

  e., adhesion c and interfacial friction angle δ) of the soil-structure interface, due to the long-time testing process and the high installation costs caused by non-standardized procedures. To study the mechanical behavior of the soil structure interface, direct shear test can be easily and economically performed in laboratory (Figure 3.1). In this study, a specific interface direct shear machine of École Centrale de Nantes is employed for performing the experiments and to characterize the 106 shear strength and shear parameters (c and δ) of the interface in the laboratory (Figure 3.1c). This machine consists of a direct shear apparatus with an interface shear box that contains a geological soil and a structural material. A concrete plate (Figure 3.1d) is used to simulate the structure (e.g., pile) in Figure 3.1a embedded in the lower part of the shear box. The soil in the shear box (Figure 3.1b) can be a soil remolded or taken from the in-situ field.
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 31 Figure 3.1 The soil-structure interface: (a) schematic at the in-situ scale, (b) schematic of the interface
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 32 Figure 3.2 The interface direct shear test apparatus: (a) loading frame and electromechanical force

Figure 3 . 3

 33 Figure 3.3 Schematic of the interface shear box with: (a) a varying contact area and (b) a constant

  box is divided in two parts(Figure 3.3b), subsequently referred to as the upper part and the bottom part(Figure 3.2c, d), which are independent in terms of movement. The dimension of the upper part is 100 mm × 100 mm and can accommodate soil samples with a maximum initial height of 50 mm. The bottom part can contain soil specimens or structural elements with a dimension of 140 mm × 100 mm × 11 mm and has a temperature sensor in its lower part. The dimensional measurement of the shear box was carried out on both the upper and the lower parts with a vernier caliper, and a set of values was obtained then the average values were calculated. The average dimensions of the two parts of the shear box are presented in the following Table

  e., shear) forces are imposed by two electromechanical force actuators, which are used to control the experiments either in displacement or force. A load cell is installed on each actuator to accurately measure both the vertical and horizontal loads applied on the specimen during the test (Figure 3.2a, b). Two Linear Voltage Displacement Transformers (LVDTs) are used to measure the horizontal and vertical displacements of the soil specimen (Figure 3.2a, b).

  Figure 3.4. It can be seen that the thermal loading in the shear box is homogeneous and the thermal loss can be ignored during the test.
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 34 Figure 3.4 The target temperature imposed of 18°C at the interface part and at the top of the sample:
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 35 Figure 3.5 Improper sample preparation brings about soil specimen leakage from the space of the

  tests, the sample should be trimmed to fit the interface direct shear box. The conventional cylindrical oedometer cell (with a diameter of 70 mm) is smaller than the squared interface shear box (100 mm × 100 mm). A new cylindrical cell is thus required, having a larger diameter than the diagonal of the shear box. A new oedometer cell was designed and manufactured for the sample preconsolidation (Figure3.6). The designed oedometer cell consists of a piston with small holes (7 mm in diameter), a cylindrical cell of stainless steel, two porous stone discs, a cap, and a base (Figure3.6). These parts are fixed with some bolts after installation. The inside diameter of the cell is 150 mm that is larger than the squared shear box diagonal (141.42 mm). The other details and dimensions of the cell design can be referred in Appendix B.
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 36 Figure 3.6 The designed oedometer cell for preconsolidation: (a) the porous stone, (b) the piston with

(

  between the top surface of upper shear box and top surface of the sample sample height after test (h 1 ), water content of the sample after test: water content of interface (w interface ), water content of middle part (w middle ), water content of upper part (w upper ) and average water content of the sample (w mean ) After the sample is moved to the shear box and flatted, the depth (d0) from the top surface of upper shear box to the sample top surface is measured with a high-precision vernier caliper (an accuracy of 0.01 mm). Since the height (hb) of the upper part of the shear box is known, the sample height (h0) can be computed by Eq.(3height in the shear box, the volume of the sample (Vsample) is gained. Finally,
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 37 Figure 3.7 Water content measurement after interface direct shear test: cutting the sample into three

Figure

  Figure 3.8 (a) Fontainebleau sand NE34, (b) kaolinite clay and (c) glass beads.

  Figure 3.9 Secondary electron (SE) images under SEM of (a) low magnification view of FSand NE34,

  3.8b. The kaolinite-rich clay material used in this study corresponds to the material K3 in San Nicolas et al. (2013). Based on XRD data from Aboulayt et al. (2018) and San Nicolas et al. (2013), it contains 55% of pure kaolinite clay minerals. The chemical composition is shown in Table

  particular to clay soils significantly richer in clays[START_REF] Ben Hassine | Kaolinite carbonate mixture fabric evolution after electrokinetic tests[END_REF] 
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 3 Figure 3.10 (a) Grain size distribution of FSand NE34 and K Clay represented by the cumulative
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 3 Figure 3.11 Atterberg limits of the sand-clay mixture: (a) liquid limit and (b) plastic limit, as a
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 3 Figure 3.12 Atterberg limits of the sand-clay mixture: (a) liquid and plastic limits and (b) plasticity
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 3 Figure 3.13 The concrete plate for the interface direct shear test.

Figure 3 .

 3 Figure 3.14 Profiles on the concrete plate for roughness testing.

Figure 3 .

 3 Figure 3.15 Procedure of the dry tamping sample preparation: (a) mix the dry sand and clay by

  Figure 3.15d. After all the six layers of soil are compacted, the soil surface is flatted by the rod tool, then the depth from the top of upper shear box to the soil surface is measured. There are 12 different points (3 per side) measured by a vernier caliper with a precision of 0.01 mm (Figure 3.15e), and then the height of the sample is calculated. Finally, a piece of filter paper is covered on the sample top (Figure 3.15f) to prevent the porous stone within the machine piston from blocking by clay particles. The weight of the sample placed into the box is known, so the initial bulk density is the ratio of the mass of the sample divided by its volume in the box.

  ). The acquisition was performed in a JEOL JSM-6060 LA, at a voltage of 20 kV and at magnifications between ×40 and ×20000, in high vacuum secondary electron (SE) imaging and low vacuum back scattered electron (BSE) modes. SEM observations of microstructures were carried out on 8 different areas from each small scanned sample. Scanned samples of S1, S2, and S3, were cut from two centimeter-sized samples prepared with each mixing protocol. The SEM tests were conducted on the mixtures with an initial water content of 0.5, 1.0 and 1.5 wL.

Figure 3 .

 3 Figure 3.17 Gold-coating process before SEM scanning: (a) cell for gold-coating, and (b) gold-coated

Figure 3 .

 3 Figure 3.18 ESEM test on humid sand-clay mixture: (a) vacuum to remove potential air bubbles, (b)

(

  Figure 3.19) during 9 hours for each, based on the acquisition of 1800 projections. The resolution was 2.3 µm/pixel and the diameter of testing samples was about 4 mm. Each sample was put into a thin kapton tube which inner diameter was also 4 mm to ensure sample stability during scanning (Figure 3.19).

Figure 3 .

 3 Figure 3.19 Internal features of the XRadia Micro XCT-400 imaging system.

  ) was used to quantify the pore size distribution of three dry sand-clay samples prepared by the three mixing protocols, having an initial water content of 1.5 wL. Cubic specimens of 1 cm 3 were carefully cut from each preparation to serve the mercury intrusion porosimetry (MIP) experiments. The tests were repeated two times for each sample preparation protocol. The MIP was carried out in an AutoPore Ⅳ 9500 V1.05 device with lowand high-pressure modes. The measurement range of low pressure was 0 ~ 345 kPa, with a resolution of 69 Pa, transducer accuracy was ±1% of full scale (from transducer manufacturer's specifications). Test under low-pressure mode allowed the detection of the pore diameter size to range from 360 to 3.6 μm. The range of high-pressure measurement was from 101 kPa to 228 MPa. The resolution of high-pressure mode was 689 Pa from 101 to 21000 kPa, and 1400 Pa for pressure from 21000 kPa to 228 MPa.

  Macrostructures of sand-clay mixtures at different water contentsMacrostructures of the samples during mixing are shown at different initial water contents (0.5, 1.0, 1.25, 1.5, 1.75 and 2.0 times of wL) in Figure3.20 for the three protocols of S1, S2 and S3.At a water content of 0.5 times of wL, millimetre-size and multi millimetre-size aggregates are formed during the mixing process in S1 and S2 samples, while in S3 most of the aggregates are mostly multi centimetre-size. Between 0.5 wL and 1.0 wL, all samples contain multi-millimeter size aggregates, with sand and clay heterogeneously distributing in the mixtures. At w = 1.0 wL and w = 1.25 wL, aggregates are progressively dissolved within the mixtures. At 1.5 wL, S1 samples are visually homogeneous, contrary to S2 and S3 samples which still contain macroscopic aggregates. At 1.75 wL and 2.0 wL, samples prepared by S2 and S3 still contain a few macroscopic aggregates, contrary to S1. At 2.0 wL, sand starts to sediment by using S1 protocol and sandy grains are separated from clay particles.

Figure 3 .

 3 Figure 3.20 Optical images of the macrostructure of the sand-clay mixtures during the mixing

Figure 3 .

 3 Figure 3.21 SEM images in secondary electron imaging mode of samples prepared by the three

  2D humid microstructures of sand-clay mixtures at 1.5 wL 2D low and high magnification images of the humid samples' microstructures were acquired by the ESEM tests (i.e., Figure 3.22). As previously observed under SEM in dry conditions, S1 samples show a higher continuity of the clay matrix, characterized by clay bridges between 1 to S2 and S3 which contain a significant amount of macropores between sandy grains (see Figure 3.22a, b, c). Large sandy grains are covered or partially covered by clay particles mixed with small sandy grains and micrometer size clay aggregates (Figure 3.22d, e, f). All samples show an absence of clay particles on the sharp sand edges (Figure 3.22g, e, f, h).

Figure 3 .

 3 Figure 3.22 Low magnification views under ESEM of humid (a) S1, (b) S2, (c) S3 samples; high

  of silica bead-clay mixtures at 1.5 wL Based on the previous results, the effect of particle geometry was investigated by preparing dry round silica bead-clay mixtures with the same protocols S1 (Figure 3.23a, b), S2 (Figure 3.23c) and S3 (Figure 3.23d).

Figure 3 .

 3 Figure 3.23 Various magnifications views of the covering of glass beads with clays in (a) S1, (b) S1, (c)

  sand-clay mixtures at 1.5 wLIn all samples, macroporosity is composed of macropores and cracks at sand-clay interfaces and in the clay matrix(Figure 3.24a, b, c in black).

Figure 3 .

 3 Figure 3.24e. Each distribution is fitted by a power law. According to the coefficients of the fitting power laws and the raw images, the distribution of the size of macropores and cracks

Figure 3 .

 3 Figure 3.25 Pore throat diameter distribution for the samples prepared by the three protocols of S1,

Figure 3 .

