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Clay soil is widely distributed on the Earth's surface, and because it is cheap and readily available, clay soil has been widely used as a building material for a very long history.

Furthermore, clay can be used as not only a natural barrier in the dam cores, but also a matrix for the storage of radioactive wastes because of its retention properties. The mechanical behavior of clay materials is complex, one of the difficulties is that it is sensitive to water.

During the desiccation process, clay soils undergo shrinkage, which can cause cracking.

The aim of this thesis is, initially, to develop a numerical approach capable of reproducing the phenomenon of shrinkage, the distribution of water content as well as that of suction. In a second step, based on Coussy's theory for unsaturated porous media, and the mechanics of unsaturated soils, a constitutive law will be proposed to describe the behavior observed during desiccation. Finally, to reproduce the cracks distribution, based on the extended finite element method (X-FEM).

The realization of numerical simulation is based on the analysis of the desiccation experiments of clay soils in laboratory. The application of the digital image correlation (DIC) technology in the desiccation experiments makes the study on the desiccation process in clay soils more accurate. The experimental results show that the clay soils will generate the theoretical shrinkage deformation caused by its own water loss in the drying path. This deformation in simulation can be related to the water content of clays through the Fredlund function. The desiccation shrinkage of clay soils has an anisotropic phenomenon. The coefficient of shrinkage ratio is used to describe this phenomenon in simulation.

One of the ways to construct the constitutive of the initially saturated soft clays during drying could be in using two independent stress tensors which will enable the decomposition of total strain tensor into strain tensor due to drying shrinkage (induced part due to suction variation) Abstract II and a "mechanical" strain tensor due to the total stress variation. Mechanical strain tensor can be related to total stress by using stiffness matrix.

In fact, the initially saturated clay soil resistance increases during desiccation. The result of cracking in the soil under controlled suction is the result of competitions between increased soil resistance and damage caused by shrinkage during desiccation. The soil moisture crack initiation criterion will be based on soil damage and resistance. The criterion of crack propagation, meanwhile, will be based on the theory of conservation of energy. To reproduce the cracks distribution, based on X-FEM. Weibull's law will be used to consider the heterogeneous distribution of the soil. After digital model validation, applications in the geotechnical field are then considered.
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Résumé

L'argile est largement répandue à la surface de la Terre, et comme elle est facilement disponible, elle a été largement utilisée comme matériau de construction depuis très longtemps. L'argile peut être utilisée non seulement comme barrière naturelle dans les noyaux des barrages, mais aussi comme matrice pour le stockage pour les déchets radioactifs en raison de ses propriétés de rétention. Le comportement mécanique des matériaux argileux est complexe, une des difficultés réside dans le fait qu'il soit sensible l'eau. Durant le processus de dessiccation, les sols argileux subissent un phénomène de retrait qui peut provoquer des fissurations.

L'objectif de cette thèse vise, dans un premier temps, à développer une approche numérique capable de reproduire le phénomène du retrait, ainsi que la distribution de la teneur en eau et de la succion. Dans un deuxième temps, en se basant sur la décomposition du tenseur de déformation en une partie élastique (loi de Hooke) et une partie hydrique (représentant le retrait), une méthode de calcul par éléments finis est proposée pour décrire et aider à comprendre le comportement observé durant la dessiccation. Enfin, dans le but de reproduire la distribution des fissures, la méthode basée sur des éléments finis étendus (X-FEM) est utilisée.

Les simulations numériques sont basées sur l'analyse des résultats d'essais de dessiccation d'argiles de laboratoire. L'application de la technique de corrélation d'images numériques (CIN) dans les essais de dessiccation rend l'étude du processus de séchage plus précise. Les résultats expérimentaux réalisés dans des travaux antérieurs et en cours montrent que les argiles, sur le chemin de séchage, vont générer une déformation de retrait causée par la perte d'eau. En simulation cette déformation est liée à la variation de la teneur en eau des argiles grâce à la fonction de Fredlund. Sur les essais utilisés le retrait de séchage suit une loi globale anisotrope liée à la géométrie de l'échantillon d'argile testé. Le coefficient de taux de retrait, appelée aussi le coefficient d'anisotropie, est utilisé pour décrire en simulation ce phénomène.

IV

Pour construire la loi constitutive permettant d'aborder le séchage des argiles molles initialement saturées, serait d'utiliser deux tenseurs de contrainte indépendants, liés à la décomposition du tenseur de déformation totale en tenseur de déformation dû au retrait au séchage (partie induite en raison de la variation de succion) et un tenseur appelé déformation « mécanique » qui sera dû au développement de contraintes liées au blocage du processus de retrait. Le tenseur de déformation mécanique peut être lié à la contrainte totale en utilisant une la loi élastique linéaire.

La résistance de sol argileux initialement saturé augmente au cours de la dessiccation. Le résultat de fissuration, dans le sol sous succion contrôlée, est le résultat de compétitions entre l'augmentation de résistance de sols et l'endommagement causé par le retrait au cours de dessiccation. Le critère d'amorçage de fissure hydrique de sol est basé sur l'endommagement et la résistance de sol. Le critère de propagation de fissure, quant à lui, est basé sur la théorie de conservation d'énergie. Pour reproduire une répartition de fissure, basé sur la méthode d'éléments finis étendu (X-FEM). La loi de Weibull est utilisée pour prendre en compte la répartition hétérogène du sol. Après la validation de modèle numérique, des applications dans le domaine géotechnique peuvent être envisagées.

Mots-clés: Argile, Retrait, Fissuration, Simulation, Séchage

General introduction

Background of this study

In civil engineering, it is a common phenomenon for soil, especially clay soils, to crack during desiccation. The general understanding is that the soils will change its volume due to the change of negative pore water pressure (suction) in the body during the desiccation process, and then cracks occur when the deformation are restrained. When the cracks appear in the soils, the ensuing major damage to soil-supported structures or the earthen structure itself.

In various geotechnical, agricultural and environmental applications, the desiccation cracks of the soils can have a serious impact on the performance of soils. Desiccation cracks may destroy clay soil barriers such as landfill liners and top covers for (sub) surface industrial and domestic waste [START_REF] Heibrock | Desiccation cracking of mineral sealing liners[END_REF]. Clay liners are a principal part of barriers against contamination of groundwater, making use of the low hydraulic conductivity of clay. If the cracks occur, the hydraulic conductivity of the clay liner material may increase significantly [START_REF] Albrecht | Effect of desiccation on compacted natural clay[END_REF]. [START_REF] Mitchell | Fundamentals of Soil Behavior[END_REF] report the formation of erosion tunnels in the crest of flood control dike caused by rain runoff concentrating in desiccation cracks.

Despite this significance of solving this problem is obvious, the essential mechanisms of desiccation cracking are not well understood, and predictive tools are inadequately developed.

The mechanisms of drying shrinkage and associated cracking in soils, and the ways to control or avoid such cracking, are still elusive.

In the current existing research, the classical theories of soil mechanics (initially developed for saturated soils) are commonly used to study and solve the problems of stresses and strains, consolidation and their settlement, bearing capacity, and stability, but imperfectly solve the problem of desiccation shrinkage and the occurrence of desiccation cracking. Later, with the more recent development of unsaturated soil mechanics, there have been new breakthroughs and progress in the study of desiccation and shrinkage problems, however, little was done to understand the effect of microstructural desiccation cracks, for example, local deformations and displacements etc.

It is believed that a reliable prediction of the occurrence of desiccation cracks could really be achieved through a global comprehension of the processes, a unified conception, and a rational modelling approach. Therefore, in this study, we have tried to give such type of response to the concern of desiccation cracks in soil by combining laboratory experiments with numerical simulations.

Objectives and organization of the thesis

This dissertation involves a numerical simulation of the shrinkage and cracking of the clay soils on a drying path. The overall objective of this work is to identify the global mechanisms of desiccation, including shrinkage and cracking, and then the reproduction and prediction of desiccation shrinkage and cracking of remodeled clay soils through numerical simulation, lay a foundation for the prevention and control of soil desiccation cracking in the future. The main objectives can be divided into the following three parts.

The first objective is to identify the global mechanisms of desiccation of the clay soils, including shrinkage and cracking. For this purpose, the experimental evidence of desiccation shrinkage and cracking of clay soils in recent years will be used. Therefore, we will solve not only the desiccation cracks, but also the whole processes that lead to drying shrinkage and cracking. According to the experimental results, the desiccation process is quantified, and the relationship between cracks and other physical variables is established on a macroscopic scale.

The second objective is to formulate a hydro-mechanics constitutive model that able to the reproduction and prediction of desiccation shrinkage and cracking of clay soils by combined with the existing numerical simulation method. Such an approach can not only predict the moment of desiccation crack initiation at the macroscopic scale, but also it will analyze local results, which means that physical variables at any point in the model can be obtained through simulation.

The third objective is to comparison and analysis of experimental and simulation results to verify the effectiveness of numerical simulation, thus lay a foundation for the prevention and control of soil desiccation cracking in the future and provide recommendations for future work. This dissertation is organized into five chapters in addition to the current general introduction, a more detailed organizational list of the thesis is as follows:

Chapter I presents a general review on the published works related to the topics of this research.

First, the existing technologies and methods related to soil drying tests are introduced, and then several common approaches for establishing soil constitutive structure and various numerical methods that can describe discontinuous displacement are introduced.

Chapter II provides the mineralogical, physical and mechanical properties of research material (Kaolin K13) and then the phenomena and results of shrinkage and cracking of clay soils in the desiccation experiments are introduced in detail.

Chapter III provides the numerical methods of the shrinkage and cracking process in clay soils related to desiccation, and the implementation of desiccation shrinkage and cracking process algorithm in Abaqus is introduced. At the same time, the basic theory of XFEM for simulating generation and development of the cracks in clay soils are introduced.

Chapter IV presents the numerical modeling and simulation results of the shrinkage and cracking process in clays related to desiccation, and compares and analyzes the simulation results with the experimental results to verify the effectiveness of numerical simulation.

Finally, a chapter is presented to summarize the main conclusions that can be drawn from this research and provide recommendations for future work. 

CHAPTER I Literature review

This chapter presents the literature review of desiccation shrinkage and desiccation cracking in clay soils. Section 1 explains the definition of desiccation shrinkage and cracks in clay soils and introduces the phenomenon of desiccation cracks in clay soils. It is intended to show that soil desiccation is common in geotechnical engineering and that soil desiccation cracks can cause harm, thus it is of great significance to study the desiccation cracks in clay soils. Section 2 introduces the existing soil desiccation experiments. Most of the information provided by the existing soil desiccation experiments is for the physical characterization of soil desiccation shrinkage and cracks, which can better understand the mechanism of soil desiccation shrinkage and cracks. Section 3 presents the existing numerical simulation methods for soil desiccation shrinkage and cracks, the key to numerical simulation is to establish the soil constitutive structure suitable for simulating the drying process of soil and how to describe the discontinuity displacement of soil desiccation cracks. Finally, the conclusions are presented.

1. Desiccation shrinkage and cracks in clay soil: phenomenon and definitions 1.1 Desiccation shrinkage and crack in clay soil: Definitions Desiccation:

In the civil engineering, desiccation is commonly understood as drying process with the drainage of water (loss of water) by either the dissipation and/or evaporation (and evapotranspiration) referring either to a pre-consolidation mechanism and/or to an air invasion mechanism [START_REF] Terzaghi | Soil Mechanics in Engineering Practice[END_REF]. Nowadays, with the global warming and the climate change, the extreme weather, for example, the heat wave favorites the desiccation. And sometimes causes severe drought, like this summer in Vendee, France.

Desiccation affects both the surface and the sub-surface of soils with a quite variable depth, depending on the boundary conditions and the characteristics of the soil. The consequences of the desiccation also depend on the soil's physio-chemical properties. Among the soils frequently encountered in the engineering practice, the clay soil is more sensitive to the variation of water content.

Clay soil:

Clay soil is a fine-grained geomaterial composed of one or more clay minerals (e.g., kaolinite, illite and montmorillonite) with possible traces of quartz, metal oxides and organic matter. It is extensively distributed on the Earth's surface. Natural clay soil usually comes from the weathering, decomposition and transportation of rocks and soils [START_REF] Velde | The origin of clay minerals in soils and weathered rocks[END_REF].

Clay soil becomes hard and fragile after drying due to its fine grain sizes and high-water contents. But because it is cheap and readily available, clay soil has been widely used as an engineering material for a very long history. Therefore, this recherche will focus on the desiccation shrinkage and cracks in clay soil.

Shrinkage:

The expression "shrinkage" refers to "the loss of body volume due to the removal of water from its interior". In the early works, [START_REF] Stirk | Some aspects of soil shrinkage and the effect of cracking upon water entry into the soil[END_REF] for instance pointed out different stages of soil shrinkage on the drying path, structure shrinkage (where the structure development of the soil participate to the shrinkage phenomenon), normal shrinkage, residual shrinkage and zero shrinkage. Normal shrinkage, where the change in volume of the soil block is equal to the loss of water. Residual shrinkage, where the change in volume of the block is less than the volume of water lost, and air is entering the block to occupy certain of the drained pores. No shrinkage, the limiting condition where no change of further volume with further withdrawal of water.

At the micro-scale it may be considered that the basic process of the shrinkage of the soil is the decrease in liquid pressure caused by the evaporation at the location of interphase menisci, and which acts as an attractive force between the components of the matrix. In the saturated stage, the menisci are located at the external boundary of the soil body. At the macro-scale, this translates into the soil shrinkage due to the dissipation of moisture.

Desiccation cracks:

In the nineteenth century, the expression "desiccation crack" was systematized by geologists in order to name the cracks produced in the clay bed during the drying process [START_REF] Péron | Desiccation cracking of soils[END_REF].

Desiccation macro-cracks in soil are generally understood to be the consequence of constrained drying shrinkage and/or tensile stress generation that exceeds soil tensile strength [START_REF] Corte | Experimental Research on Desiccation Cracks in Soil[END_REF][START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF][START_REF] Groisman | An experimental study of cracking induced by desiccation[END_REF][START_REF] Lloret | Crack initiation in drying soils[END_REF]. Typically, these constraints can be sorted into three broad classes depending on their origin:

1. Constraints can arise from the presence of a frictional or other traction or displacement boundary conditions [START_REF] Corte | Experimental Research on Desiccation Cracks in Soil[END_REF]Higashi 1960, Hueckel 1992a).

2. Constraints are also generated from any self-equilibrating stress concentrations (Eigen stresses) within the soil sample [START_REF] Colina | Experimental of cracking induced by drying shrinkage[END_REF].

3. Finally, it has also been suggested that intrinsic factors, such as soil texture (existence of large, solid grain particles, [START_REF] Towner | The influence of sand-and silt-size particles on the cracking during drying of small clay-dominated aggregates[END_REF]) and soil structure (geometric constraint due to the chaotic nature of the fabric of randomly oriented clusters, [START_REF] Murray | Intrinsic failure and cracking of clay[END_REF], solid network formed by soil particles, [START_REF] Scherer | Stress from re-immersion of partially dried gel[END_REF]) are factors in generating cracks.

There are three stages involved in crack development, namely initial stage, primary stage and steady stage [START_REF] Bordoloi | Soil desiccation cracking and its characterization in vegetated soil: A perspective review[END_REF]. At the initial stage, since water only evaporate one dimensionally from soil surface, the initiation of cracks is slow. At the primary stage, crack propagates dramatically as evaporation not only takes place on soil surface, but also occurs on the walls of cracks. This stage is mainly driven by the rapid loss of soil water due to evaporation.

When it comes to the steady state, the desiccation begins to be ceased due to the minimal evaporation rate. At this stage, the upper soil layer where crack exists is extremely dry.

Desiccation cracks in clay soil: Phenomenon

In fact, the desiccation crack in soil is a very common situation. Many researchers have reported and studied these phenomena of desiccation cracks in soil that occurs around the world.

For example, the studies of desiccation cracks in Australia coal mine tailings deposits in the Hunter Valley coalfields in New South Wales and in the West Moreton and Bowen Basin coalfields in Queensland were conducted by [START_REF] Morris | Cracking in drying soils[END_REF], as illustrated in Figure 1.1.

During the mining processes, large amount of clay slurry has been deposited in disposal facilities and directly exposed to air drying. Thus, the phenomenon of desiccation cracks often occurs in Australia coal mine tailings. The study found the shear strength of soils along the direction of cracks is often less than the intact strength [START_REF] Stapledon | Changes and structural effects developed in some South Australian clays, and their engineering consequences[END_REF], reported in Morris et al. 1992), the overall stability and bearing capacity of the cracked soil are largely affected. Desiccation cracks must be taken into account for placing equipment at these locations in the future. Actually, many studies dealings with soil desiccation arose from interest in mining industry tailing ponds and their possible rehabilitation [START_REF] Péron | Desiccation cracking of soils[END_REF]. Moreton Coalfields, Queensland, Australia [START_REF] Morris | Cracking in drying soils[END_REF] In Texas, American, [START_REF] Daniel | Compacted clay liners and covers for arid sites[END_REF] reported and studied desiccation cracks in compacted clay landfill liners and covers and geosynthetic clay liners, see Figure 1.2 [START_REF] Daniel | Compacted clay liners and covers for arid sites[END_REF]. Clay liners form an integral part of the barrier system for most modern waste disposal facilities, the low hydraulic conductivity of the liner serves to minimize advective flow of leachate from the landfill [START_REF] Rowe | Clayey Barrier Systems for Waste Disposal Facilities[END_REF]. The study found significant temperature increases may occur above landfill liners due to the biodegradation of organic matter in the waste body [START_REF] Barone | Temperature at the base of a Municipal Solid Waste Landfill[END_REF][START_REF] Rowe | Geosynthetics and the minimization of contaminant migration through barrier systems beneath solid waste[END_REF]. A significant temperature increase could cause significant loss of water content and induce cracks in clay liners in a short period of time (a few years), that could substantially increase the hydraulic conductivity of the liner or cracked zone [START_REF] Zhou | Development of a technique for modelling clay liner desiccation[END_REF]. Thus, the desiccation cracks of clay liners in modern waste landfills is a major issue providing unwanted pathways for escape of leachate and gas. The same problem was discovered in the deep nuclear waste isolation [START_REF] Park | Numerical simulations of the moisture movement in unsaturated bentonite under a thermal gradient[END_REF], the Bentonite buffer zones can undergo thermal drying, shrinkage and cracking near the waste package, this will pose a potential hazard to environmental security. Therefore, whether it is the requirement of nuclear waste management technology or the protection of environmental safety, the research on soil desiccation cracks will be paid continuous attention. [START_REF] Daniel | Compacted clay liners and covers for arid sites[END_REF] Early studies on the 1953 North Sea floods showed that desiccation cracks of clay fill can play a major role in the failure of flood embankments under overflow conditions [START_REF] Dyer | Field study of desiccation fissuring of flood embankments[END_REF]). [START_REF] Mitchell | Fundamentals of Soil Behavior[END_REF] reported rain runoff concentrating in desiccation cracks causing the formation of erosion tunnels in the crest of flood control dike. Desiccation cracks in the core of dams and embankments can lead to overall degradation of the structure, a preferential path for water, and an increase in pore water pressures, leaks, and finally, failure of the structure [START_REF] Cooling | Soil mechanics of failures in the sea defence banks of Essex and Kent[END_REF][START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF][START_REF] Dyer | Further tests on the fissuring of Thorngumbald flood embankment[END_REF], see Figure 1.3 [START_REF] Sanchez | Modeling 3D desiccation soil crack networks using a mesh fragmentation technique Computers and Geotechnics[END_REF]. Embankment dams experience internal erosion leading to piping failures, which accounts for about 50% dam failures and accidents. Potential erosion pathways are assisted by cracks formed by desiccation above phreatic surface, differential settlement, hydraulic fracturing and earthquakes [START_REF] Foster | The statistics of embankment dam failures and accidents[END_REF].

The presence of cracks reduces the stability of the slope, there is significant evidence that cracking at the crest area of the slopes trigger the initiation of slope failure [START_REF] Take | The influence of seasonal moisture cycles on clay slopes[END_REF].

Progressive failures that take place in UK's extensive dyke system (extending up to 35,000 km with an annual maintenance budget of ₤450 million) are triggered commonly by desiccation cracking that takes place in the downstream slope, subsequently providing seepage paths and block uplifting during flooding [START_REF] Dyer | Field study of desiccation fissuring of flood embankments[END_REF]. [START_REF] Sanchez | Modeling 3D desiccation soil crack networks using a mesh fragmentation technique Computers and Geotechnics[END_REF] In addition to the above-mentioned the phenomena of desiccation cracks in soils, these phenomena have appeared in various fields such as roads, buildings and farmlands, and they have brought some harms accordingly [START_REF] Pauchard | Influence of salt content on crack patterns formed through colloidal suspension desiccation[END_REF][START_REF] Chakrabarti | Overview of pavement performance in Australia[END_REF][START_REF] Chertkov | Modelling cracking stages of saturated soils as they dry and shrink[END_REF].

As already stated, the desiccation cracks in clay soils may represent a burning issue and it is of great interest to study. Owing to the significant concern of this question, desiccation shrinkage and cracks characteristics of clay soil have gained the attraction of many researchers during the last decades, in both experimental investigations and numerical modeling. In the next literature review, both the experimental and numerical approaches which are adopted for the desiccation shrinkage and cracks characteristics will be introduced.

Experimental identification of shrinkage and crack initiation of soil by desiccation 2.1 Observation of shrinkage and cracks in the laboratory

Many researchers have conducted experiments in the laboratory to explore the shrinkage and cracks in clay soils during the drying process. In this section, typical available laboratory experiments on the desiccation of soil layers are discussed.

The researchers have different focuses on the study of soil desiccation shrinkage and cracks.

For example, some researchers have studied soil desiccation shrinkage and cracks based on the properties of test materials, such as soil type (sand, clay, mixed soil), size, initial state (mud or pre-consolidated) [START_REF] Nahlawi | Laboratory experiments on desiccation cracking of thin soil layers[END_REF][START_REF] Costa | Theoretical analysis of desiccation crack spacing of a thin, long soil layer[END_REF][START_REF] S: T: Tollenaar | Observations on the desiccation and cracking of clay layers[END_REF][START_REF] Wan | Relationship between the shrinkage crack characteristics and the water content gradient of compacted clay liner in a landfill final cover[END_REF]. Some researchers introduced the influence of external environment (temperature, humidity relative) on soil desiccation shrinkage and cracks [START_REF] Nahlawi | Laboratory experiments on desiccation cracking of thin soil layers[END_REF][START_REF] Tang | Experiment evidence on the temperature dependence of desiccation cracking behavior of clayey soils[END_REF][START_REF] Cordero | Patterns of cracking in soils due to drying and wetting cycles[END_REF][START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF]. Some researchers have studied the influence of boundary conditions on soil shrinkage and cracks during the drying process, which is the key to the tensile stress or strain generated of soil during the drying process [START_REF] Corte | Experimental Research on Desiccation Cracks in Soil[END_REF][START_REF] Groisman | An experimental study of cracking induced by desiccation[END_REF], Peron 2008[START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF]. With the development of computer technology, there have been many emerging observation technologies for experiments, such as Vic-2d, Vic-3d, XCT, so researchers also introduced the research of experimental observation technologies (Peron 2008[START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF][START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF][START_REF] Julina | Quantification of desiccation cracks using X-ray tomography for tracing shrinkage path of compacted expansive soil[END_REF].