 3 Figure 3.25. The distributions of porous volume are qualitatively superimposed for the

Figure 3 .

 3 Figure 3.26 Median and mean pore size as a function of the mean porosity, for samples prepared by

Figure 3 .

 3 Figure 3.27 The compressibility curves of the samples prepared by the four protocols S1, S2, S3 and

Figure 3 .

 3 Figure 3.28 Comparison of the compressibility parameters of dry tamping, S1, S2, and S3: (a) C c , (b) E oed and (c) m v .

Figure 3 .

 3 Figure 3.29 The procedure of S1 preconsolidation sample preparation: (a) S1 mixing protocol, (b)

Figure 3 .

 3 Figure 3.30 Schematic diagram of the step loading procedure for the normal stress.

Figure 3 .

 3 Figure 3.31 Consolidation curve for determining the shear velocity (test of 100%K_50a).

  on the results of the experimental program of direct shear tests to identify the influence of the clay content on the mechanical behavior of the soil structure interface. This chapter is divided into three main parts of results and discussions:(ⅰ) The direct shear results of the soil materials chosen for the study (Fontainebleau sand, kaolinite clay), in order to establish the characterization of the materials and to distinguish the mechanical behavior of the interface and the soil. (ⅱ) The interface direct shear results between the concrete plate and the sand-clay mixtures at different clay contents, from 0% (100% sand) to 100% clay (0% sand). The results are presented for the sample preparation S1 (see chapter 3). An interpretation of the microstructure arrangement including location and role of clay particles as a function of the clay content, is presented and discussed. (ⅲ) The interface direct shear test results for the sample preparation S1 are compared to the results derived from a classical dry tamping sample preparation in order to investigate the role of the sample preparation on the mechanical characterization of the interface at different clay contents.

Figure 4 . 1 .

 41 Figure 4.1. The evolution of the mobilized shear stress with horizontal displacement imposed (Figure 4.1a) indicates that for a specific initial sample density, the Fontainebleau sand undergoes a peak phase before getting to the critical (residual) state at relative high normal stress

Figure 4 . 1

 41 Figure 4.1 Direct shear test results of saturated Fontainebleau sand: (a) shear stress as a function of

Figure 4 . 4

 44 Figure 4.4 Vertical deformation of the K Clay in direct shear tests: (a) vertical displacement and (b)

Figure 4 . 5

 45 Figure 4.5 Degree of saturation after preconsolidation with S1 method, as a function of the clay

  Figure 4.6 and Figure 4.7. The repeatability of the two sample preparations is evaluated and verified by the global void ratio and bulk density after sample preparation. The global void ratio and bulk density data points are overlapping for the specimens of each clay fraction (Figure 4.6 and Figure 4.7). This reveals that both the S1 and dry tamping protocols can offer reproducible sand-clay mixture specimens for the interface direct shear test.

Figure 4 . 6

 46 Figure 4.6 Void ratio of sand-clay mixture specimens after sample preparation as a function of clay

Figure 4 . 7

 47 Figure 4.7 Bulk density of sand-clay mixture specimens after sample preparation as a function of clay

Figure 4. 8 and

 8 Figure 4.9 for S1 protocol, Figure 4.10 and Figure 4.11 for dry tamping protocol.

  Figure 4.8a and Figure 4.10a, the vertical displacement is characterized with maximum values of 1.05 mm, 1.38 mm, 1.13 mm for 50 kPa, 100 kPa and 150 kPa. In this clay content, the maximum vertical strain is less than 6% (Figure 4.9a and Figure 4.11a). The time to get a stable state on vertical deformation is less than 9 hours (Figure 4.8a and Figure 4.10a). At the clay content of 13.75% for the S1 protocol, the maximum vertical displacement (2.88 mm) appear at test of 150 kPa normal stress (Figure 4.8b). Then at clay fraction of 22%, all the vertical displacements of the three normal stress are smaller than 2.70 mm (Figure 4.8c). The

Figure

  Figure 4.11 Vertical strain as a function of time during consolidation phase of samples prepared by

Figure 4 .

 4 Figure 4.8b and Figure 4.10b. At clay fraction of 27.5%, dry tamping sample has a higher maximum vertical displacement than S1, a difference of 1.8 mm (Figure 4.8d and Figure 4.10c).

  Figure 4.8d, Figure 4.10 and Figure 4.12a), regardless of the initial sample height. The preconsolidation obtained within the designed oedometer cell provides an initial consolidation of the sand-clay mixture slurry which is not present in the dry tamped sample. It is therefore quite obvious that larger vertical displacements for this last sample preparation are observed during consolidation.

  dry tamping prepares a looser sand-clay mixture sample than S1. It is confirmed by the global void ratio and density after sample preparation in Figure 4.6 and Figure 4.7. Apart from the 0% clay fraction, S1 generates lower void ratio and higher density than dry tamping, especially in high clay fractions (Figure 4.6 and Figure 4.7). This causes dry tamped samples have larger vertical strain during consolidation (Figure 4.11, Figure 4.12b). Additionally, in all the compared clay fractions of S1 and dry tamping, thanks to the preconsolidation in the oedometer cell, S1 needs less time (S1 samples have an average consolidation time of 22.73 h, dry tamping one of 144.25 h) to get a stable vertical deformation (Figure 4.8d, Figure 4.9, Figure 4.10 and Figure 4.11). The time to finish the consolidation process of each test is listed in Table

Figure 4 .

 4 Figure 4.12 Comparison on the maximum vertical displacement and vertical strain of the

Figure 4 .

 4 Figure 4.13 Vertical displacement rate at the last one hour of the consolidation phase as a function of

Figure 4 .

 4 Figure 4.14 Vertical strain rate at the last one hour of the consolidation phase as a function of clay

  Figure 4.16). The residual shear strength of 100 kPa normal stress decreases from 54.50 kPa (0% clay) to 38.05 kPa (55% clay), and the one of 150 kPa normal stress varies from 73.21 kPa (0% clay) to 56.09 kPa (55% clay).

Figure 4 .

 4 Figure 4.15 Shear stress of interface as a function of horizontal displacement, at (a) 0%, (b) 13.75%,

Figure 4 .

 4 Figure 4.16 Peak and residual shear stress as a function of clay content.

Figure 4 .

 4 Figure 4.17 Vertical displacement during shearing as a function of horizontal displacement at (a) 0%,

Figure 4 .

 4 Figure 4.18 Vertical strain during shearing as a function of horizontal displacement at (a) 0%, (b)

Figure 4 .

 4 Figure 4.21 Peak and residual adhesion of sand clay mixture-concrete interface at different clay

Figure 4 .

 4 Figure 4.22 Comparison between soils' internal and sand clay mixture concrete interface friction

Figure 4 .

 4 Figure 4.23 Intergranular void ratio after the consolidation as a function of clay content at different

Figure 4 .

 4 Figure 4.23 shows the intergranular void ratio (eg) of the mixture after consolidation on the interface machine but before the shear phase. eg is calculated according to the Eq.(1.5). As shown in Figure 4.23, eg goes up with increasing clay content in the mixture. eg of the sand-clay mixture decreases with the normal stress when the clay content is higher than 22% (Figure 4.23),

Figure 4 .

 4 Figure 4.24 The intergranular void ratio and transition clay contents at different normal stress during

  interface tests are summarized hereafter. Peak shear stress, horizontal displacement at peak shear stress, interface friction angle, interface adhesion, void ratio after consolidation, bulk density after consolidation, water content after sample preparation, intergranular void ratio, and transitional clay content FCt are plotted in Figure 4.25. A microstructure explanation is proposed for understanding how the clay particles are arranged when clay content increases, as well as their influence on the response of sand-clay mixture during interface direct shearing (Figure 4.26 and Figure 4.27).

Figure

  Figure 4.25 Comprehensive understanding all the interface results of S1 method as a function of clay

Figure

  Figure 4.26 The existence of sand clay in the mixture that prepared by S1 method on the concrete

  the sand grains, which is confirmed by the decrease of friction angle and peak shear stress, and adhesion increase(Figure 4.25). Hence, the clay between the contact points of sand grains changes the mechanical behavior of the sand-clay mixture along the interface and this result verifies the assumption proposed by[START_REF] Lade | Effects of non-plastic fines on minimum and maximum void ratios of sand[END_REF]. For a clay content of 13.75%, a very small quantity of clay particles also stays at the concrete surface roughness profile (Figure4.26b). Besides, though most of the clays are expected to be confined inside the intergranular void space[START_REF] Thevanayagam | Effect of fines and confining stress on undrained shear strength of silty sands[END_REF], some of the clays still play a secondary role in the transfer of contact forces during shearing; this is verified by the interface δ decreasing from 0% to 13.75% clay content(Figure 4.25c). At this stage, the sand grain still controls the transfer of contact frictional forces.At 22% of clay, there are higher values (3.14, 2.76, 3.48 mm for tests of 50, 100, and 150 kPa vertical stress) of the horizontal displacement needed to mobilize the peak strength, compared to the 0% and 13.75% clay contents with horizontal displacements <1.70 mm (Figure4.25a). This is because clay is present in the rough asperities of the concrete plate at the interface with the soil, the mixture sample slips along the interface during shearing. The adhesion slightly decreases (<5 kPa) and there is a decrease of density and an increase of void ratio, which means sand and clay are arranging differently from the previous case at 13.75% of clay. The friction angle of the interface and the peak shear stress increase, indicating that clay actively participate in the interface shearing rather than only the sand. The intergranular void ratio increases and get close to the maximum void ratio of sand (emax-s = 0.866), which means the clay content is around the threshold value. At this stage, nearly all intergranular voids between sand grains are filled with clays, but there is a little bit more clay still present at the contact of sand grains as well. At this clay content, more clay particles are stuck in the grooves of the concrete surface roughness than at 13.75% clay fraction (Figure4.26c). These stuck clay particles will lead to a larger horizontal sliding along the shear direction (Figure4.25a). To sum up, before a clay content of 22%, the shear behavior of the sand-clay mixture is mainly sand-controlled, but the horizontal displacement needed to reach the peak shear strength (Figure4.25a) is affected by the clays stuck in the interface roughness grooves.Then after 22% clay, the horizontal displacement, the friction angle, the peak shear stress and the density decrease and the final void ratio increase (Figure4.25a). More and more clays separate the sandy grains, i.e., the grains loose contact points from each other (Figure4.26d, e, f). The surface grooves of the concrete plate are more saturated by more clay particles than before, resulting in decreasing normalized roughness of the mixture samples to the plate, the shear band or the interface thickness becomes thinner. The sandy grains are more separated by the clays according to the increase of the intergranular void ratio of the samples (Figure4.25g).

  Figure 4.25a, Figure 4.25b, and Figure 4.27. The peak shear strength under the normal stress of 50 kPa and 100 kPa increases with 0.91 kPa in average, while the one of 150 kPa normal stress decreases with 11.52 kPa (Figure 4.25b). Additionally, the horizontal displacements at the peak shear strength (Figure 4.25a, Figure 4.27) are also without distinct

Figure 4 .