Next, the experimental methods and results of [START_REF] Péron | Desiccation cracking of soils[END_REF], [START_REF] Tang | Experiment evidence on the temperature dependence of desiccation cracking behavior of clayey soils[END_REF], [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF][START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF], selected from the literatures, which are related to our recherche, will be detail discussed in the following section.

Péron (2008)

In the work of Péron, there are three kinds of tests: free desiccation tests, constrained desiccation tests and crack pattern tests. The experiments were performed on the remolded Bioley silty clay, by products of the industry, located in the Swiss Central Plateau close to Lausanne. The strains, suction, water content and crack geometry of the sample during the drying process are investigated. It is emphasized that the samples were not compacted but prepared as slurry, with a water content as 48%, about 1.5 times of liquid limit.

For the free desiccation tests, the slurry was poured in a aluminum mold with the dimension as 295 mm × 49 mm × 12 mm, lying on the Teflon plate treated with a hydrophobic substance for avoiding as much as possible any mechanical constraints at the bottom due to cohesivefrictional effects during desiccation shrinkage, as illustrated in Figure 1.4. Then an average relative humidity of 40 % and a temperature of 19 ℃, ± 1 ℃ were maintained during the whole tests' duration, and the specimen was in a free desiccation shrinkage state. During the test, total water content evolution with time was recorded by regular weighing. At the same time, strains were measured on another sample. By this means, the water content / strains curve could be plotted.

The experimental results of the free desiccation tests finally are obtained that the specimen did not crack during the entire drying process, and the deformation of the specimen has two marked stages: Saturated state with large deformations and Unsaturated state with much smaller deformations.

Figure -1.4 Set-up for free desiccation tests [START_REF] Péron | Desiccation cracking of soils[END_REF] The constrained desiccation tests were conducted with a specially prepared support, a metallic substrate with 2 mm spaced parallel notches, as illustrated in Figure 1.5. Assuming there is no relative displacement between the support and the specimen. During the test, total water content evolution and strains of the specimen were measured, and water content, suction, and degree of saturation near the crack at the time of the crack formation and the crack spacing and width were measured. [START_REF] Péron | Desiccation cracking of soils[END_REF] Sliding mould
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Teflon support

The experimental results of the constrained desiccation tests have been obtained by Peron. In the early stage, the sample was in a state of desiccation shrinkage, no cracks were observed.

After drying for about 17 hours, a series of 6 to 8 cracks (generally 7) always appeared in the direction parallel to the notches, as shown in the Figure 1.6. Because the bottom of the sample is imposed the constrained boundary conditions, the deformation of the sample during the drying process is different from the result of the free desiccation experiments, the measured value of axial strains is noticeably reduced by the parallel notches. Based on the observation of a series of cracks parallel to the notch, it can be concluded that the axial restraint caused by the notch has produced cracks. The sample experiences tensile stresses or strains, which may reach tensile failure criterion, the tensile strains assumed to be equal to the difference between observed constrained desiccation strain and free desiccation strain. When the water content of the sample is 24%, the tensile strain reaches the maximum value and the first crack appears, at this time, the sample is still saturated. [START_REF] Péron | Desiccation cracking of soils[END_REF] In addition, the crack pattern tests were conducted, for which a two dimensional restraining boundary condition was created at the bottom of square shaped samples, the sample was lying on an Aluminum plate, and the constraint was simply created by the adhesion between the sample and the plate. Sample slabs with two different heights (three slabs 4 mm high and three slabs 12 mm high) were tested. Some photographs of the final crack patterns were manually taken, and the geometry of these patterns have been analyzed. The experimental results show that the initial critical water content corresponding to the initiation of desiccation crack increases with temperature.

Figure -1.6 Examples of crack patterns
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Surface crack ratio (𝑅 ), which is the ratio of the surface cracks area to the total surface area of a specimen, was determined to quantify the cracking extent on the soil surface at different water contents. After the initiation of a crack, the surface crack ratio 𝑅 increases firstly with the decrease of water content and then keeps almost constant when the water content becomes lower than the critical water content [START_REF] Tang | Experiment evidence on the temperature dependence of desiccation cracking behavior of clayey soils[END_REF]. the water content at the center of the sample is larger than at the boundary, but the difference is not obvious.

The distribution and evolution of the displacement of the sample was observed by using VIC-2D, the experimental results show the displacement towards the center of the sample, and the displacement at the edge is greater than the displacement at the center. The difference of support can affect the displacement of sample, the maximum displacement of sample on rough support (Rough sand paper) is much smaller than that on smooth support (Perspex). When the support is rougher, the soil is harder to move in the transversal and longitudinal directions, because of the large friction on the support, on the contrary, the soil is easier to move in the vertical direction.

The samples on three different supports all developed cracks, but it was found that the number and the initiation time of cracks in the samples were different by comparing the results of the three tests. The initiation time of cracks in the sample on rough support (Rough sand paper) is much earlier than that on smooth support (Perspex).

Ighil Ameur (2016)

In this work, the remoulded clay soil (Kaolin K13) was used for sample preparation. The specimens, in slurry state (corresponding to 1.2 time of its liquid limit), with dimension as length 190 mm× width 130 mm× thickness 4 mm were prepared, as shown below: The experimental results show that the relative humidity is lower, the water loss rate of sample is faster. In addition, it is found that the water loss rate of sample is faster, the local water content gradient is greater, by analyzed the local water content of sample.

During the test, the displacement of the sample was observed by using VIC-2D, Ighil Ameur analyzes the displacement and strain of the sample from both the global and local aspects. The experimental results show that the water loss rate of sample is faster, the global strain in three direction is more different, and the local strain heterogeneity is more obvious. Because the same kind of support always be used in the tests, the variation of local strain heterogeneity was caused by the influence of local water content gradient.

In addition, the experimental results show the relative humidity during the test can affect the crack formation in the sample. When the drying test was under high relative humidity, no cracks appeared in the sample, but in other low relative humidity, cracks appeared in the sample.

The cracks are considered to be the result of combined action of support and local water content gradient. Discussion:

Based on the summary and analysis of the above experimental methods and results, perhaps some conclusions can be reached, and these conclusions will also have guiding significance for the research in this thesis.

The environmental conditions (Temperature and Relative humidity) are the main factors that affect the rate of water loss of soils in the drying path, the local water content gradient of the sample will change according to the environmental conditions in the drying test, therefore, it is necessary to conduct desiccation experiments under the controlled environmental conditions to achieve the purpose of controlling variables. Peron (2008) explained the relationship between the desiccation shrinkage and cracks in soils through the comparison of two types of the desiccation experiments, which is a good exploration, therefore, this method will continue to be used in the research of this thesis, in order to analyze the drying shrinkage and cracks in clay soil. The digital images correlation technology will be used in this study to obtain more accurate and abundant experimental results of the soil desiccation, which is the same principle as introduced by [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF]. The detail experimental methods and results of soil desiccation in this study will be explained in the next chapter.

Water retention characteristics of soils

As we all know, the water content or loss of water is the key parameter that controls the shrinkage and cracks in clay during desiccation. Exploring the water retention characteristics of soils during desiccation is important for analyzing the shrinkage and cracks in clay soil. In fact, this can be done through the measurement of the Soil Water Retention Curve (SWRC), which is the relationship between water content, w, degree of saturation, 𝑆 , void ratio, e, and soil suction, s [START_REF] Barbour | Nineteenth Canadian Geotechnical Colloquium: the soil water characteristic curve: a historical perspective[END_REF]. The degree of saturation of a material refers to the ratio of liquid to the total volume of voids in a porous material. The void ratio is the volume of the voids contained in a sample relative to the volume of the solid grains of the sample. The matric suction is basically a difference between air and water pressure.

Many experimental methods have been introduced for obtaining the Soil Water Retention

Curve (SWRC) of clay soil [START_REF] Fleureau | Behavior of clayey soils on dryingwetting paths[END_REF][START_REF] Romero | Controlled suction techniques[END_REF][START_REF] Leong | Factors affecting the filter paper method for total and matric suction measurements[END_REF], Peron 2008[START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF][START_REF] Wang | Capillary force and rupture of funicular liquid bridges between three spherical bodies[END_REF].

Experimental results

For the measurement results of SWRC, many authors have detailed descriptions in their papers.

Next, several experimental results related to the research in this thesis will be introduced, include those reported by [START_REF] Taibi | Comportement mécanique et hydraulique des sols soumis à une pression interstitielle négative -Etude expérimentale et modélisation[END_REF], [START_REF] Péron | Desiccation cracking of soils[END_REF] and [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF].

The drying/wetting paths on Kaolin P300 were determined in [START_REF] Taibi | Comportement mécanique et hydraulique des sols soumis à une pression interstitielle négative -Etude expérimentale et modélisation[END_REF], as shown in Figure 1.12. The initial state of the samples (slurries) is the same in all the tests. In the w -e plane, the shrinkage limit water contents of Kaolin P300 are about 24%. In the s -e curve, at the beginning of the drying path, the void ratio e is 1.2. The shrinkage limit suction is about 1300 kPa. Since the sample has not pre-consolidation treatment, the shrinkage limit suction and the air entry pressure are nearly the same.

Figure -1.12 Soil water retention curve of Kaolin P300 [START_REF] Taibi | Comportement mécanique et hydraulique des sols soumis à une pression interstitielle négative -Etude expérimentale et modélisation[END_REF] The axis translation technique has been elected to impose suction on samples in [START_REF] Péron | Desiccation cracking of soils[END_REF].

Then [START_REF] Péron | Desiccation cracking of soils[END_REF] In [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF], the five materials with an initial water content of their liquid limit (Kaolin P300, M35, M50, M65 and M100) were submitted to drying under several controlled conditions of suction. In order to produce small, medium and large suctions, three different methods were applied in [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF]. For the small suctions (0.1 kPa < s < 10 kPa), the tensiometric plate method was used. To produce suctions in the range between 100 kPa and 1500 kPa, the osmotic method was used. For higher values of suction (158 MPa), the saturated salt solutions method is used. Finally get all the suction, the experimental results of soil water retention curve of the materials as shown in Figure 1.14.

The desaturation suction may be representative of the predominant pore diameter in a material [START_REF] Delage | Comportement mécanique des sols non saturés[END_REF]. In the thesis of [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF], the main diameters deduced from the suction-controlled tests compare with those derived from the mercury intrusion porosimetry tests, the air entry suction value is finalized. • t<c, conditions, cr:''; 150 kPa In fact, the properties of the materials used in this thesis are similar to the materials used in [START_REF] Taibi | Comportement mécanique et hydraulique des sols soumis à une pression interstitielle négative -Etude expérimentale et modélisation[END_REF] and [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF], so the above experimental results can be directly used to enrich the research in this thesis. The detailed introduction and analysis of the experimental results will be carried out in the next chapter.

Fracture criterion

In general, the soil tension is very weak, it is usually reasonable to ignore the tensile strength of soils in the analysis and design of earthwork structures. However, numerous experimental evidences clearly show that the desiccation cracking is the result of soil tensile strength mobilization [START_REF] Corte | Experimental Research on Desiccation Cracks in Soil[END_REF][START_REF] Groisman | An experimental study of cracking induced by desiccation[END_REF][START_REF] Péron | Desiccation cracking of soils[END_REF]). Therefore, it is very importance to propose a reasonable fracture criterion for judging soil desiccation cracking. In fact, the prediction of desiccation cracking in numerical simulations also requires determination of fracture criterion.