 4 Figure 4.27. Horizontal displacement at peak shear stress as a function of clay content and

Figure 4 .

 4 Figure 4.15). It is of significance because large displacement is quite often to occur along the pile surface in the engineering practice of soil-pile interface problems, which corresponds to the critical (constant volume or residual) conditions of the interface direct shear test in laboratory. The residual friction angle of the sand-clay mixture to concrete interface is selected to compare with the results from literature in Figure 4.28. In these selected results, only the results from Aksoy et al. (2016) concern interface direct shear test between sand-clay mixture and structure (wood and steel) in Figure 4.28a, others are about internal friction angles of sand-clay mixture (Figure 4.28b). Because there is a lack of experimental data concerning the interface between sand-clay mixture and structure at different clay fractions, especially for the structural material of concrete.

Figure 4 .

 4 Figure 4.28 Residual interface friction angles of S1 compared to the results from literature: (a)

  concrete at various clay contents. A few adhesion results of clay-concrete interface are selected in Figure 4.29. The adhesion results from Yavari et al. (2016) and Di Donna et al. (2016) are interface direct shear tests on kaolin-concrete and illite-concrete, respectively, while the one from Li et al. (2019) is from red clay-porous stone interface. The clay content in all the results from the literature are the fraction of clays (particle size <2 μm). Both peak and critical interface adhesion values from the S1 campaign are chosen. The 55% clay-concrete interface of S1 sample has quite close adhesion (peak: 4.72 kPa; critical: 3.31 kPa) with the values from Yavari et al. (2016) (in average, 2.74 kPa of peak, and 1.84 kPa of critical 205 adhesions) and Di Donna et al. (2016) (7 kPa). The red clay-porous stone interface[START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF] gives a higher adhesion that is 9.6 kPa averagely, due to the different type of soil and structural plate. This indicates that for interface of 100% K clay (55% clay) and concrete, the adhesion agrees to the literature results.

Figure 4 .

 4 Figure 4.29 Adhesion of sand-clay mixture-concrete interface as a function of clay content, compared

  peak and critical shear stress in function of clay content are compared in Figure 4.31. In addition, the horizontal displacement needed to reach the peak shear strength as a function of clay content are compared in Figure 4.32 and Figure 4.33.208It is worth noticing that at low normal loading of 50 kPa, for all the clay contents compared, the peak and critical shear strength of dry tamping are 1.82 ~ 2.83 kPa and 1.79 ~ 3.48 kPa lower than S1(Figure 4.30, Figure 4.31). In the case of a confinement of 50 kPa the curves corresponding to the two sample preparations overlap for small shear displacements(Figure 4.31). This is due to the fact that the considered level of confinement (50 kPa) weakly affects the changing of mixture fabric during both the consolidation and shearing.

Figure

  Figure 4.30 Comparison of shear stress in function of horizontal displacement during interface

Figure 4 .

 4 Figure 4.31 Comparison of shear stress versus clay content for the two sample preparation methods:

Figure 4 .

 4 Figure 4.32 Horizontal displacement at peak shear stress during shearing as a function of clay content

Figure 4 .

 4 Figure 4.33 Comparison of horizontal displacement at peak shear stress during shearing as a function

Figure

  Figure 4.36 Comparison of vertical strain versus horizontal displacement during interface shearing

Figure 4 .

 4 Figure 4.37 Comparison of sample density after consolidation on the interface machine: (a) S1 and (b)

Figure 4 .

 4 Figure 4.38 Vertical strain at constant volume condition during shearing versus clay content at

Figure 4 .

 4 Figure 4.38b and Figure 4.38c present the final vertical strain under normal stresses of 100 kPa and 150 kPa. From the clay of 27.5% to 55%, vertical strain of S1 varies from 1.71% to 1.94%

Figure 4 .

 4 Figure 4.39) since the clay mainly stays in the intergranular space, both S1 and dry tamping imply the mixture to be sand-controlled with similar structure. This is verified by the similar global void ratios of 13.75% clay content in Figure 4.40. Then at the clay contents of 27.5%,

Figure 4 .

 4 Figure 4.41 Comparison of interface friction angle of specimens prepared by S1 and dry tamping

Figure 4 .

 4 Figure 4.42 Comparison of the gap between S1 and dry tamping in terms of peak/residual interface

Finally

  , at the clay-controlled phase of 55% clay in the mixture(Figure 4.41), both the peak and residual δ of the two sample preparations are quite close (peak: 19.79° of S1, 20.51° of dry tamping; residual: 19.33° of S1, 19.21° of dry tamping), with differences of 0.72° on peak and 0.12° on residual values(Figure 4.42). These results reveal that the dry tamping and S1 have no dramatic influence on the residual interface friction angle.The peak as well as residual adhesion of the sand-clay mixture specimens from S1 and dry tamping (13.75%, 27.5%, 41.25% and 55% clay contents) are compared in Figure4.43. The peak adhesion of S1 increases from 2.69 kPa at 13.75% to 4.72 kPa at 55% though a zero one appears at the clay content of 41.25%, while for the dry tamping, after three null values at the first three clay contents, it goes up to 1.75 kPa in the end (Figure4.43a). The adhesion in constant volume conditions of S1, as presented in Figure4.43b is: 0.44 kPa at 13.75%, 2.22 kPa at 27.5%, 0 kPa at 41.25%, and 3.31 kPa at 55% (Figure4.43b). Dry tamping's residual adhesion at 55% clay is 2.23 kPa (Figure4.43b), it is larger than the peak value (1.75 kPa) of this sample preparation at the same clay content.

Figure 4 .

 4 Figure 4.43 Comparison of soil-concrete interface adhesion of specimens prepared by S1 and dry

  the mean effective stress, A and B are related to the cohesion c and friction angle φ in the Mohr-Coulomb criterion; q is the deviatoric stress, say the second invariant of the deviatoric stress (Borja, 2013): principal stress, σ 2 principal stress, σ 3 minor principal stress.As the Drucker Prager model is represented in the stress plane by a cone of circular section, it is possible to relate it to the Mohr-Coulomb model considering the section of the MC pyramid to be inscribed or circumscribed to the DP cone. If the circle of the DP cone passes through the tensile corners of the MC yield surface (the MC criterion is inscribed): of the DP cone passes through the compression corners of the MC yield surface (the MC criterion is circumscribed): can assume a plastic potential function of the form (Borja, 2013):
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 51 Figure 5.1 The circular geometry and boundary conditions.

Figure 5 . 2

 52 Figure 5.2 Example of the mesh with T3 elements: (a) whole domain and (b) zoom near the soil-pile

Figure 5 . 3

 53 Figure 5.3 Initial stress state.

  are used and the interface width is taken equal to 5 mm. The properties of interface, the soil, and the pile are given in Table

  specifically, the sand-clay mixture is an isotropic normally consolidated soil and the interface behavior is characterized by a direct shear drained test, hence the critical drained interface shear strength (s d ) of the interface and the pile diameter B are used to normalize p so as to obtain the lateral bearing capacity factor p/(s d B) (i.e., the Np in Eq.(5.1)). The horizontal displacement is normalized by the pile diameter B.The p-y curves calculated by the MATLAB code with DP model on the circular geometry are compared to the ones computed from the API and Matlock equations in Figure5.4. The p-y curves from the DP model is lower than the API curve when the horizontal displacement is less than 0.35B (Figure5.4). This indicates that at this horizontal displacement range (y < 0.35B) smaller reaction force is mobilized by DP model than API. Then the curve from the DP model is higher than the one from the API after horizontal displacement is larger than 0.35B. From 0 to 0.4B, the MATLAB curve presents a similar shape with the Matlock curve, but with lower normalized p (Figure5.4). The two curves become closer with the increasing of horizontal displacement. At y = 0.4B, the normalized p from the DP model in the MATLAB code stays between the API and Matlock values. The normalized p calculated from the MATLAB code is 8

Figure 5 .

 5 Figure 5.4 p-y curves from the Matlab code and the design methods.

Figure 5 .

 5 Figure 5.5 p-y curves integrating the stresses along the pile and the soil-pile interface.

Figure 5 . 6

 56 Figure 5.6 Influence of the number of finite elements.

Figure 5 .

 5 Figure 5.7 presents the effect of interface thickness on the soil reaction curves. All the p-y curves are independent on the interface thickness at the horizontal displacement considered 0 ~ 0.4B (Figure 5.7). From 5 mm to 10 cm interface width, the resulting normalized p-y curves have a close shape and almost the same value of the lateral bearing capacity factor at y = 0.4B: 8.58,
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 5 Figure 5.8 p-y curves as a function of clay fraction.
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  Figure C. 2 S1 vertical strain (including the consolidation phase) as a function of horizontal
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 2 Figure D. 2 Water content at different slices of samples prepared by S1 after interface direct shear

Figure D. 3

 3 Figure D. 3 Water content of samples prepared by dry tamping method after interface direct shear
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 4 Figure D. 4 Water content at different slices of samples prepared by dry tamping method after
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Table 1 .1 Mechanical behavior as a function of percentage by weight of clay in sand-clay mixtures.

 1 

			Percentage of clay in the mixture (%)	
			Sand-	Controlled by	Clay-	
	Mixture	Test type				Reference
			controlled	both	controlled	
	Gravel-clay	Triaxial test	<15	15 ~ 30	>30	Marsal (1976)
	Gravel-clay	Triaxial test	<35	35 ~ 50	>50	Holtz (1961)
	Sand-clay	Triaxial test	<30	30 ~ 50	>50	Paduana (1966)
						Georgianou et al.
	Sand-clay	Triaxial test	<20	20 ~ 30	>30	
						(1990)
						Lupini et al.
	Sand-clay	Ring shear	<13	13 ~ 47	>47	
						(1981)
						Kurata and
	Sand-clay	Direct shear	<20	20 ~ 38	>38	
						Fujishita (1961)
						Schloser and
	Sand-clay	Direct shear	<20	20 ~ 50	>50	
						Long (1974)
	Glass beads-					Schloser and
		Direct shear	<40	40 ~ 60	>60	
	clay					Long (1974)
	Sand-clay	Direct shear	<25	25 ~ 60	>60	Vallejo (2000)
	Sand-clay	Triaxial test	<30	30 ~ 40	>40	Kumar 1997
	Sand-clay	Triaxial test	<35	35 ~ 40	>40	Wood 2000
	Sand-clay	Direct shear	<19 ~ 34	-	>19 ~ 34	Monkul 2007
	Sand-fine sand	Direct shear	<11	-	>11	Cabalar 2011

Table 2 .1 Interface thickness of sand-structure interface from literature.