There are several fracture criteria in the literature, the criterion frequently used are the stress criteria, the energy criteria, the damage criteria and the strain criteria. The stress or strain criteria is a failure criterion based on stress or strain, the commonly used stress or strain criteria is the maximum tensile stress or strain theory, which states that the material fracture is caused 
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by the maximum tensile stress or strain, that is, the material fracture occurs when the maximum tensile stress or strain reaches a certain limit value. The energy criteria was first proposed by [START_REF] Griffith | Theory of rupture[END_REF], according to the energy criteria, when the energy required for crack growth exceeds the material resistance, the crack will grow forward. The damage criteria is a failure criterion based on damage, when the damage arrives certain level, the macrocracks are initiated.

However, these fracture criteria are difficult to be obtained directly from soil desiccation experiments, so some other tests are needed to achieve them, among which the commonly used is tensile test. The existing tensile test methods can be divided into two categories: indirect tests (essentially the Brazilian test and bending test) and direct tension tests. These tensile tests are described in detail as follows:

1. The Brazilian test

The Brazilian test, also known as the indirect tensile test, was originally used primarily to test concrete and rock (as in the example of Figure 1.15), but now has also been used to test the tensile strength of compacted soil, hard soil or stabilized soil. [START_REF] Kirkham | Modulus of rupture determination on undisturbed soil core samples[END_REF][START_REF] Frydman | The applicability of Brazilian (indirect tension) test to soils[END_REF][START_REF] Townsend | The brittle behaviour of naturally cemented soils[END_REF][START_REF] Narain | Tensile strength of compacted soils[END_REF][START_REF] Krishnayya | Behaviour of compacted soils in tension[END_REF][START_REF] Al-Hussaini | Tensile properties of compacted soils[END_REF][START_REF] Lloret | Crack initiation in drying soils[END_REF]). The processed disc-shaped sample is placed between the bearing plates of the press, and a hard steel wire with a diameter of 2 mm is placed between the upper and lower bearing plates of the sample as a mat. Then load to compress the sample, and the sample is tensilely deformed in the radial direction. Through Eq.1.1 the tensile stress at the center of the sample can be calculated. 

The bending tests

The bending test also called the flexure or beam test, the sample is deflected by loading until failure. In fact, during the test, compressive stress or strain is generated in the upper part of the sample, and tensile stress or strain is generated in the lower part of the sample. Assuming linear (elastic) behavior with equal parameters in tension and in compression. The linear stress analysis yields [START_REF] Jaeger | Fundamentals of Rock Mechanics[END_REF]:

𝜎 = (1. 2)
Where 𝑃 is the applied force pressure, 𝑑 is half the distance between the supports, 𝑆 is half the depth of the beam and 𝐽 is the moment of inertia of the beam (geometry dependent only).

On the one hand, the bending test method is poorly adapted to very humid, soft samples, this is the same as the Brazilian experiment. On the other hand, the stress paths of the two tests need to be assumed to be linear, which is unrealistic for the soil. [START_REF] Ajaz | Stress-strain behaviour of two compacted clays in tension and in compression[END_REF], in order to characterize the tensile behavior of a soil until failure, do not use Eq.1.2. Instead, they measure the strain field created within the sample during a bending test very accurately. They use a radiographic method to monitor the displacements of a grid of lead shot embedded within the beam specimen of soil.

Direct tension tests

The direct tensile test was carried out under conditions of three external constant conditions: temperature, loading speed, and stress state. The stress state is one-way stretch along the axis (traction is applied at one of the boundaries of the sample, keeping the other boundaries free), that is, a simple stress state. The direct tensile test is simple and easy to operate, and the sample is easy to prepare. Traction is applied directly, and tensile stress and strain can be directly obtained. Both force and displacement can be controlled, depending on the device. [START_REF] Avila | Study of shrinkage and cracking of clays -Application to clay in Bogota[END_REF] presented in his thesis about the direct measurement of tensile strength of clays at different scales, with double triangular-shaped specimens (Figure 1.16). The mold is split at the narrowed portion where displacements can be measured.

Figure 1.16 -Device to measure the tensile strength of soils [START_REF] Avila | Study of shrinkage and cracking of clays -Application to clay in Bogota[END_REF]) [START_REF] Tang | A method for testing tensile strength in unsaturated soils[END_REF] and [START_REF] Nahlawi | A direct tensile strength Testing Method for unsaturated geomaterials[END_REF] perform a direct tension test on a sample contained in a mold consisting of two separate half-cylindrical forms (Figure 1.17).

Figure -1.17 View of failed sample stuck to the mold after the direct tension test [START_REF] Tang | A method for testing tensile strength in unsaturated soils[END_REF] In [START_REF] Péron | Desiccation cracking of soils[END_REF], two new methods for determining tensile strength are presented and applied to determine the tensile strength of Bioley silt: the "deconsolidation method" and the "triaxial traction method". The "deconsolidation method" is an original method to determine tensile stress in the conventional triaxial apparatus. The purpose of designing this test in a triaxial apparatus is obvious: representative values of stresses, strains and pore pressures (or suction) can be controlled and/or measured during the tests [START_REF] Péron | Desiccation cracking of soils[END_REF]. With the same purpose as the previous tests carried out by the deconsolidation method, triaxial traction method is used to seek the tensile strength and more generally failure behavior at small stresses.

Discussion:

The fracture criterion of soil under different degree of saturation is different, and the degree of saturation of the soil is constantly changing during the drying process, therefore, in the research of this paper, it is necessary to combine the desiccation cracks in clay soil with the results of the tensile test to study.

The above is the introduction and summary of the experiments related to soil desiccation shrinkage and cracks in the literature. In the research of this paper, the combined numerical simulation and laboratory experiments research were conducted for investigating the desiccation shrinkage and cracking process of clays. Therefore, the existing numerical simulation of the drying shrinkage and cracking process in the literature will be introduced next.

Modeling approach and simulations of soil desiccation cracks

Through the observation of desiccation experiments of clay soil in the laboratory, it can be found that the clay soil experience shrinkage during the drying process, and if desiccation involves strong changes in the stress-strain state that in certain conditions can lead to cracking.

The simulation of the desiccation process of clay soil without cracking is actually a simulation of the continuum mechanics behavior of the clay soil. When cracks appear in the clay soil, the simulation of cracks actually simulates the discontinuity of displacement. Therefore, the simulation of desiccation shrinkage and cracks in clay soil needs to be carried out by continuous and discontinuous methods, which are described in detail below.

In this section, firstly, the existing constitutive approaches that could describe the continuum mechanics behavior of soils during desiccation will be introduced. Soils are porous multiphasic materials and behave in a highly nonlinear manner, showing many original features. The principle of effective stress in civil engineering is one of the important theories for constructing soil constitutive [START_REF] Terzaghi | The shearing resistance of saturated soils and the angle between the planes of shear[END_REF]. With the deepening of research, a generalized effective stress principle applicable to unsaturated soils was proposed [START_REF] Bishop | The principle of effective stress[END_REF]. The researchers also proposed a variety of theories and methods applicable to the constitutive construction of porous media based on the generalized effective stress principle, such as: poroelastic approach [START_REF] Coussy | Mechanique des milieux poreux[END_REF], stress state variables approach [START_REF] Fredlund | Soil Mechanics for Unsaturated Soils[END_REF]. These theories and methods above have a widely applications for modeling porous media, and they will be introduced in detail below.

In addition, with the efforts and advances in numerical simulation methods and computational techniques in recent years, discontinuous displacement can be simulated by various numerical methods, such as the Finite Element Methods (FEM) and its late meshless developments, the Boundary Element Methods (BEM) and the Discrete Element Methods (DEM), and they will also be introduced in detail below.

Constitutive approaches using an effective stress expression

At early stages of soil mechanics, [START_REF] Terzaghi | The shearing resistance of saturated soils and the angle between the planes of shear[END_REF] introduced the concept of effective stress 𝜎 for the particular case of saturated soils. 𝜎 is defined by

𝜎 = 𝜎 -𝑃 𝛿 1. 3
Where 𝜎 refers to the total stress, 𝑃 is the water pressure, 𝛿 is the Kroenecker's delta. An implicit assumption made here is the incompressibility of the fluid phase. [START_REF] Biot | Theory of elasticity and consolidation for a porous anisotropic soil[END_REF] argued that the effect of the water pressure 𝑃 should be scaled down in Terzaghi's expression in order to weight the respective reactions proportionally to the volumetric fractions.

Thus, a possible form of the effective stress includes porosity 𝜙, which is the volume of pores over the total volume, as a scaling factor of fluid pressure, is proposed:

𝜎 = 𝜎 -𝜙𝑃 𝛿 1. 4
With the deepening of research, the compressibility of the grain versus that of the skeleton have also been reconsidered, the Eq.1.5 is thus assumed by [START_REF] Skempton | Effective stress in soils, concrete and rocks. Pore Pressure and Suction in Soils[END_REF] to depend on the finite compressibility of the grains 𝐶 and the drained compressibility of the granular skeleton C.

𝜎 = 𝜎 -1 - 𝑃 𝛿 1. 5
In fact, for porous media, partial saturation is considered as the most common state in nature and engineering. Since Terzaghi's effective stress is only valid for the limit state where the pores are fully saturated, the principle of effective stress needs to be extended to the unsaturated state. To this end, [START_REF] Bishop | The principle of effective stress[END_REF] proposed the principle of effective stress suitable for unsaturated soils, that is, the generalized effective stress principle.

In unsaturated soils, defining 𝑃 as the gas pressure in addition to the water pressure 𝑃 , Bishop's stress takes the peculiar following form:

𝜎 = (𝜎 -𝑃 𝛿 ) + 𝜒(𝑃 -𝑃 )𝛿 1. 6
where 𝜒 is called the effective stress parameter or Bishop's parameter. 𝜎 -𝑃 𝛿 and 𝑃 -𝑃 , respectively, define the net stress and the matric suction.

The importance of the effective stress parameter 𝜒 lies in the width of range of saturation state it confers to the effective stress. [START_REF] Bishop | The experimental study of partly saturated soil in the triaxial apparatus[END_REF] first tried to verify Bishop's relation experimentally, then [START_REF] Zerhouni | Role de la pression interstitielle negative dans le comportement des solsapllication au calcul des routes[END_REF] conducted the supplementary experiments, and finally concluded that the effective stress parameter 𝜒 may be related to the degree of saturation 𝑆 of soil. Figure 1.18 evidences a seemingly trend for 𝜒 to follow the variations of the degree of saturation 𝑆 . The constitutive approach proposed by Abu-Hejleh (1995) is based on the assumption that soft fine-grained soils undergoing desiccation remain saturated until the void ratio reaches the shrinkage limit void ratio, that is, the void ratio at which soil shrinkage is terminated. Effective stress is equal to the sum of the pore water pressure (possibly negative) and the total stress; air pressure is not defined. Effective stress changes are related to total strain changes.

The total and effective stress paths during the overall consolidation and desiccation process of soft soils are presented in Figure 1.19. At the beginning of the consolidation process, when the effective stresses acting on the slurry soil are zero, the element is at the effective stress state O and the total stress state W. The initial positive pore-water pressure acting on the soil is the distance on the graph between the total stress state W and the effective stress state O.

Initial positive pore-water pressure decreases due to the consolidation and desiccation. As the pore-water pressure decreases, the lateral total stress decreases, the total vertical stress is assumed to remain constant. Therefore, the total stress path at this phase has a slope of -3/2 in the coordinate system shown in Figure 1.19.

Before the initiation of cracks, the net lateral strain for any soil element remains zero, so the effective stress path during consolidation and desiccation must follow 𝐾 -line, where 𝐾 is the coefficient of lateral earth pressure at rest. Along the total stress path WK and effective stress path OK, the pore-water pressure remains positive, thus the consolidation under one dimensional compression takes place. Along the total stress path KM and the effective stress path KB, the pore-water pressure is negative while the soil undergoes one dimensional shrinkage.

A constitutive relationship is proposed to model void ratio:

e = 𝑋 (𝜎 + 𝑋 ) 1. 7
Where 𝜎 is the effective vertical stress, and 𝑋 , 𝑋 and 𝑋 are soil parameters, which differ for consolidation and desiccation, respectively.

Soils start cracking during one-dimensional shrinkage when total lateral tensile stress at the crack tip reaches the soil tensile strength.

-𝜎 = 𝜎 1. 8

Where 𝜎 is total lateral stress and 𝜎 is tensile strength.

The lateral tensile stress -𝜎 at any depth is related to the vertical effective stress 𝜎 and the total vertical stress 𝜎 by 𝜎 = 𝜎 + (𝐾 -1)𝜎 1. 9

The expression of 𝜎 tensile strength (total stress) is related to void ratio e by the following relationship [START_REF] Znidarcic | Seepage-Induced Consolidation Test; Equipment Description and User's Manual[END_REF]:

𝜎 = 𝐹10 .
.
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The factor F is defined as F = 𝜎 /𝑆 , where 𝑆 is the undrained shear strength. While the lower limit for F is zero, the range of unconfined compressive strength to tensile strength reported by [START_REF] Lau | Desiccation cracking of soils[END_REF] suggests that an appropriate upper limit value for F is 0.5.

Abu-Hejleh did not directly verify the model, partly due to the lack of data on tensile strength and cracking. The model of [START_REF] Abu-Hejleh | Desiccation Theory for Soft Cohesive Soils[END_REF] and Abu-Hejleh and [START_REF] Abu-Hejleh | Desiccation theory for soft cohesive soils[END_REF] describes the desiccation of saturated clays, while effective stress is used. This is a key point to describe the rheological behaviour of soils during desiccation. However, the lack of a description of the desiccation of partially saturated clays make the model incomplete.

In addition, the failure criterion is expressed in total stress, but the stress path caused by drying is expressed in effective stress. Since the principle of effective stress is used, the strength criterion should also be expressed in terms of effective stress. [START_REF] François | A stress-strain framework for modelling the behaviour of unsaturated soils under non-isothermal conditions[END_REF] introduces an unconventional constitutive model for soils, which adopted a generalized effective stress framework and deals with a unified thermomechanical modelling for unsaturated soils. This averaged stress variable converts a multi-phase porous medium into a mechanically equivalent, single-phase, single-stress state continuum according to the following expression:

𝜎 = 𝜎 -𝑃 𝛿 + 𝑆 𝑃 -𝑃 𝛿 1. 11
Where 𝜎 is the total stress tensor, 𝑃 and 𝑃 are the gas and water pore pressures, respectively, 𝛿 Kronecker's symbol and 𝑆 the degree of saturation. rs., = c, ,line ,
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The adoption of generalized effective stress creates significant advantages for the constitutive framework, such as simplifications in the expression of the yield surface, the uniqueness of the critical state line and a smooth and natural transition in stress variables from saturated to unsaturated conditions [START_REF] Nuth | Effective stress concept in unsaturated soils: Clarification and validation of a unified framework[END_REF].

Laloui's model considers non-linear thermo-elasticity coupled with multi-dissipative thermoplasticity. The yield limit of the elastic domain in the generalized effective stress space is presented, the yield limit depends not only on the volumetric plastic strain, but also on the temperature and suction. The relationship between effective stress and strain of soil under coupled thermal and hydraulic forces is obtained by the Laloui's model. However, Laloui's model did not involve cracking until [START_REF] Péron | Desiccation cracking of soils[END_REF] added a new failure criterion to predict the occurrence of tensile cracking to the model.

In Péron's model, the tensile strength 𝜎 is expressed in terms of effective stress. In fact, the tensile strength evolves with the change of suction. Therefore, Péron first proposes the evolution of tensile strength as a function of suction:

𝜎 = 𝜎 + 𝑘 1 -𝑒𝑥𝑝 - 1. 12
𝜎 is the tensile strength at the saturated state, namely the saturated tensile strength. 𝑘 and 𝑘 are material parameters accounting for the increase in tensile strength as suction increases.

Péron adopt a macroscopic criterion for tensile failure which can be expressed as follows:

failure occurs as soon as the minor principal effective stress 𝜎 becomes lower than the uniaxial tensile strength 𝜎 . Indeed, the elected criterion allows for controlling the direction of crack propagation. A crack will form perpendicular to the direction of maximum tensile stress. The failure surface that represents this failure mechanism is denoted 𝑓 and is in the form:

𝑓 = 𝜎 -𝜎 1. 13
Adopted a generalized effective stress to construct the constitutive framework, this constitutive modelling can achieve the straightforward transition between saturated and unsaturated states of clay and the direct accounting for the hydraulic hysteresis effect on the mechanical response.

From this point of view, it seems feasible to construct a constitutive model using effective stress to simulate desiccation shrinkage of clay.

Poroelastic approach

The soil is composed of solid skeleton and porous and can be studied in the framework of porous media. Coussy published a book « Poromechanics » in 2004. Coussy define poromechanics as the study of porous materials whose mechanical behavior is significantly influenced by the pore fluid [START_REF] Coussy | Poromechanics[END_REF]. A unified and systematic continuum approach for poromechanics is provided in this book.

General poroelasticity theory can be seen as an extension of Biot's theory of poroelasticity.

The constitutive model is presented as being the consequence of an unbiased and systematic application of thermodynamics of open continua [START_REF] Péron | Desiccation cracking of soils[END_REF]. The theory of this unsaturated soil is given below (as exposed in [START_REF] Coussy | Approche énergétique du comportement des sols non saturés[END_REF] and [START_REF] Coussy | Poromechanics[END_REF]).

There are two fundamental laws for thermostats of homogeneous fluids. The first law of thermostats is the conservation of energy, the second law of thermostats, takes that the quality of thermal energy can only deteriorate with regard to its ulterior transformation into efficient mechanical work. The overall Lagrangian density of Helmholtz free energy is expressed in Ψ. [START_REF] Coussy | Poromechanics[END_REF] derive the Clausius-Duhem inequality related to deformable porous continua:

Φ = Φ + Φ + Φ ≥ 0 1. 14
As shown in Eq.1.14, the overall dissipation Φ results from three distinct sources of dissipation.

Skeleton dissipation Φ , Fluid dissipation Φ , and Thermal dissipation Φ .

Excluding irreversible transformations and eliminating the infinitesimal heat supply, the phase change from liquid to gas is assumed to be non-dissipative, when restricting consideration to isothermal evolutions and isotropic materials. In this case, both Fluid dissipation and Thermal dissipation will not be considered. Clausius-Duhem inequality writes:

Φ = Φ = 𝜎 𝑑𝜀 + 𝑔 -𝑆 - 1. 15
where 𝜎 is the total stress tensor component, 𝜀 is the strain tensor component, 𝑚 is the Lagrangian fluid mass content, 𝑔 is called the Gibbs potential and 𝑆 is the entropy of the whole matter per unit of volume, T is temperature. Owing to the additive character of energy and entropy, the skeleton Lagrangian densities Ψ and 𝑆 of free energy and entropy per unit of initial volume dΩ are given by:

Ψ = Ψ -𝑚 Ψ ; 𝑆 = 𝑆 -𝑚 𝑆 1. 16
Assuming that there is no interaction at the microscopic level between gas and water (ideal mixtures hypothesis), Gibbs potentials per unit mass of water and air satisfies the standard relations and Eq.1.16 transforms into:

𝜎 𝑑𝜀 + 𝑃 (1 -𝑆 ) + 𝑃 𝑆 𝛿 𝑑𝜙 -𝜙𝑃 𝑑𝑆 -𝑆 -≥ 0 1. 17

Where 𝑃 and 𝑃 are the water and gas pressures, respectively; 𝑃 = 𝑃 -𝑃 is the capillary pressure, 𝑆 is the (water) degree of saturation, and 𝜙 is the total porosity. Thermoporoelasticity extends the theory of thermo-elasticity to porous continua. This extension is achieved by considering an underlying thermoelastic skeleton. The dissipation related to the skeleton is zero and there are no internal variables, so the left-hand term of inequality is eventually zero.

Ψ is a scalar function of 𝜀 ,𝜙,𝑆 ,𝑇, finally derive the state equations in the form:

𝜎 = ; 𝑃 (1 -𝑆 ) + 𝑃 𝑆 = ; 𝜙𝑃 = - ; 𝑆 = - 1. 18
Constitutive equations are deduced by defining explicitly the potential Ψ . For this purpose, additional hypotheses are required. One can first approach the non-deformable case. Porosity 𝜙 is then constant and equal to initial porosity 𝜙 .

It yields:

𝜙 𝑃 = - 1. 19
Therefore, suction depends only on degree of saturation. In this case, the skeleton free energy Ψ reduces to the interfacial energy 𝑈 , termed 𝜙 𝑈 (𝑆 ):

Ψ = -𝜙 ∫ 𝑃 ( 𝑆 )𝑑𝑆 = 𝜙 𝑈 (𝑆 ) 1. 20
Eq.1.17 alternatively writes:

𝑃 = - 1. 21
A first approach to unsaturated poroelasticity consists in extending Eq.1.21 to the deformable case. By integration, allows us to express Ψ 𝜀 , 𝑆 in the form:

Ψ 𝜀 , 𝑆 = 𝜓 𝜀 , 𝜙 + 𝜙𝑈 (𝑆 ) 1. 22

The solid matrix energy 𝜓 is expressed separately from the interfacial energy 𝑈 . The solid matrix energy depends on state variables 𝜀 and 𝜙 only. The interface energy is brought to decrease saturation and depends only on the degree of saturation. Considering this partition hypothesis, and after some manipulations, derivation of the state equations is done. From the state equation involving stress tensor, one can obtain, for instance, the following well-known linear equation [START_REF] Coussy | Approche énergétique du comportement des sols non saturés[END_REF]:

𝜎 + 1 - 𝑃 -𝑆 𝑃 -𝑈 𝛿 = 𝐾 - 𝜀 𝛿 + 2𝐺𝜀 1. 23
Where 𝐾 is the drained bulk modulus, 𝐾 is the solid matrix bulk modulus, 𝐺 is the shear elastic modulus. One recognizes the Biot's coefficient equal to 1 -.

In [START_REF] Coussy | Constitutive modelling of unsaturated drying deformable media[END_REF] and [START_REF] Coussy | Approche énergétique du comportement des sols non saturés[END_REF], an investigation of the drying of soils is proposed using this approach. Hereafter is discussed an analytical expression of shrinkage strains occurring during free and homogeneous shrinkage of a single element derived in [START_REF] Coussy | Approche énergétique du comportement des sols non saturés[END_REF]. In Eq.1.23, 𝜎 refers to the total stress, so in this situation 𝜎 is zero.

Strains are only volumetric, so Eq.1.23 reduces to [START_REF] Coussy | Approche énergétique du comportement des sols non saturés[END_REF]:

𝜀 = 𝛿 1. 24
For incompressible solid grains, Biot's coefficient is one. Furthermore, at complete saturation (𝑆 = 1), Eq.1.24 reduces to the following expression of drying induced strain:

𝜀 = 𝛿 1. 25
Two additional constitutive expressions of air and vapors pressures are used to solve the problem of concrete drying. Darcy's and Fick's law are used for the transport of liquid water and vapors, respectively.