 2 

	Reference	Soil	Structure	Test type	Interface thickness
	Uesugi 1988	sand	steel	direct shear test	5 D 50
	DeJong et al.,				
	2003	sand	aluminum plate	direct shear test	5 ~ 8 D 50
	Hu 2002, 2004	quartz sand	steel plate	direct shear test	5 D 50
	Frost et al.,				
	2002	sand	geomembrane	direct shear test	2 ~ 6 D 50
	Zhang 2006	gravel	steel	direct shear test	5 ~ 6 D 50
	Pra-ai 2017	Fontainebleau sand	steel plate	direct shear test	10 ~ 12 D 50
	Tehrani 2016	sand	brass model pile	axial load test	3.2 ~ 4.2 D 50 (D 50 =
					0.65 mm)
				cone penetration	
	Martinez 2017	sand	steel sleeves	test	5 ~ 7 D 50
	Valencia 2018	sand	brass model pile	tensile load test	1.7 to 2.4 mm (D 50 =
					0.62 mm)

Table 2 .2 Interface of clay-structure in literature.

 2 

	Reference	Soil	Structure	Test type	Interface thickness
	Martinez 2018	kaolin clay	steel	direct shear test	about 0.25 mm (D 50
					is unknown)
	Yavari 2016	kaolin clay	concrete plate	direct shear test	less than 1 mm (D 50
					is 0.8 μm)
	Di Donna 2016	illite clay	concrete	direct shear test	unknown
	Maghsoodi				
		kaolin clay	steel	direct shear test	unknown
	2019				
	Chen 2015	red clay	concrete	direct shear test	unknown
		sand/silty			
			concrete/steel		
	Tiwari 2010	sand/elastic		direct shear test	unknown
			/wood		
		silt/lean clay			
		sand/silty			
			concrete/steel		
	Tiwari 2013	sand/elastic		direct shear test	unknown
			/wood		
		silt/lean clay			
	Aksoy 2016	sand-clay mixture	steel/wood	direct shear test	unknown
	Yazdani 2019	kaolin clay	concrete	direct shear test	unknown

Influence factors on the mechanical behavior of soil-structure interface

  As mentioned, laboratory research with interface direct shear tests has shown that the mechanical characteristics of the soil-structure interface are influenced by different factors as normal stress on the sample, sample density, roughness of the surface, water content of the soil,

  Table2.3. In addition, a Rn of 0.25 was adopted by[START_REF] Wang | Investigating the thermal and thermo-mechanical performances of geothermal heat exchanger with spiral-tubes[END_REF] to study red clay soil (about 0.015 mm of D50) and concrete interface direct shear behavior, considering the concrete plate as a rough surface.

Table 2 .3 Normalized roughness for soil-concrete interfaces (from Di Donna et al., 2016).

 2 

		Sand:		Clay:	
		D 50 = 0.5 mm	D 50 = 0.002 mm
	R max (mm)	R n	Surface	R n	Surface
	0.001	0.002	Smooth	0.5	Medium
	0.06	0.12	Medium	30	High
	0.1	0.2	High	-	-

Table 2 .4 The shear strength parameters of soil and soil-concrete interface (from Xiao et al., 2014).

 2 Di[START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF] conducted quartz sand-concrete and illite clay-concrete interface tests at different temperatures ranging between 20°C and 60°C, in order to investigate the effects of the temperature changes at different imposed stress temperature paths. According to the results of the experiments, the sand-concrete interface behavior is not affected by temperature changes.

	Test description	Effective friction angle (°)	Cohesion or Adhesion (kPa)
	6°C, soil	29	37.9
	21°C, soil	25	35.5
	6°C, soil-concrete interface	32	3.1
	21°C, soil-concrete interface	32	7.5

Table 3 .1 Dimensions of the shear box.

 3 

	Shear box dimensions	l (mm)	b (mm)	h (mm)
	Upper part	99.65	99.79	50.40
	Lower part	140.24	100.12	11.09

Table 3 .2 Characteristics of the sensors.

 3 

	Sensor	Operating range	Accuracy
	Vertical load cell	0 ~ 10 kN	0.1%
	Horizontal load cell	0 ~ ±10 kN	0.1%
	Vertical LVDT	±5 mm	0.1%
	Horizontal LVDT	±20 mm	0.1%
	Pt100 temperature sensor	0 ~ +50°C	0.2°C

Table 3 .3 Parameters controlled and measured outside the interface direct shear device.

 3 

	Name of parameters	Measured directly 2	Measured indirectly
		sand mass (m sand ), clay mass (m clay ), mixing	
	Before mixing	water content (w 0 ), and mixing water mass	

Table 3 .4 Data acquired and measured during the interface direct shear test on the Wille machine.

 3 

	Phase of test	Measured directly	Measured indirectly	Cannot measured
		vertical force, horizontal force,		
		vertical displacement,		
			vertical stress, horizontal stress,	
		horizontal displacement,		water content of
			vertical strain, horizontal strain,	
	Consolidation	temperature of the Huber,		sample, interface
			sample height, void ratio, bulk	
		temperature of the interface,		thickness
			density, stress ratio	
		temperature of the sample top,		
		time		
		vertical force, horizontal force,		
		vertical displacement,	vertical stress, horizontal stress,	
		horizontal displacement,	vertical strain, horizontal strain,	water content of
	Interface			
		temperature of the Huber,	sample height, void ratio, bulk	sample, interface
	shearing			
		temperature of the interface,	density, stress ratio, dilatancy	thickness
		temperature of the sample top,	angle	
		time		

Table 3 .5 Physical parameters of FSand NE34 and K Clay.

 3 

	Materials	ρ s (g/cm 3 )	d 10 (μm)	d 50 (μm)	C u = d 60 /d 10 (-)
	FSand NE34	2.65	136	210	1.70
	K Clay	2.63	4.23	47.53	15.07
	K Clay dispersed	2.63	1.37	8.56	9.51

Table 3 .6 Chemical composition of K Clay from Argeco (from San Nicolas et al., 2013).

 3 

	Composition (wt.%)	CaO	SiO 2	Al 2 O 3	Fe 2 O 3	Na 2 O	K 2 O	MgO	LOI 3
	K Clay	1.13	68.44	26.93	2.57	0.01	0.12	0.11	0.68

Table 3 .7 Characteristics of K Clay from Argeco.

 3 

	Clay fraction (wt.%)	Liquid limit (%)	Plastic limit (%)	Plasticity index (-)	ρ s (g/cm 3 )
	55	37.3	19.0	18.3	2.63

Table 3 .8 Mix design of the concrete.

 3 

Table 3 .10 Roughness parameters of the concrete plate.

 3 

		R a (μm)	R max (μm)	d 50 (μm)	R n (μm)	Surface rough
	FSand NE34	10.3	92.0	210	0.426	Medium
	K Clay	10.3	92.0	47.53	1.883	High
	K Clay dispersed	10.3	92.0	8.56	10.458	High

Table 3 .11 Comparison of the volume (in voxels) fractions (%) of macroporosity, K Clay and FSand for the three samples.

 3 

	Sample	Macroporosity (%)	K Clay (%)	FSand NE34 (%)
	S1	10.44	39.60	49.96
	S2	9.39	39.51	51.10
	S3	10.22	38.56	51.22

Table 3 .12 Porosity and pore throat diameters from the MIP tests for the samples prepared by the three protocols.

 3 

			Average pore	Median pore	Median pore
	Sample	Porosity (%)	diameter (4V/A)	diameter (Area) 5	diameter (Volume) 6
			(nm)	(nm)	(nm)
	S1	28.054	51.4	22.4	360.9
	S2	30.116	58.4	24.6	1041.3
	S3	28.593	54.6	24.1	480.7

Table 3 .13 The pore volume fraction from the MIP tests for the samples prepared by the three protocols.

 3 

		Optical pores		Mesopores	Micropores	Ultra-micropores
	Sample		Macropores (%)			
		(%)		(%)	(%)	(%)
	S1	9.69	3.03	37.05	47.82	2.41
	S2	10.42	2.38	40.55	44.79	1.86
	S3	5.55	2.61	42.35	47.29	2.20

Table 3 .14 Mean and median pore throat diameters from the MIP test.

 3 

					Microporosity + Ultra-
		Sample	Optical + Macropores	Mesoporosity	
					microporosity
	Mean pore	S1	70422.93	1992.71	25.98
	diameters	S2	98532.90	1878.81	27.49
	(nm)	S3	63111.83	1802.53	27.28
	Median pore	S1	314548.48	2854.54	29.58
	diameters (V)	S2	414553.75	2243.98	35.78
	(nm)	S3	260737.75	2169.59	34.43
	Median pore	S1	15797.04	1707.48	21.83
	diameters (A)	S2	20656.29	1981.98	24.48
	(nm)	S3	17711.74	1980.99	23.55

Table 3 .15 Initial properties of the samples with the four sample preparations.

 3 

		Initial height	Initial void	Mass of	Initial water	Initial sample
	Sample prep	(mm)	ratio (-)	sample (g)	content (%)	density (g/cm 3 )
	Dry tamping	43.06	0.883	605.80	-	1.41
	S1	31.85	0.636	630.41	22.22	1.98
	S2	32.80	0.627	651.95	22.01	1.99
	S3	32.46	0.618	647.32	21.79	1.99

Table 3 .16 Main compressibility parameters.

 3 

	Sample	Compression index	Oedometer modulus	Coefficient of volume compressibility
	preparation	C c (-)	E oed (MPa)	m v (MPa -1 )
	Dry tamping	0.183	2.636	0.379
	S1	0.199	2.448	0.409
	S2	0.187	2.546	0.393
	S3	0.179	2.618	0.382

Table 3 .17 The properties of Fontainebleau sand and K Clay samples for direct shear test.

 3 

		Normal effective	Sample mass		Sample density	
	Test name	stress (kPa)	(g)	Height (mm)	(g/cm 3 )	Void ratio (-)
	Sand_20kPa	20	601.26	32.80	1.61	0.642
	Sand_50kPa	50	601.01	32.85	1.61	0.645
	Sand_100kPa	100	602.34	33.80	1.57	0.683
	Sand_150kPa	150	603.44	31.53	1.68	0.580
	Clay_50kPa	50	587.77	48.10	1.12	1.369
	Clay_100kPa	100	607.70	50.55	1.10	1.399
	Clay_150kPa	150	609.21	51.59	1.09	1.438

Table 3 .18 K Clay fraction and normal stress for the interface direct shear tests with the S1 sample preparation method.

 3 

	wt.% of K Clay	50 kPa	100 kPa	150 kPa
	0%			

Table 3 .19 Sample properties of interface tests with S1 method.