This approach proposed by Coussy was primarily developed for concrete, not for soils.

Therefore, there are limitations when simulating soil drying. Coussy's constitutive approach of desiccation reduces to an elastic formulation, but most of the soil drying is an elastoplastic problem. And the constitutive approach of desiccation proposed by Coussy does not involve soil cracking. Cracking is assumed to occur when total stress reaches a tensile criterion, and no indication about the exact form of this criterion is given [START_REF] Péron | Desiccation cracking of soils[END_REF]).

Constitutive approaches using the stress state variables

Fredlund [START_REF] Fredlund | Soil Mechanics for Unsaturated Soils[END_REF] proposed that the constitutive analysis of soil behaviour can depend on the stress state variables. The state of stress is described by three "measurable" stress tensors, namely, the total stress 𝜎, the pore-air pressure 𝑃 , and the pore-water pressure 𝑃 . It is assumed that these three stress tensors can be reduced to stress state variables: the saturated effective stress 𝜎 -𝑃 ; the net stress 𝜎 -𝑃 ; and the matrix suction 𝑃 -𝑃 . [START_REF] Fredlund | Constitutive relations for volume change in unsaturated soils[END_REF] showed that classic saturated soil behavior can be expressed in terms of state variable: the saturated effective stress 𝜎 -𝑃 . Compression can be caused by changes in saturated effective stress. The constitutive relationship of linear elastic saturated soil is therefore expressed by saturated effective stress.

Fredlund and Morgenstern (1976) also showed that unsaturated soil behavior can be expressed in terms of state variables: (1) the net pressure 𝜎 -𝑃 , (2) the matrix suction 𝑃 -𝑃 .

Compression can then be caused by changes in net stress, by changes in matrix suction, or by any combination of the two. The constitutive relations for a linear elastic unsaturated soil are thus expressed in terms of net stress and matric suction. [START_REF] Morris | Cracking in drying soils[END_REF] directly uses the following linear relationship (only normal components are given):

𝜀 𝜀 𝜀 = ⎣ ⎢ ⎢ ⎢ ⎡ - - - - - - ⎦ ⎥ ⎥ ⎥ ⎤ 𝜎 -𝑃 𝜎 -𝑃 𝜎 -𝑃 + ⎣ ⎢ ⎢ ⎢ ⎡ 0 0 0 0 0 0 ⎦ ⎥ ⎥ ⎥ ⎤ 𝑃 -𝑃 𝑃 -𝑃 𝑃 -𝑃 1. 26
In Eq.1.26, 𝐻 is a modulus of elasticity for the solid skeleton with respect to a change in matric suction. The elastic parameter 𝐸 is with respect to a change in net stress. 𝐻 does not depend on net stress, and 𝐸 and 𝜈 do not depend on suction.

Essentially, this constitutive method using stress state variables that is equivalent in writing the total strain 𝜀 as the sum of two strains (Eq.1.27), one due to a mechanical action namely mechanical strain 𝜀 and one induced by drying namely hydraulic strain 𝜀 . How to describe the two strains becomes the key to this constitutive development.

𝜀 = 𝜀 + 𝜀 1. 27

By changing the position of each strain term in Eq.1.27, the constitutive relations for a linear elastic soil are expressed in terms of total stress 𝜎 that can be obtained:

𝜎 = 𝐷 𝜀 = 𝐷 𝜀 -𝜀 1. 28
In the Eq.1.28, 𝐷 is the elastic matrix that can be calculated by the elasticity modulus E and the Poisson ratio 𝜈, the total stress 𝜎 during soil drying is generated by mechanical strain 𝜀 , mechanical strain 𝜀 is equal to the difference between total strain 𝜀 and hydraulic strain 𝜀 .

No matter what kind of stress state variable is used to construct the constitutive relationship of soil, when studying soil cracking, it is still necessary to follow the adapted failure criterion. [START_REF] Fredlund | The shear strength of unsaturated soils[END_REF] showed that the shear strength of unsaturated soils can be expressed as

𝜏 = 𝑐 + 𝜎 -𝑃 tan 𝜙 + 𝑃 -𝑃 tan 𝜙 1. 29
Where the effective cohesion 𝑐 in this equation is independent of pressure and is often small, 𝜙 is the friction angle, describes how the strength increases with total pressure, and 𝜙 describes how the strength increases with matrix suction. For a given matrix suction, the apparent cohesion intercept 𝑐 where the failure surface intersects the 𝜏 , matrix suction (𝑃 -𝑃 ) plane is given by

𝑐 = 𝑐 + 𝑃 -𝑃 tan 𝜙 1. 30
The tensile strength 𝜎 can be obtained: et al. (1992) observed through experiments that the absolute value of the tensile strength 𝜎 is significantly less than 𝑐 cot 𝜙 . With the suggestion of [START_REF] Morris | Cracking in drying soils[END_REF] to lower the maximum value of the tensile strength, the tensile strength 𝜎 becomes:

𝜎 = -𝑐 cot 𝜙 1. 31

Morris

𝜎 = -𝛼 𝑐 cot 𝜙 1. 32
Where 𝛼 is a coefficient, based on experimental research.

In basic Mohr-Coulomb failure criterion, the shear strength is expressed by

τ = 𝑐 + 𝜎 tan 𝜙 1. 33
the tensile strength is expressed by

𝜎 = 𝑐 cot 𝜙 1. 34
may be interpreted as a theoretical maximal tensile stress (in absolute value), limiting the possible values of the normal stress 𝜎 in tension [START_REF] Baker | Tensile strength, tension cracks, and stability of slopes[END_REF]. In Figure 1.20, the classical Mohr plane is shown with the value of 𝜎 . The Mohr circle 𝜏 corresponding to the limiting case 𝜎 = 0 is shown in Figure 1.20. This circle defines a corrected tensile strength 𝜎 . Graphically, it is easily demonstrated that:

𝜎 = = 1. 36
In a sense, the above modifications that define cut-offs rejoin the Griffith failure criterion.

Replace the 𝑐 in the Mohr-Coulomb basic Eq.1.34 using the apparent cohesion intercept 𝑐 given in Eq.1.29. Add a coefficient 𝛼 in the Mohr-Coulomb basic equation, at this point, the Mohr-Coulomb basic equation becomes 𝜎 = -𝛼 𝑐 cot 𝜙 . This is the same as the formula proposed by [START_REF] Morris | Cracking in drying soils[END_REF] suggest that 𝜎 = -0.5𝑐 .

Discussion:

In fact, it was found that the desiccation shrinkage deformation of the sample was mostly related to its hydraulic behavior and the cracking was related to the mechanical behavior in the desiccation experiments of the remolded clay mud (Peron et al. 2006). Therefore, the method of stress state variables is used to construct a constitutive model of clay that is a good way to study the drying shrinkage and cracking of clay soils separately.

In addition, the results of soil tensile tests are usually total stress or total strain, therefore, the failure criterion can be directly determined by the total stress or the total strain. Cracks is assumed to occur when total stress or total strain reaches a tensile criterion, and the simulation results are the total stress and the total strain by using the method of stress state variables to express the constitutive relationship of the soil. Thus, considering the subsequent simulation of cracks in clay soil, it would also be a good choice to use this method to express the constitutive relationship of the soil. In the recherche of this thesis, the method of stress state variables will be considered to construct a constitutive model of clay soil.

Numerical method for discontinuity simulation

The desiccation cracks in clay soil are actually the microcracks localized and nucleated into macrocracks, and displacement discontinuities develop in material. With the efforts and advances in numerical simulation methods and computational techniques in recent years, discontinuous displacement can be simulated by various numerical methods, such as the Finite Element Methods (FEM) and its late meshless developments, the Boundary Element Methods (BEM) and the Discrete Element Methods (DEM).

Discrete Element Methods (DEM)

As we all know, the Discrete Element Methods (DEM) is a numerical simulation method specially used to solve the problem of discontinuous media. The general solution process of DEM is as follows: the solution space is discretized into discrete element array, and two adjacent elements are connected with reasonable connecting elements according to the practical problems. The relative displacement between two elements is the basic variable, the normal and tangential forces between two elements can be obtained from the relationship between force and relative displacement.

When the discontinuous displacement of soil is simulated, the capillary forces have already been used to compute inter-particle cohesion forces in molecular dynamics [START_REF] Lian | Discrete particle simulation of agglomerate impact coalescence[END_REF][START_REF] Radjai | Cohesive granular texture[END_REF][START_REF] Soulié | Influence of liquid bridges on the mechanical behaviour of polydisperse granular materials[END_REF][START_REF] Richefeu | Shear strength properties of wet granular materials[END_REF] This method of pre-embedded joint elements has the advantage of being easy to operate, but the disadvantage is that the crack position is fixed.

Figure -1.23 Description of the cracks observed at various moments [START_REF] Thi | Numerical modelling of desiccation cracking of clayey soil using a cohesive fracture method[END_REF] ...
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Extended finite element method (XFEM)

In addition to the numerical methods described above, the extended finite element method (XFEM) [START_REF] Moës | A finite element method for crack growth without remeshing[END_REF], which based on the theory of FEM, was widely used for predicting the behaviour of crack and describing the crack initiation and propagation. As the first method for analyzing crack growth without remeshing, the XFEM theory works by adding enrichment shape functions into the traditional FEM theory in the simulation of discontinuous in fixed meshes. In the numerical simulation of cracked structures under statically and later under dynamically loading, XFEM has been successfully applied for several years. It is now becoming an efficient method in the simulation of macrocracks growth to reduce the mesh dependencies.

In [START_REF] Huang | Modelling quasi-static crack growth with the extended finite element method: part II, numerical applications[END_REF] In the research of this thesis, the simulation of desiccation shrinkage and cracks in clay soil will be carried out with the aid of the finite element software Abaqus. Abaqus provides the extended finite element method to simulate the initiation and propagation of cracks, so XFEM will be adopted in this research for the numerical simulation of discontinuous displacement in clay soils. The theory of XFEM and its application in Abaqus will be introduced in detail in chapters following. 

Conclusions

In this chapter, the definitions of desiccation shrinkage and cracks in clay soil are introduced firstly, then through the description of the consequences of desiccation in geotechnical engineering, it is easily to find that the soil desiccation in geotechnical engineering is a very common situation and a situation with great security risks. Therefore, it is necessary to analyze and summarize the reasons for the occurrence and development of desiccation shrinkage and cracks of soil.

In order to obtain the mechanism of soil desiccation shrinkage and cracks, the researchers conducted many soil drying tests in the laboratory and have different focuses on the study of soil drying shrinkage and cracks. Through the analysis of the results of the drying tests, it can be found that the reasons affecting the drying shrinkage and cracking of the soil are complex and diverse. Therefore, in the research of this thesis, it is necessary to conduct desiccation experiments under controlled environmental conditions to achieve the purpose of controlling variables and explains the relationship between soil drying shrinkage and cracks by compared different types of drying experiments. In fact, the measurement of soil water retention curve and soil tensile tests will also be helpful to the study of the desiccation shrinkage and cracking in clay soil.

In the research of this paper, the combined numerical simulation and laboratory experiments research were conducted for investigating the desiccation shrinkage and cracking process of clays. There are many existing constitutive approaches that could describe the behavior of soils during desiccation. These construction methods provide ideas for the study of this paper, especially for how to establish the hydraulic-mechanical coupling of soil in the simulation.

Finally, the method of stress state variables is used to establish the constitutive model of clay to study the dry shrinkage and cracking of clay.