 3 

				Water content after			
		Sample	Height		Initial density	Void ratio	
	Test name	mass (g)	(mm)	preconsolidation	(g/cm 3 )	(-)	S r (%)
				(%)			
	0%K_50	401.40	24.21	-	1.66	0.598	-
	0%K_100	401.09	24.02	-	1.67	0.586	-
	0%K_150	400.91	24.13	-	1.66	0.595	-
	25%K_50	508.79	23.18	20.21	2.19	0.451	100
	25%K_100	497.78	23.48	20.30	2.12	0.504	100
	25%K_150	506.71	24.15	20.49	2.10	0.522	100
	40%K_50	631.86	30.62	19.67	2.06	0.537	97.09
	40%K_100	632.05	30.11	19.11	2.10	0.504	100
	40%K_150	618.52	29.80	19.74	2.08	0.528	99.02
	50%K_50	622.72	30.59	20.01	2.04	0.562	94.37
	50%K_100	644.66	31.23	20.10	2.06	0.542	98.35
	50%K_150	647.72	31.56	20.59	2.05	0.557	97.98
	60%K_50	524.02	25.90	22.56	2.02	0.605	98.83
	60%K_100	511.29	25.58	22.35	2.00	0.622	95.27
	60%K_150	509.98	25.35	21.91	2.01	0.606	95.83
	75%K_50a	530.32	26.80	27.29	1.98	0.704	100
	75%K_50b	531.87	26.94	25.83	1.97	0.689	99.42
	75%K_100a	544.63	27.71	25.53	1.97	0.692	97.78
	75%K_100b	523.94	26.85	25.19	1.95	0.700	95.42
	75%K_150a	530.48	27.01	24.95	1.96	0.686	96.42
	75%K_150b	531.55	27.18	25.41	1.96	0.699	96.30
	75%K_150c	530.15	27.03	25.07	1.96	0.690	96.31
	100%K_50a	523.18	28.15	30.32	1.86	0.858	93.61
	100%K_50b	555.90	30.87	32.78	1.80	0.953	91.10
	100%K_100	545.08	29.10	30.49	1.87	0.846	95.51
	100%K_150	540.61	29.06	32.33	1.86	0.885	96.81

Table 3 .20 K Clay fraction and normal stress for the interface direct shear tests with the classical dry tamping sample preparation method.

 3 

	wt.% of K Clay	50 kPa	100 kPa	150 kPa
	0%			

Table 3 .21 Sample properties of interface tests with dry tamping method.

 3 

	Test name	Sample mass (g)	Height (mm)	w 0 after sample preparation (%)	Initial density (g/cm 3 )	Void ratio (-)	S r (%)
	0%K_50	401.40	24.21	-	1.66	0.598	-
	0%K_100	401.09	24.02	-	1.67	0.586	-
	0%K_150	400.91	24.13	-	1.66	0.595	-
	25%K_50	401.28	22.67	-	1.77	0.497	-
	25%K_100	401.36	23.24	-	1.73	0.534	-
	25%K_150	400.66	23.46	-	1.71	0.552	-
	50%K_50	406.05	24.54	-	1.65	0.602	-
	50%K_100	400.20	24.59	-	1.63	0.628	-
	50%K_150	400.50	24.38	-	1.64	0.613	-
	75%K_50	401.50	29.79	-	1.35	0.966	-
	75%K_100	401.58	29.32	-	1.37	0.934	-
	75%K_150	399.91	29.17	-	1.37	0.933	-
	100%K_50	401.38	36.01	-	1.11	1.377	-
	100%K_100	400.68	36.99	-	1.08	1.446	-
	100%K_150	395.43	37.26	-	1.06	1.497	-

Table 3 .22 Testing time of interface tests with S1 method.

 3 

						Total time	
				Time of	Time of		Total
		Time of	Time of			on the	
				shearing	shearing		time,
	Test name	preconsolidation,	consolidation,			interface	
		t 0 (h)	t 1 (h)	from 0 to 5 mm, t 2 (h)	from 5 to 0 mm, t 3 (h)	machine, t 1 +t 2 +t 3 (h)	t 0 +t 1 +t 2 +t 3 (h)
	0%K_50	0.00	3.26	16.67	16.67	36.60	36.60
	0%K_100	0.00	8.25	16.67	16.67	41.58	41.58
	0%K_150	0.00	4.85	16.67	16.67	38.18	38.18
	25%K_50	96.00	9.62	16.67	16.67	42.95	138.95
	25%K_100	96.00	24.50	16.67	16.67	57.83	153.83
	25%K_150	96.00	9.32	16.67	16.67	42.65	138.65
	40%K_50	96.00	20.66	16.67	16.67	53.99	149.99
	40%K_100	96.00	24.02	16.67	16.67	57.35	153.35
	40%K_150	96.00	22.77	16.67	16.67	56.10	152.10
	50%K_50	96.00	29.23	16.67	16.67	62.56	158.56
	50%K_100	96.00	24.20	16.67	16.67	57.53	153.53
	50%K_150	96.00	51.22	16.67	16.67	84.55	180.55
	60%K_50	96.00	6.64	16.67	16.67	39.98	135.98
	60%K_100	96.00	11.73	16.67	16.67	45.07	141.07
	60%K_150	96.00	20.90	16.67	16.67	54.23	150.23
	75%K_50a	96.00	34.84	16.67	16.67	68.17	164.17
	75%K_50b	96.00	7.06	16.67	16.67	40.39	136.39
	75%K_100a	96.00	53.84	16.67	16.67	87.17	183.17
	75%K_100b	96.00	50.12	16.67	16.67	83.45	179.45
	75%K_150a	96.00	35.95	16.67	16.67	69.28	165.28
	75%K_150b	96.00	10.96	16.67	16.67	44.29	140.29
	75%K_150c	96.00	25.98	16.67	16.67	59.32	155.32
	100%K_50a	96.00	29.25	16.67	16.67	62.58	158.58
	100%K_50b	96.00	11.37	16.67	16.67	44.70	140.70
	100%K_100	96.00	30.45	16.67	16.67	63.79	159.79
	100%K_150	96.00	29.99	16.67	16.67	63.32	159.32
	Average						
		96.00	22.73	16.67	16.67	56.06	140.99
	time (h)						

Table 3 .23 Testing time of interface tests with dry tamping method.

 3 

			Time of shearing	Time of shearing	Total time on the
		Time of			
	Test name	consolidation, t 1 (h)	from 0 to 5 mm, t 2 (h)	from 5 to 0 mm, t 3 (h)	interface machine, t 1 +t 2 +t 3 (h)
	0%K_50	3.26	16.67	16.67	36.60
	0%K_100	8.25	16.67	16.67	41.58
	0%K_150	4.85	16.67	16.67	38.18
	25%K_50	166.17	16.67	16.67	199.50
	25%K_100	116.14	16.67	16.67	149.47
	25%K_150	139.94	16.67	16.67	173.27
	50%K_50	176.09	16.67	16.67	209.42
	50%K_100	263.15	16.67	16.67	296.48
	50%K_150	296.47	16.67	16.67	329.80
	75%K_50	168.89	16.67	16.67	202.22
	75%K_100	217.63	16.67	16.67	250.97
	75%K_150	291.22	16.67	16.67	324.55
	100%K_50	68.29	16.67	16.67	101.63
	100%K_100	108.91	16.67	16.67	142.24
	100%K_150	134.48	16.67	16.67	167.82
	Average time				
		144.25	16.67	16.67	177.58
	(h)				

  The peak interface friction angles at 0% and 55% clay contents are lower than the internal friction angles of soils (i.e., sand and K Clay), see Figure4.22a. At clay fraction of 22% and 33%, the values of peak δ (26.99° of 22% clay and 26.32° of 33% clay) are higher than the maximum φ of K Clay (22.71°) and lower than the peak φ of sand (40.38°). Whereas other two groups of 13.75% and 41.25% are characterized with peak δ values of 24.27° and 24.02°, which are about 1.5° higher than K Clay's

	maximum φ (Figure 4.22a).
	In Figure 4.22b, at 0% clay, the residual interface friction angle (26.40°) is 7.26° lower than the
	residual internal friction angle of sand (33.66°). Whereas at clay content of 55%, the gap
	between residual interface (19.33°) and internal (22.53°) friction angles is 3.2° (see Figure
	4.22b). Moreover, at all clay contents from 13.75% to 41.25% (Figure 4.22b), the residual
	interface δ values (ranks as 23.63°, 26.83°, 22.91°, 25.59°, 23.06°) are higher than the residual
	internal value of K Clay (22.53°) but lower than the residual one of sand (33.66°).

27.5% clay (e) 33% clay (f) 41.25% clay (g) Between 41.25% and 55% clay (h) 55% clay

  Then it increases with the clay content due to the fact that the clay particles can hold more water than sand grains. The overall trend is that adhesion increases with the clay fraction, apart from two null values at clay content of 33% and 41.25%(Figure 4.25d).

	kPa).														
																(a)	0%	clay	(b)	13.75%	clay	(c)	22%	clay	(d)	27.5%	clay
																(a)	0%	clay	(b)	13.75%	clay	(c)	22%	clay	(d)	27.5%	clay
																(e)	33%	clay	(f)	41.25%	clay	(g)	Between	41.25%	and	55%	clay	(h)	55%	clay
	(a) 0% clay	(b) 13.75% clay		(c) 22% clay			(d) 27.5% clay		
																(e)	33%	clay	(f)	41.25%	clay	(g)	Between	41.25%	and	55%	clay	(h)	55%	clay
	(e) 33% clay	(f) 41.25% clay	(g) Between 41.25% and 55% clay		(h) 55% clay			
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	(a) (e)	0% 33% clay clay	(a) 0% clay (b) (f) 13.75% 0% 41.25% clay clay clay (d) (a) (b) 13.75% clay (c) 22% clay (b) 13.75% clay (c) 22% clay (c) 22% clay (d) 27.5% clay (g) Between 41.25% and 55% clay (h) 55% clay (e) 33% clay (a) 0% clay (b) 13.75% (e) 33% clay (f) 41.25% clay clay	(d) (f) 27.5% 41.25% clay clay	(g)	(g) clay 41.25% (c) 22% Between and Between 55% clay 41.25%	and	55%	clay	(d) (h)	27.5% 55% clay clay	(h)	55%	clay
			(e)	33%	clay	(f)	41.25%	clay	(g)	Between	41.25%	and	55%	clay	(h)	55%	clay
										202

Moreover, in Figure

4

.25f, the water content after sample preparation decreases and reaches a minimum point at 22% clay content (19.67% of 50 kPa, 19.11% of 100 kPa, and 19.74% of 150

  Then dry tamping has a lower residual value of 39.26 kPa than S1 (44.23 kPa) at the 27.5% group(Figure 4.31b). However, the residual shear stress of dry tamping (39.85 kPa) is nearly equal to that (38.93 kPa) of S1 at 41.25% clay fraction, the difference is just 0.92 kPa (seeFigure 4.30c and Figure 4.31b). Figure 4.30d and 

	Figure 4.31 suggest that at 55% clay, the two methods mobilize similar shear stress curves with
	nearly the same peak and residual shear strength (37.92 kPa of dry tamping and 38.05 kPa of
	S1).

higher than the S1 in term of residual shear stress. At 27.5% and 41.25% clay, the dry tamping results in a faster shear stress increasing

(Figure 4.30b, c)

.