The simulation of soil desiccation cracking has been carried out a lot, many achievements have been made. However, it is not being completely accurate to predict the occurrence and development of cracks of clay soils. There are still many problems in the prediction of the occurrence and development of cracks due to the complex elastic-plastic properties of clay materials. This paper will simulate soil desiccation shrinkage and cracking based on the existing research, and obtain the simulation results closer to the experimental results.

In the next chapter, some of the properties of the research material (Kaolin K13) and the phenomena and results of shrinkage and cracking in the desiccation experiments of remolded clays are summarized and analyzed in detail. The numerical approaches and the numerical results of the desiccation shrinkage and cracking in clay soil will be discussed in the chapters following.

CHAPTER II

Shrinkage phenomenon and cracks process in clays related to desiccation -Principal experimental observations In this chapter, firstly, the material properties of the studied material were introduced as well as some material parameters which are used in the simulation. The water retention characteristics of the studied material are here analyzed for a better understanding of the shrinkage phenomenon related to desiccation. Then, the experimental results of the shrinkage and cracks process in clays are presented and analyzed under free desiccation experiments and constrained shrinkage conditions. Finally, the chapter ended by a conclusion section.

Physical and mineralogical properties of the studied material

The soil used in this study for the desiccation experiments is an industrial clay called Kaolin K13 (Sibelco, France). The material properties (including physical, mineralogical and mechanical properties) of the Kaolin K13 should be introduced to better understand this clay.

Consistency limits (plasticity and liquid limits) and the unit weight of Kaolin K13 were measured in laboratory by [START_REF] Zhao | Study on the creep behavior of clay under complex triaxial loading in relation to the microstructure[END_REF]. Physical properties are listed in Table 2.1. The grain size distribution of Kaolin K13 performing by laser granulometry through three parallel measurements is represented in Figure 2.1, which shows that the mean dimensions of Kaolin K13 falls in the range of 2.5 μm to 20 μm. Notice that the kaolinite usually has a low shrink-swell and low cation-exchange capacity. Thus, one notices the large proportion of kaolinite in the material, some illite and quartz particles and a few other ingredients. Mineral composition of Kaolin K13 provided by Zhao ( 2017) is given in Table 2.2. . E
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Experimental identification of mechanical properties

The Kaolin clay has been extensively studied in the literature. The work of [START_REF] Gao | Micro-macro approach of dilatancy phenomenon in remoulded clays -Study of the behaviour at saturated and unsaturated condition[END_REF] recently found that mineral composition of Kaolin P300, as well as physical and mechanical properties, was similar to those of Kaolin K13. Thus, the experimental data of Kaolin P300 will also be used for analysis and complete the mechanical properties of Kaolin K13.

Identification of elastic properties

The oedometric tests were performed by Ighil Ameur (2016) on the Kaolin K13, Figure 2.3

shows the evolution of void ratio as a function of effective vertical stress, the bule line shows the evolution of this one according to the correlations of [START_REF] Biarez | Elementary Mechanics of Soils Behaviour[END_REF]. The compression index 𝐶 and the swelling index 𝐶 may be obtained by fitting the linear part for loading or unloading stage. The identified 𝐶 is 0.292 and 𝐶 is 0.05 for Kaolin K13 by Ighil-Ameur (2016) on both oedometric loading and isotropic loading. The oedometric modulus 𝐸 can be calculated by using the data in the Figure 2.3 according to the Eq.2.37.

𝐸 = = - ( ) ∆ 2. 37
The Young's modulus 𝐸 can be estimated by using the oedometric modulus 𝐸 and Poisson's ratio 𝜈, the relationship is as follows:

𝐸 = ( ) ( )( )

38

The Poisson's ratio 𝜈 varies from 0.28 to 0.38 in remolded clay soils consolidated in drained condition [START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF]. [START_REF] Costet | Cours pratiques de mécanique des sols 2 -Calcul des ouvrages[END_REF] have proposed empirical methods, Poisson's ratio 𝜈 is estimated based on the coefficient of earth pressure at rest (𝐾 ):

𝜈 = 2. 39
The coefficient of earth pressure at rest 𝐾 is calculated as a function of the angle of internal friction 𝜑 of the kaolinite. therefore, a non-linear elasticity exponent n is calculated, governing the Young's modulus increase with respect to confining pressure according to:

𝐸 = 𝐸 , 2. 40
with 𝐸 being the Young's modulus at a reference pressure 𝜎 , , fixed here at 200 kPa. The critical state line 𝑀 can be written as a function of internal friction angle:

𝑀 = 2. 41
The coefficient of earth pressure at rest 𝐾 ≈ 0.62 can be related to the angle of internal friction 𝜑 by the empirical formula of Jacky: p' (: kPa)

𝐾 = 1 -𝑠𝑖𝑛𝜑 2. 42

Identification of tensile strength

Wei ( 2014) have introduced the tensile tests of Kaolin P300 in the framework of her thesis.

The experimental device used for the tensile tests has a double triangular shape similar to Avila's [START_REF] Avila | Measurement of fracture mechanics parameters for the analysis of cracking in clayey soils[END_REF]. The test material is Kaolin P300 samples initially in form of slurry, which were submitted to different initial water content (notice that no preconsolidation treatment was performed).

Figure 2.5 -Experimental device with sample for tensile tests [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF] Experimental observations show that the material with different water contents obviously reacts with different tensile strength. As illustrated in Figure 2.6, the results show that when the initial water content of sample is 39%, the corresponding maximum tensile stress is 9 kPa at 7% of strain; for an initial water content of 31% the corresponding maximum tensile stress is of 11 kPa with 8% of strain; for an initial water content of 26%, the corresponding maximum tensile stress is 14 kPa with 6% of strain.

Partial discussion:

For the numerical simulation, it is necessary to fix a failure criterion to determine the initiation and propagation of cracks in the soil. In the literature, the criterion frequently used are the stress criteria, the energy criteria, the damage criteria and the strain criteria. However, as for the clay soil with different water content, especially when the water content varies from liquid limit to the plastique limit then to the shrinkage limit, the stress and the stiffness of the soil are quite difficult to be identified, both for the experimental and numerical approaches. The strain, however, could be measured and monitored during the test. With the progress in the image treatment technology, such as the Vic-2D and Vic-3D, the evaluation of the strain (displacement) could be monitored on time. For this reason, the strain-based crack initiation and propagation criteria is proposed in this research. 

Discussion

The desiccation cracking is the result of soil tensile strength mobilization. This is commonly acknowledged by most of the authors who study desiccation cracking. Thus, the prediction of desiccation cracking requires the determination of tensile strength. The tensile strength of the material obtained through the tensile tests can be used to verify the initiation and propagation of desiccation cracks of soils and determine the failure criterion in the simulation. :X §"
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The identified parameters, discussed from 2.1 to 2.3 sections, can be used in subsequent numerical simulations. For example, Young's modulus 𝐸 and Poisson's ratio 𝝂 can be used to construct a stiffness matrix describing the elastic constitutive of a material; the critical state line M can be used to construct a yield surface describing the material's transition from elastic to plastic deformation. Of course, how to use these parameters will be discussed in more detail in subsequent numerical simulation. 3. Water retention characteristics of the Kaolin K13 and theoretical shrinkage Soil Water Retention Curve (SWRC) defines the relationship between gravimetric or volumetric water content, 𝑤, degree of saturation, S , void ratio, 𝑒, and suction imposed, 𝑠.

Experimental results

The experimental data presented in this part is from different authors: Yang (2021); [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF] and [START_REF] Taibi | Comportement mécanique et hydraulique des sols soumis à une pression interstitielle négative -Etude expérimentale et modélisation[END_REF]. All experimental results (i.e., Void ratio and water content curve, Volumetric water content and suction curve, Void ratio and suction curve and Degree of saturation and suction curve) of Kaolin K13 clay specimens on drying path are presented in Figure 2.7.

The shrinkage limit water content of a soil is the water content at which shrinkage deformations cease [START_REF] Bigot | Retrait, gonflement et tassement des sols fins[END_REF]. When the shrinkage limit is reached, the void ratio of the sample is the smallest. Void ratio and water content curve show the theoretical shrinkage results

of Kaolin clay specimens on the drying path, the minimum void ratio (emin) and the shrinkage limit water content (wSL) of Kaolin K13 clay are respectively 0.63 and 24%. When the sample is in the saturated state, the void ratio of the sample decreases with decreasing water content of the sample following the straight saturation line with the slope of 𝐺 , as illustrated in Figure 2.7a. Then when the sample enters an unsaturated state, the relation between void ratio and water content of the sample is no longer linear, the rate of decrease of the void ratio of the sample slowed down until the void ratio reaches the minimum void ratio of 𝑒 = 0.63.

Desaturation suction (air entry pressure) is deduced from the relation between suction and degree of saturation, for the Kaolin K13, the air entry value 𝑠 is close to 1000 kPa, since the sample has not preconsolidation treatment, the shrinkage limit suction and the air entry pressure are nearly the same. The relationship between water content, void ratio and degree of saturation for the soils is expressed by the following formula:

𝑆 = * 2. 43
Where 𝑆 is the degree of saturation; 𝐺 is the specific gravity of the solids; 𝑤 is the gravimetric water content; 𝑒 is the void ratio.

The shrinkage volumetric strain 𝜀 of the sample during the drying process could be related to its void ratio, as:

𝜀 = 2. 44
𝑒 is the initial void ratio of the sample, while 𝑒 is the void ratio at a given state of drying.

Combining the experimental results in Figure 2.7a with Eq.2.44, the change of the theoretical shrinkage volumetric strain 𝜀 of the sample during the drying process can be calculated. The calculation results are shown in Figure 2.8. It shows a linear relationship between the shrinkage volumetric strain and the water content from its initial water content to the vicinity of its air entry value (w=24%), at this stage, the sample is always saturated. For simplicity one can consider the soil grain as incompressible. As the drying continues, water is further lost, and the shrinkage volume strain remains constant. This means that the air begins to entre in the soil, the sample enters an unsaturated state. Where 𝜒 is the effective stress parameter or Bishop's parameter, s is the suction. [START_REF] Bishop | The experimental study of partly saturated soil in the triaxial apparatus[END_REF] first attempted to verify Bishop's relation experimentally, the values of 𝜒 could be evaluated as follows:

𝜒 = 𝜒 (𝑆 ) 2. 46
𝜒 will changes to follow the variations of the degree of saturation 𝑆 . A possible elementary choice is written by [START_REF] Schrefler | The finite element method in soil consolidation (with applications to surface subsidence)[END_REF] under the following identity:

𝜒 = 𝑆 2. 47
Thus, the capillary pressure has the following expression:

𝑃 = 𝑆 * 𝑠 2. 48
Combining the experimental results in Figures 2.7b and 2.7d with Eq.2.48, the capillary pressure 𝑃 can be calculated. The results are presented in Figure 2.9. 

Controlled desiccation device

The specimen with base plate was placed in a sealed container, in which a saturated salt solution 

Application of DIC technique for desiccation experiments

The digital image correlation consists in capturing a series of pictures of a specimen during its deformation process with a digital camera (two digital cameras for the 3D analysis). With computer software Vic-3D, the images are analyzed to create a contour map of displacements and deformations.

The specimen needs to be prepared with a random dot pattern (speckled pattern) so that the software can be able to use the positional changes of these spots during the test to calculate the displacements. During the tests, while the specimen is subjected to external loads, the specimen will be deformed, in this study, the deformation of the specimen was caused by drying, the camera takes one picture before and others after the specimen is deformed, then the software analyzes the difference between the pixels (speckled pattern on the sample) of the different images and correlates them to derive the 3-D displacement fields and then the deformation fields.