  At 50 kPa and 100 kPa in clay fraction of 41.25% and 55%, the peak and residual shear strength of both S1 and dry tamping are similar (Figure4.31), indicating that the interface between sandclay mixture and concrete is mainly controlled by the clay behavior and it is not affected by the sample preparation technique.

	The evolution of the horizontal shearing displacement with the clay content shows different
	trends in S1 and dry tamping (Figure 4.32). For S1, with the clay content increases, the
	horizontal displacement needed to get to the peak shear stress increases firstly then after 22%
	clay fraction it goes down (Figure 4.32a). There is a plateau between 41.25% and 55% in Figure
	4.32a, since at this stage, clay gradually starts to control the sand-clay mixture. Different from
	S1, in results of dry tamping, the horizontal displacement at the peak shear stress shows a
	slightly decrease from clay fraction of 0% to 13.75%, after that it shows an increasing
	relationship with the clay content (Figure 4.32b). The difference between S1 and dry tamping is
	compared in Figure 4.33 according to the three normal stresses. It is clear that from 13.75% to
	41.25%, samples prepared by dry tamping need less shear displacement (<2 mm) to reach the
	peak shear stress, however the tests of 55% need 2.3 ~ 2.66 mm, compared to the 2.13 ~ 2.47
	mm of S1 (Figure 4.33). These magnitudes indicate that specimens reconstituted by dry tamping
	(Figure 4.30d). Concerning the residual shear resistance, dry tamping leads to
	smaller values in clay fractions of 13.75%, 41.25%, and 55% with difference values of 1.54 kPa,
	5.98 kPa, and 2.03 kPa, respectively, than S1 (66.08 kPa of 13.75%, 66.66 kPa of 41.25%, and
	56.09 kPa of 55%). However, at clay content of 27.5%, we can see that shear stress of dry
	tamping (69.83 kPa) at the constant volume condition is 4.09 kPa higher than the one of S1
	(65.73 kPa).

Table 5 .1 Initial stress state parameters.

 5 

	γ (kN/m 3 )	z (m)	K 0 (-)	σ zz (kPa)	σ xx (kPa)
	20	10	0.5	200	100

Table 5 .2 Parameters for validation at clay content of 55%.

 5 

			Poisson's ratio υ		
		Young's modulus E (kPa)		Cohesion c (kPa)	Friction angle φ (°)
			(-)		
	Interface	6000	0.3	3.31	19.33
	Soil	6000	0.3	10	21.81
	Pile	33×10 6	0.2	-	-

Table 5 .3 Fitting formulations of the p-y curves for different finite element numbers.

 5 

	Element number (-)		Fitting formulation		R 2
	3600	d p s B	0.0058 = -	y B      	2	+	0.4337	y B      	0.9524
	6300	d p s B	0.0058 = -	y B      	2	+	0.4335	y B      	0.9520
	11000	d p s B	0.0058 = -	y B      	2	+	0.4280	y B      	0.9510

Remark: the average calculation is performed without taking into account the experiment types, materials, and sample geometry according to[START_REF] Vallejo | Porosity influence on the shear strength of granular materialclay mixtures[END_REF]. Even if the geometry of the specimens, specimen materials, test conditions are different, we can see that the values respectively for sand-controlled, clay-controlled, and the medium state are quite close.

cm (a) (b) (d) (c)

Remark: measured directly means that we can use a sensor to measure the parameter directly on the specimen, while measured indirectly means the parameters are calculated with the parameters measured directly or already existed.

Soil particles especially clay minerals can stick to each other at the contact points, with forces such as the adhesive forces hold the particles together, the particles are then enclosed a large volume of void and a honeycomb structure is formed[START_REF] Casagrande | Liquefaction and cyclic deformation of sands: a critical review[END_REF][START_REF] Meunier | Clays[END_REF][START_REF] Bennett | Clay microstructure[END_REF].

Median pore diameter (Volume) is calculated with volume, i.e., the maximum cumulative intrusion (mL/g).

remark: a hook symbol in the table represents one test.
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sand only. The normalized p-y curves show a decreasing trend with increasing clay content after y > 0.15B.

laboratory reconstituted sand-clay mixtures. In the following chapters, a multi scale study on the sand-clay mixture sample preparation will be presented and a suitable sample preparation method will be selected. Then, interface direct shear tests will be carried out on sand-clay mixture with a given clay content and a concrete plate, to study the influence of clay on the interface behavior. mercury porosimetry measurements are reported; finally sections 3.4.2.6 and 3.4.2.7 are devoted to the analysis of the results and to final conclusions on the considered preparation protocols.

The tested mixing protocols

Based on the adsorption properties of water by clay [START_REF] Barshad | Absorptive and swelling properties of clay-water system[END_REF][START_REF] White | Water-sorption characteristics of clay minerals[END_REF], three different protocols of sample preparation are considered. The protocols consist in mixing dry FSand NE34, dry K Clay and distilled water in different orders (Figure 3.16). To test the protocols, the samples were prepared with 50 wt.% K Clay (100 g) and 50 wt.% FSand NE34 (100 g). Liquid and plastic limits of the mixture with 50% sand and 50% of clay were 22.4% and 13.7%, respectively. After adding all phases in the three orders, the samples were mixed by rotating a stirring glass stick in a container (1000 mL) for 10 minutes [START_REF] Bendahmane | Experimental parametric study of suffusion and backward erosion[END_REF][START_REF] Marot | Internal flow effects on isotropic confined sand-clay mixtures[END_REF] until visual homogenization and to limit air drying.

The three protocols are the following (Figure 3.16):

(S1) Samples were mixed by sand, then water, then clay. In samples S1, clay was added progressively in sand water mixture, by steps of 5 to 10 g and mixed for 1 min.

(S2) Samples were mixed by sand, then clay, then water. In samples S2, water was added to the dry sand + clay mixture with a spray in order to ensure a homogeneous distribution of water [START_REF] Albrecht | Effect of desiccation on compacted natural clays[END_REF].

(S3) Samples were mixed by clay, then water, then sand. In samples S3, sand was added progressively to clay water mixture by steps of 5 to 10 g.

For the three protocols above, a series of mixing tests were carried out at the initial water 

Sand

Water Clay

Sand Clay Water

Clay Water Sand

within the samples is very close and no significant difference is recorded. Under the study conditions, the mean macroporosity and the macroporosity distribution are similar within the samples and no influence of sample preparation is detected in 3D under Xray tomography at the resolution used.

MIP on dry sand-clay mixtures initially prepared at 1.5 wL

MIP tests were carried out on dry samples, prepared initially at 1.5 wL by the three protocols.

The presence of microporosity, mesoporosity and macroporosity is detected by three peaks in the pore volume distribution curve (Figure 3.25), as usual for clay soils. four different sample protocols is that no clear differences between them can be highlighted at the water content of 1.5 wL. No evaluation concerning the most homogeneous preparation in terms of mechanical behavior can be stated.

After the oedometer tests were finished, the sample was cut into three slices (i.e., bottom, middle, and upper parts), the water content of each layer was measured and the saturation degree was calculated. Water content and degree of saturation before and after the oedometer test can be found in the Appendix A. Before the oedometer tests, sample prepared by S1 shows a higher degree of saturation than S2 and S3. However, all the Sr values of the four sample preparations are 100% after the oedometer tests, see Appendix A.

Summary of the completed protocol chosen

To reconstitute sand-clay mixture samples for the interface study, the S1 protocol is chosen.

After the sand, clay, and distilled water are mixed into a slurry with the selected S1 protocol, the slurry samples are subjected to a first consolidation step where a constant normal load is applied on the sample. Once having experienced a preconsolidation phase in the oedometer cell (Figure 3.6), the sand-clay mixture specimen is consolidated into a solid phase. The whole sample preparation procedure is illustrated in Figure 3.29 and detailed hereafter.

FSand NE34, K Clay, and distilled water are mixed with S1 mixing protocol (sand-water-clay;

1.5 wL). After the sample mixing and a vacuum process, it is transferred to the oedometer cell with two porous stone discs lying on the top and bottom, respectively. Each porous stone is pasted with a filter paper on its surface, and both the two stones and filter paper are saturated with distilled water in advance. Then the cell is installed on an oedometer frame, the normal loading steps are 5.59 kPa (weight of frame + piston), 25 kPa, 37.5 kPa, and 50 kPa. After the vertical deformation of the sample is stable in each step, the next loading step can be started.

Generally, the consolidation time for each step should last at least 24 h.

When the final preconsolidation phase ends, a trimming tool is needed for trimming the preconsolidated sample down to the dimension of the shear box with a minimum of disturbance on the specimen. Thus, a trimming cutter is designed with the same size as the upper shear box

The critical φ from the interface direct shear machine under saturated state and a shearing speed of 0.1 mm/min, is 33.66° (Figure 4.1b), which is 2.24° lower than the result (35.9°) from the same machine in Vasilescu (2019) (dry condition, shear rate of 1.27 mm/min).

Furthermore, the critical φ in Figure 4.1b is lower than the one from a conventional direct shear device (36.2°). This difference is induced by the scale effect of the shear box: the shear box of the classical device has a smaller size (60 mm × 60 mm), compared to the one on the interface machine (100 mm × 100 mm). Larger shear box provides more space for sand grains to rearrange and fully develop a critical state [START_REF] Cerato | Specimen size and scale effects of direct shear box tests of sands[END_REF][START_REF] Dadkhah | The effect of Scale Direct Shear Tests on The Strength parameters of Clayey Sand in Isfahan city, Iran[END_REF].

The volumetric deformation of the sand is presented in Figure 4.2. According to the curves on both vertical displacement and vertical strain, the sand slightly contracts for applied horizontal displacements lower than 1.0 mm and then dilates (Figure 4.2). This volumetric behavior is consistent with the typical direct shear test response of dense sand in literature [START_REF] Di Donna | Experimental investigations of the soil-concrete interface: physical mechanisms, cyclic mobilization, and behaviour at different temperatures[END_REF][START_REF] Hu | Testing and modeling of soil-structure interface[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF]. To sum up, the results of direct shear test on sand under saturated condition is consistent with the result of condition with/without water in the literature (Maghsoodi, 2020;Maghsoodi et al., 2020b;[START_REF] Pra-Ai | Behaviour of soil-structure interfaces subjected to a large number of cycles[END_REF][START_REF] Pra-Ai | Soil-structure cyclic direct shear tests: a new interpretation of the direct shear experiment and its application to a series of cyclic tests[END_REF][START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF]. The internal friction angle of Fontainebleau sand will be a reference and compared to the one of the soil-concrete interface.

Direct shear behavior of K Clay

The cohesion and internal friction angle of kaolinite clay (K Clay) are obtained by the direct shear tests in the same conditions than above. The parameters of all the K Clay samples for direct shear tests are summarized in Table 3.17 in chapter 3. The results of the saturated tests in terms of mobilized shear stress as a function of imposed horizontal displacement are presented in Figure 4.3a and the Mohr-Coulomb envelopes are represented in Figure 4.3b. In this study, the specimens are normally consolidated after the consolidation phase on the interface direct shear machine and thus the shear stress curves are without any distinct peaks. The residual internal friction angle of the K clay is 22.53° (Figure 4.3b), which is in accordance with previous publications [START_REF] Rouaiguia | Residual shear strength of clay-structure interfaces[END_REF][START_REF] Yavari | Effect of temperature on the shear strength of soils and the soil-structure interface[END_REF]. The interface direct shear tests are performed on sand-clay mixture samples prepared by the S1 sample preparation and a conventional dry tamping method. As mentioned in chapter 3, there is a consolidation phase on the interface machine before the shear process.

The properties of the sand-clay mixture specimens following the S1 protocol for the interface direct shear tests performed on mixture soil-concrete interface are collected in Table 3.18 and Table 3.19. The composition, mechanical properties, and surface roughness of the concrete material are in Table 3.8, Table 3.9, and Table 3.10 in Chapter 3. The sample properties of the dry tamped sand-clay mixture for interface direct shear tests are reported in Table 3.20 and Table 3.21.

Attention should be paid to the fact that, the interface test on pure sand (0% clay content) is just based on samples prepared with the dry tamping method. This is because it is impossible to prepare a sand sample in the designed oedometer cell which is then moved to the interface direct shear apparatus.

After the preparation of the samples at the interface shear box, the consolidation begins until the vertical deformation is stable according to specific criterions which are detailed in section 4.3.4.2.

Degree of saturation after sample preparation

All the soil specimens are expected to be sheared under saturated conditions. Therefore, the saturation degree (Sr) should be ideally verified before shearing. It is however impossible to check the Sr at the end of the consolidation on the interface machine. Thus, just the Sr values after sample preparation are reported, i.e. after the oedometric pre-consolidation and before the consolidation phase in the interface direct shear apparatus. The procedure concerning the water content measurement and the calculation of the saturation degree is elaborated in chapter 3. The vertical strain gives a more reasonable quantitative description on the vertical deformation in the consolidation phase. Accordingly, as presented in with the clay content increases from 13.75% to 27.5%, the maximum vertical deformation in terms of strain decreases (11.93%, 8.95%, 9.91%). Relative low quantity of clay fills the void between sands and leads to low value of the soil's maximum vertical strain. With more clay inside the soil, the final vertical strain becomes higher, the maximum vertical strain of S1 ranks as 10.66%, 11.71%, and 12.20% for clay fractions of 33%, 41.25%, and 55% (Figure 4.9e, f, g).

At these stages, mainly the higher compressible clay contributes to the larger vertical strain values. 

Vertical deformation of dry tamped samples

At the clay content of 13.75%, like for the S1 samples, the maximum vertical displacement of For a clay fraction ranging between 27.5% and 41.25%, the mixture is controlled by both sand and clay, the residual shear strength obtained by the two preparations are not the same. This can be explained thinking of the different sand-clay contact that are probably determined by the two preparations. Dry tamping can tamp sand grains well, but not the clay particles. Whereas the slurry method such as the S1 can prepare samples with homogeneous structure [START_REF] Carraro | A new slurry-based method of preparation of specimens of sand containing fines[END_REF][START_REF] Krage | Slurry Deposition Method of Low-Plasticity Intermediate Soils for Laboratory Element Testing[END_REF][START_REF] Liu | A slurry consolidation method for reconstitution of triaxial specimens[END_REF][START_REF] Wang | A slurry consolidation approach to reconstitute low-plasticity silt specimens for laboratory triaxial testing[END_REF][START_REF] Yin | Influence of sample preparation on the multi scale structure of sand-clay mixtures[END_REF]. Besides, samples prepared with dry tamping are easier to shear and reach the peak shear strength (Figure 4.30a, b, c and Figure 4.33) at the transitional zone (i.e., controlled by both sand and clay), which is due to the lower viscous effect in dry tamped samples than S1 induced samples.

After 55% clay content, what can be expected is that the sample preparation method does not have a major impact on the shear stress curves (Figure 4.30 and Figure 4.33). It is the phase of clay-controlled behavior, S1 produces more consolidated specimen then leads to stronger shear strength than dry tamping (Figure 4.30d). Except for the 100 kPa of 55% clay content, the horizontal displacement corresponding to the peak shear strength for the two sample preparations present with small gaps (0.17 mm for 50 kPa, 0.35 mm for 100 kPa, and 0.07 mm for 150 kPa). Hence, S1 and dry tamping have no significant effect on the sand-clay mixture's shear behavior in the clay-controlled stage, which can also be supported by the comparison of interface friction angle shown afterwards.

Previous studies also pointed that sample preparations induce significant variation in soil fabric and result in different mechanical behavior within small to medium strain ranges [START_REF] Li | Effect of sample reconstitution methods on the behaviors of granular materials under shearing[END_REF][START_REF] Sadrekarimi | Effect of sample-preparation method on critical-state behavior of sands[END_REF][START_REF] Shi | X-ray analysis on the effect of sample preparation on the microstructure of calcareous sands[END_REF]. This is verified by the shear behavior at low clay content (13.75%) and high clay content (55%) (see Figure 4.30a, d). However, in the middle range of clay fraction (i.e., 27.5% and 41.25%), the shear response is not in a good agreement with the previously published findings related to the small vertical deformation.

Vertical deformation comparison

The vertical displacement during shearing gives an idea on the magnitude of the vertical deformation, while the vertical strain can be used to compare the vertical deformation from No dilatancy is observed in clay content of 27.5%, 41.25% and 55%, see Figure 4.34b, c, d.

To conclude, the vertical displacements derived from the interface direct shear tests are quite small in comparison to the initial sample heights, the maximum one is 0 ~ +0.55 mm which is generated in 150 kPa S1 at 55% clay fraction. Moreover, the two methods lead to different global void ratios, the minimum e is obtained at 13.75% clay for S1, while it is at 27.5% clay for dry tamping ( All the clay contents of S1 samples are characterized with higher peak as well as residual adhesion data than these from dry tamped samples, apart from the one of 41.25% clay (Figure 4.43). Shearing tests of both S1 and dry tamping are performed with slow shear velocity as well as fully saturated condition, therefore no additional porewater pressure is induced and thus only viscous adhesive forces are generated [START_REF] Li | Effect of temperature on behaviour of red clay-structure interface[END_REF]. More oriented clay particles in samples prepared by S1 method are formed than just by dry tamping, because the preconsolidation process of S1 re-orientates the clay platelets [START_REF] Bennett | Clay microstructure[END_REF][START_REF] Cetin | Soil-particle and pore orientations during consolidation of cohesive soils[END_REF][START_REF] Hammad | Kaolin/montmorillonite mixtures behaviour on oedometric path and microstructural variations[END_REF][START_REF] Hattab | Experimental study of kaolin particle orientation mechanism[END_REF]) much more with the help of water. These nearly horizontal preferred oriented clay platelets enhance the contact area between the clay and the concrete surface thus increasing the adhesion.

Comparison of the water content at the interface part

Since the most important part of the sample in the interface direct shear test is the interface zone, it is quite interesting to know whether the S1 and dry tamping have influence on the water content of the interface zone. The water content of interface part of the specimens of S1 and dry tamping is compared and classified by the normal stress in Figure 4.44. It should be noticed that the water content is measured after the interface test and therefore it is not exactly equal to the water content during the shearing test. However, we have no choice but to use this value to evaluate the water content of the interface zone in the shearing phase.

The general tendency in Figure 4.44 is that, from clay content of 27.5% to 55%, with the clay content increase, the water content of the interface increases, for both the S1 (an average increment of 10.81%) and dry tamping (an average increment of 7.50%) sample preparations. At the same normal stress and clay content, the interfacial water content of dry tamping is lower than that of S1, see Figure 4.44b, c, and d, indicating that S1 method can provide a better mixing clay mixture specimens for the interface direct shear tests, i.e., S1 and dry tamping. Test results of S1 as well as the comparison between S1 and dry tamping are presented and discussed. Based on the above analyses, the main findings and conclusions for S1 are as follows:

1) When the clay content changes, the contact between sand grains and clay particles changes, especially the particles arrangement in the interface zone. Clay content affects the interface behavior and mechanisms through the contact of particles in the sand-clay mixture.

2) Soil particles in contact with the roughness asperities of concrete surface changes with the variation of clay fraction. This affects the normalized roughness of the concrete. Furthermore, it decides whether the sand grains or the clay particles control the shearing.

The main conclusions of the interface results comparison between S1 and dry tamping are summarized in the following:

1) The S1 and dry tamping sample preparations do not affect the overall trend of soil-concrete interface friction angle versus clay content. Dry tamping leads to higher peak interface friction angles than S1 at low clay content. Also, the critical friction angle is not significantly modified when changing the sample preparation.

2) The interface adhesion values are smaller than 5 kPa for both the S1 and the dry tamping.

3) Both the two sample preparations can be employed in geotechnical engineering tests at macroscopic scale, as microscale phenomena weakly affect the macroscopic response here in the study conditions.

CHAPTER 5 NUMERICAL MODELING OF P-Y CURVES

Introduction

Pile foundation is the most common used foundation type in geotechnical engineering. The main aspect which we want to focus on concerns the response of piles to lateral loading. This is typically investigated tracing the so-called p-y curves, say the relation between the lateral displacement and the lateral force for a generic transversal section of pile.

The results presented in this chapter aim at constructing this kind of curves taking in due account the properties of the interface between the soil and the pile as characterized at the laboratory scale via the experimental campaign described in chapter 4. This starting numerical study is working on a monophasic continuum, so it does not take into account the presence of water and this is the reason why effective stress is not introduced. Obviously as there is no water considered, the earth pressure can be expressed by total stresses rather than effective ones. To do this, the Drucker-Prager constitutive model is adopted to describe irreversible (plastic) strains occurring at the interface between the concrete pile and the surrounding soil.

The Drucker-Prager constitutive law has been implemented into a two-dimensional finite element code within a MATLAB environment developed initially by [START_REF] Bonnet | Analyse des structures mécaniques par la méthode des éléments finis[END_REF] and [START_REF] Bonnet | The finite element method in solid mechanics[END_REF]. A 2D problem simulating the effect of a transversal displacement applied to a pile section has been simulated and the resultant transversal force acting on the pile is found function of the applied displacement (p-y curve). The parameters characterizing the soil and the interface properties come directly from the experimental campaign conducted on the S1-prepared samples.

The obtained p-y curves have been compared with those of the literature relative to different design methods. A sensitivity analysis with respect to the number of elements, the interface thickness is also presented. Finally, the p-y curves for different percentages of sand/clay are provided.

Design methods of p-y curve

Lateral bearing capacity

When a pile is subjected to horizontal loading, the lateral bearing capacity can be expressed as [START_REF] Jeanjean | A framework for monotonic py curves in clays[END_REF][START_REF] Martin | Upper-bound analysis of lateral pile capacity in cohesive soil[END_REF][START_REF] Matlock | Correlations for design of laterally loaded piles in soft clay. Offshore technology in civil engineering[END_REF]:

where p u is the lateral bearing capacity, N p is the lateral bearing capacity factor, s u is the undrained shear strength of the soil, and B is the pile diameter. The soil shear strength s u depends on soil properties, the N p is related to the failure mechanism of the soil-pile interface.

The p-y method

The p-y model also known as the non-linear Winkler spring model is commonly used in the design of piles under lateral loading because of its simplicity and low computational cost [START_REF] Ahayan | A constitutive Model for natural Clays: From Laboratory Testing to Modelling of Offshore Monopiles[END_REF][START_REF] Nogami | Nonlinear soil-pile interaction model for dynamic lateral motion[END_REF]Yang andJeremić, 2002, 2005). In the p-y model, the pile is simplified as a beam while the soil-pile interface is treated as a set of 1D non-linear springs [START_REF] Ahayan | A constitutive Model for natural Clays: From Laboratory Testing to Modelling of Offshore Monopiles[END_REF][START_REF] Ahayan | Behaviour of laterally loaded pile[END_REF][START_REF] Nogami | Nonlinear soil-pile interaction model for dynamic lateral motion[END_REF][START_REF] Sјrensen | Review of laterally loaded mono-piles employed as the foundation for offshore wind turbines[END_REF][START_REF] Wolf | Assessment of py curves from numerical methods for a non-slender monopile in cohesionless soil[END_REF].

p is the resistance force of the soil per unit of pile length, and y is the local pile deflection caused by the horizontal loading [START_REF] Ahayan | A constitutive Model for natural Clays: From Laboratory Testing to Modelling of Offshore Monopiles[END_REF][START_REF] Jeanjean | A framework for monotonic py curves in clays[END_REF][START_REF] Suryasentana | Numerical derivation of CPT-based p-y curves for piles in sand[END_REF].

Since the p-y concept was introduced, several p-y curves were proposed based on different influence factors. For example, the Matlock p-y curve, JeanJean p-y curve, and Zhang p-y curve [START_REF] Jeanjean | A framework for monotonic py curves in clays[END_REF][START_REF] Matlock | Correlations for design of laterally loaded piles in soft clay. Offshore technology in civil engineering[END_REF][START_REF] Zhang | Scaling of lateral pile py response in clay from laboratory stress-strain curves[END_REF]. Some typical p-y curves are presented and reviewed in the following. [START_REF] Matlock | Correlations for design of laterally loaded piles in soft clay. Offshore technology in civil engineering[END_REF] proposed a p-y curve for a pile located in soft clay, as a power relationship between the lateral resistance and the normalized lateral displacement: 

(5.4)

The p-y method is also adopted by the American Petroleum Institute (API) for lateral loading pile design. According to API ( 2007), the API p-y relationship is given as:

where k is the initial modulus of subgrade reaction (kN/m 3 ), H is the depth (m), D is the pile diameter (m), and A is a factor to account for cyclic or monotonic static loading conditions, it can be evaluated by: 0.9 A = , for cyclic loading; 3.0 0.8 0.9

In what follows a finite element-based p-y curve deduction is presented capable to account for the plastic behavior of the soil and of the soil-concrete interface. The experimentally deduced values of the constitutive law obtained in chapter 4 are used for the numerical calculations.

Drucker-Prager constitutive law

The elastic part of the constitutive law is just given by the classical Hooke law. The Drucker-Prager (DP) yield criterion [START_REF] Drucker | Soil mechanics and plastic analysis or limit design[END_REF] is employed to perform the numerical simulations hereafter. It is defined as (Borja, 2013):

MATLAB code

The MATLAB FE code was originally developed by [START_REF] Bonnet | Analyse des structures mécaniques par la méthode des éléments finis[END_REF]. Further improvements have been implemented since in GeM (École Centrale de Nantes), e.g., [START_REF] Bitar | Modélisation de la rupture dans les structures en béton armé par des éléments finis poutres généralisées et multifibres[END_REF] and [START_REF] Wang | Viscous and second gradient regularization techniques for the description of the behavior of geomaterials[END_REF] among others. The pre-and post-processing phases are performed with the freely available code Gmsh [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF]. The Drucker-Prager constitutive model has been implemented within the FE MATLAB code considering the non-associate and associate flow rule mentioned before.

2D p-y curve modeling

Geometry, mesh and boundary conditions

The 2D circular geometry of the finite element model is presented in Figure 5.1. Because of the symmetry, only half of the domain is considered; the geometry consists of the soil, the pile and the soil-pile interface. The pile is a rigid disc with a diameter B = 1 m. The soil boundary at the bottom is made up with two parts in the horizontal direction, each part having a width W = 11.5B (11.5 m) from the pile surface point; therefore, the radius (the center of the circle is the pile center) of the largest half circle is H = 12B = 12 m, see Figure 5.1. The size of the circular domain is chosen large enough to avoid parasitic effects of the lateral boundaries. The outer boundary of the soil is fixed both in the x and y directions (Figure 5.1) while the bottom is fixed only in the vertical direction (i.e., y-axis in Figure 5.1). A horizontal displacement is applied to the pile section in the x direction in Figure 5.1.

The interface thickness in the geometry can be referred to the typical experimental values, e.g., 5 ~ 14D50 (see chapter 2). In previous modeling studies [START_REF] Østergaard | P-y curves for bucket foundations in sand using finite element modeling[END_REF][START_REF] Vethanayagam | Determination of py Curves for Bucket Foundations in Silt and Sand Using Finite Element Modelling[END_REF] it was set as 0.2 of the pile diameter B. In the following, a sensitivity analysis with respect to the interface thickness is provided, which ranges from 5 mm (which takes into account 20D 50 the of Fontainebleau sand) to 5 cm. Constant strain three nodes triangle elements (T3) are used in the mesh, while the mesh is refined near the interface (see Figure 5.2). from the MATLAB code is 0.02 ~ 0.26. These values are higher than the one calculated by API method (8.08) and lower than the one by Matlock equation (8.98), as shown in Figure 5.7. 

The obtained p-y curves are therefore independent of the interface thickness, from thickness 241 ranges from 5 mm to 10 cm. This is also confirmed by the fitting formulations of the p-y curves presented in Table 5.4.

In the following, a circular mesh with 6000 T3 finite elements and an interface thickness of 5 mm is considered. This thickness corresponds also to the experimental laboratory results.

Effect of clay fraction on p-y curves

The interface direct shear results (adhesion and friction angles) from the first experimental campaign that takes into account the optimized sample preparation S1 are used as input parameters for the p-y modeling. The influence of the clay content on the p-y behavior of pile with lateral loading is presented and discussed. The adhesion and friction angles from three clay fractions of 0%, 27.5%, and 55%

(corresponding to 0%, 50%, and 100% K Clay) are chosen as the input parameters for the p-y calculation (Table 5.5 and Table 5.6). The parameters of the pile are provided in Table 5.2. The horizontal loading is applied on the pile section considering 200 steps of 0.002 m each (i.e., in total 0.4B horizontal displacement). The residual drained shear strength s d from the interface tests under 100 kPa normal stress and the pile diameter B are used to do the normalization.

which is consistent with the literature [START_REF] Vethanayagam | Determination of py Curves for Bucket Foundations in Silt and Sand Using Finite Element Modelling[END_REF]Yang andJeremić, 2002, 2005). 

Conclusions

This chapter focuses on a numerical approach to find the p-y curves for laterally loaded piles.

The Drucker-Prager plastic model has been used and the approach has been validated and compared to the API and Matlock design equations. A sensitivity analysis in terms of the number of finite elements and the interface thickness has been presented. Finally, the influence of the clay content on the p-y behavior is presented and discussed. The main conclusions of the chapter are summarized as follows:

1) The p-y results agree with the empirical results of Matlock. The validation reveals that the DP model leads to lower p-y curves with respect to those from Matlock and API when the horizontal displacement is less than 0.35B.

2) The FE number has no important effect on the p-y curves. Considering the necessary computational time, the p-y modeling with the MATLAB code is effective when 6000 ~ 10000 elements are adopted for the spatial discretization.

3) The p-y curves are independent on the interface thickness from 5 mm to 10 cm. 2) Three different sample preparation protocols for sand-clay mixtures have been investigated

to identify the adapted initial water content for mixing and to verify sample's homogeneity from the macroscopic to microscopic scale with different imaging techniques (optical observation, SEM, ESEM, X-ray tomography, MIP). After comparing all results, the S1 method (sand-water-sand only. The normalized p-y curves show a decreasing trend with increasing clay content after y > 0.15B.

Perspectives

To improve the understanding of the interface's mechanical response to shear loading, the interface direct shear experiments should be extended to more boundary and thermo-hydromechanical loading conditions to better approach the field conditions. Additional imaging techniques could be also used to characterize the microstructure of the interface zone after shearing and or during shearing (2D radiography or 3D tomography for example) for the soils tested. The possible directions and perspectives continuing the present research are suggested below.

1) In the sample preparation study of this thesis, most of the investigations are based on imaging techniques; the evolution of the mechanical behavior of the samples from the three sample preparations should be also investigated with direct shear and triaxial tests. For the selected S1 protocol, more measurements of water content, density, global void ratio after preconsolidation with the designed oedometer cell should be added.

2) Throughout this thesis, all the interface direct shear tests are conducted under constant normal load (CNL) boundary conditions and monotonic loading. Besides, only a constant temperature (18.62℃) is employed to study the interface behavior of soil-concrete. However, constant normal stiffness (CNS) is closer to the in-situ conditions and different thermal loadings are encountered in engineering practice. Therefore, interface direct shear test should be performed with CNS condition and various (constant or cyclic) thermal loads, as started by [START_REF] Vasilescu | Design and execution of energy piles: validation by in-situ and laboratory experiments[END_REF] on sands.

3) According to the literature and the interpretation of the results, the fabric of sand-clay mixture is modified by the interface direct shear test. Using imaging approaches (e.g., SEM and X-ray tomography), the meso-and microscopic fabric at the interface zone after interface shearing can be better characterized. MIP test is also suggested to capture and evaluate the porosity of sandclay mixture after interface shearing. After the oedometer test, the samples of dry tamping, S1, S2, and S3 were cut into three slices from the bottom to the middle then the top, the water content of each layer was measured and the saturation degree was then calculated with the mean water content. Water content of each slice and degree of saturation before and after the oedometer test are compared in Comparison of different water contents between S1 method and dry tamping are presented as follows.