The whole sample image is divided into many subsets in the software Vic-3D, as shown in Figure 2.12. These subsets are actually a collection of pixels, the value of subset depends on the density of pixels.

Figure 2.12 -Schematic diagram of subsets in the software Vic-3D

There is an initial distance between the subsets, which can be called step, as shown in Figure 2.12. The value of step affects the time to obtain the calculation results by using software Vic-3D, the larger the value of step, the less time it takes to get the calculation results.

During the drying process, the size of subsets will change in each sample image, and this 

Experimental identification of shrinkage using DIC

The experimental data presented in this part is mainly from the free desiccation experiments of Yang ( 2021) (the sample is on the smooth support), the experimental data of other researchers [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF][START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF] will be used to enrich the results. As the soil sample dries, water content heterogeneity increases. The results show that drying tends to progress from the extremities towards the center. The results show that the evolution of the local strain curve in the same direction is similar. At the end of the drying, one can observe slight differences of the results between the analyzed Water content w (%)

zone close the boundaries and analyzed zone around the center, the trends are that the xx andyy on the sample surface is larger close the boundaries and decreases approaching the center, the trend of zz is just the opposite.

The other effect of drying is related to the estimated local vertical strain results zz, towards zaxis direction. One can clearly observe in Figures 2.17b larger zz values comparing to the strains in the two other directions. For all the analyzed zone, on the earlier stages of drying, the shrinkage obviously started on the surface of the sample in the vertical direction. This shows that the sample exhibited anisotropic deformation during the desiccation.

Water contentspecimen deformation and anisotropy phenomenon

The global strain in various directions of the sample in the free desiccation experiment can be obtained by VIC-3D. The results show that the global strain of the sample in the horizontal direction and in the longitudinal one is similar. When the water content of the sample decreases, for all the range of 𝑤 > 40 % (which corresponds to the liquid limit value), the sample shrinks highly in the vertical direction, but shrinks very little in the horizontal direction.

Many researchers have hypothesized the reason of the difference between horizontal, longitudinal, and vertical strain, before reaching the liquid limit value, soil is in a liquid state, and exhibits gravity induced consolidation (vertical strains are greater than horizontal ones) (Peron, 2008) and the adhesion role of the water film between the sample and the substrate will also affect the shrinkage [START_REF] Corte | Experimental Research on Desiccation Cracks in Soil[END_REF]. When the sample water content is below the liquid limit value, the horizontal shrinkage increased noticeably, the strains has a roughly linear evolution with water content until the value of about 𝑤 = 24 %. The value at which shrinkage ceases (w = 24 %) is in accordance with the shrinkage limit. The experimental observations show that the deformation of soil during the drying process is far away from isotropic. At the beginning, the vertical deformation strain is dominant, and then when the water content approaches to the vicinity of liquid limit, the deformation of the horizontal and longitudinal directions begins to increase. To describe this phenomenon, an anisotropic shrinkage coefficient is introduced to represent anisotropic deformation. The coefficient of shrinkage ratio noted η what obtained by the drying experiment results. The calculation of the shrinkage ratio coefficient is as follows:

𝜀 = = = ( ) 2. 49
For square sample the horizontal strain value 𝜀 is equal to the longitudinal strain value 𝜀 , 𝜀 = 𝜀 , 𝜂 = 1, therefore the coefficient of shrinkage ratio is defined as follows:

𝜀 = 𝜀 = = 2. 50
The coefficient of shrinkage ratio 𝜂 is obtained by calculating the experimental data of Figure 2.18. 𝜂 changes with the water content as shown in Figure 2.19. From the comparison of these results of the volumetric strain of the sample in the free desiccation experiment with the Soil Water Retention Curve one can conclude the good process of free shrinkage of the desiccation experiment. This means that the smooth support does not limit the desiccation shrinkage of the sample in the free desiccation experiment, the volumetric strain and strain component of the sample is the theoretical shrinkage strain, the free desiccation experiment of clay can be used to describe and analyze the theoretical desiccation shrinkage process of clay. Thus, the experimental results obtained by using Soil Water Retention Curve can be applied to the free desiccation experiment, thereby the capillary pressure of the sample in the free desiccation experiment can be calculated.

So far, the experimental results of shrinkage process in clays related to desiccation are obtained through the free desiccation experiments. Throughout the experiment, the desiccation shrinkage strain of the sample was not limited, no cracks were observed. Through the combination of the free desiccation experiment and the Soil Water Retention Curve, the experimentally relationships between physical variables of clay during desiccation is established, the desiccation shrinkage process of clay is identified. This also laid the foundation for the subsequent simulation of the desiccation shrinkage process of clay that is the subject of Chapter III.

Stress concentration and crack initiation

The experimental results of the cracks process in clays related to desiccation are obtained by introducing and analyzing the constrained desiccation experiments of the clays. The experimental data presented in this part is mainly from the constrained desiccation experiments of Yang (2021), the experimental data of other researchers [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF][START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF] will be used to enrich the results.

Apparition of stress concentration -experimental observation

Water content evolution in the case of constrained shrinkage

The important factor that affects the evolution of the water content of the sample is the relative humidity. Therefore, the results of the evolution of the global water content of the samples obtained through the constrained desiccation experiments are basically the same as the free desiccation experiment at the same relative humidity (Figure 2.21). However, the local water content may change especially in the constrained water content zone. -----alllll There are two reasons for the concentration of strain in extension generated in the sample. One is the external cause, that is, the uneven friction of the base plate is generated. This is because the roughness of the surface of the base plate is not uniform, the friction generated by the contact between the base plate and the sample is also not uniform, the result for this reason should be that the concentration of strain in extension appears at the same position in the sample for each test. However, through the study of the experimental results, it was found that the positions of the concentration of strain in extension in the sample on the same base plate were ,,,,_,,/ / ---------' ....
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-/ .,, _., .,. ,,. .,, ,, ., , , ' ' ' ' ' ... ... -_, ~ -/ .,,, / ' ,,, ,, ,, .,. ,, ,, ; , ' ' ' ' ' ' .... .... .... ...__ ...__ / _, / ,,, ,,, ,,, ,,, / ,. ,, , I ' ' ' ' ' ' ... The other is an internal cause, that is, there is local heterogeneity in the sample itself. This reason is easy to understand, because the sample is reshaped, although the sample is made as homogeneous as possible during the sample preparation process, the possibility of local heterogeneity of the sample still exists. These local heterogeneous points will have different water loss rates during the drying process, the areas with slow water loss rates will restrict the areas with fast water loss rates to shrink, and then the concentration of strain in extension will occur. Moreover, due to the randomness of the heterogeneous points, the location of the strain concentration area in each experiment is different, which is consistent with the observed experimental phenomenon.

So far, the reasons of the concentration of strain in extension generated in the sample has been obtained, but the occurrence of the concentration of strain in extension does not necessarily mean that cracking occurs. Therefore, the relationship between the concentration of strain in extension and the initiation of the cracks still needs to be studied.

The relationship between the concentration of strain in extension and crack openings

The study of the relationship between the concentration of strain in extension and crack openings is described in detail in Ighil Ameur (2016). Notice that the used sample was 190mm*130mm*4mm of size in Ighil Ameur's work. ' §•J,j

•2

•2,5 The results show that the concentration of strain in extension in the sample was generated, but no cracking occurred at the concentration of strain in extension. The distribution of horizontal strain 𝜀 along the line A -𝐴 (Figure 2.32a) shows that the I-CD2-s361 region was expanded to 𝜀 = +0.18% at an early time (t = 2.7h). 𝜀 increases with the progress of desiccation and reaches a maximum at t = 14.5h, which is 𝜀 = +2.6%.

At this stage of desiccation, an average compression of 𝜀 = -1% was recorded on each side of the I-CD2-s361 region. After t = 14.5h, the extension in the zone tends to decrease indicating that the crack is initiated, while the compression on both sides of the crack gradually increases until it reaches its maximum value of 𝜀 = -4.7% at the shrinkage limit (𝑡 = 26h).

The distribution of longitudinal deformation 𝜀 along the line B -𝐵 (Figure 2.32b) shows that the I-CD2-s361 region has very low values (close to zero) from the start of desiccation until t = 14.5h. After t = 14.5h, the crack is initiated, while the compression on the entire area gradually increases until the shrinkage limit (𝑡 = 26h).

The shear strain (Figure 2.32c) is relatively small compared to the horizontal and longitudinal strains.

A detailed study of the I-CD2-s361 area at different desiccation times, as shown in Figure 2.33, involves horizontal and longitudinal strain. The study area is shown schematically by a discontinuous black ellipse. The maximum strains (𝜀 ) in the analysis areas of the above two groups of samples in the constrained desiccation experiments are compared and analyzed, that is, the maximum strain in the two cases of no cracking and cracking at the strain concentration, as shown in Figure 2.34, the convention gives extensions positive and compression negative. The results show that whether it is cracked or not, the maximum strain (𝜀 ) at the strain concentration is greater than the theoretical horizontal shrinkage strain 𝜀 , which indicates that the existence of stretching limits the shrinkage of the sample. The maximum strain at the cracked place is greater than the value at the uncracked place. 

Crack initiation and tensile test

Through the above experimental results, it can be obtained that the cracks appear in the strain concentration area of the sample, but not all strain concentration will cause cracks. At this time, it is necessary to introduce a failure criterion to determine whether a crack occurs.

In section 2.3 above, it has been introduced that Wei obtained the tensile strength of Kaolin at different water contents through tensile test. In fact, the results of the constrained desiccation experiments directly obtained by VIC-3D technology is the strains, therefore, the maximum tensile strains in the Wei's tensile experimental results are used to compare with the local maximum tensile strains at the concentration of strain in extension, so as to realize the purpose of judging whether the crack has occurred.

The shrinkage strain of the sample at the strain concentration is limited by stretching, the maximum tensile strains at the concentration strain can be calculated from the theoretical shrinkage strain 𝜀 and the maximum strain 𝜀 of the sample. The maximum tensile strains in the two cases of no cracking and cracking at the strain concentration are calculated, as shown in Figure 2.35, the convention gives extensions positive and compression negative.

The variation of maximum tensile strains in the two cases of no cracking and cracking at the strain concentration (tensile strain refers to the calculated mechanical strain that limits the desiccation shrinkage of the sample) are compared with the tensile strength obtained by Wei [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF], as shown below: Water content w (%)

Through experimental observation, it can be found that when the tensile strain in the sample exceeds the tensile strength during the drying process, the sample will crack. However, if the tensile strain in the sample does not exceed the tensile strength, only the concentration of strain in extension will occur, and no cracking will occur.

So far, the relationship between the concentration of strain in extension and crack opening can be obtained by the comparison and analysis of the Ighil Ameur's constrained desiccation experimental results. The concentration of strain in extension will generate in the sample during the drying process under combined effects for instance friction material/plate, local heterogeneity etc., this tensile strain in the area will increase as desiccation progresses until the sample slides on the base plate. Thus, after the tensile strain reaches its maximum, the strain will change from tension to compression due to the shrinkage development. If the tensile strain exceeds the fracture criterion before the tensile strain reaches its maximum value, cracks will appear in the concentration of strain in extension in the sample. The analysis of the experimental results shows that the faster the water loss rate of the sample, the more obvious the local heterogeneity of the sample. The relationship between cracks and other physical variables is established at the macroscale by constrained desiccation experiments.

Finally, the experimental results of the constrained desiccation experiments are combined with the traction tests, the initiation of the cracks in clays related to desiccation could be obtained.

These observations laid the foundation for the subsequent simulation of the desiccation shrinkage and cracks in clay soils.

Conclusions

In this chapiter, we not only have a better understanding of the materials, but also provide the parameters of material for the subsequent numerical simulation by summarizing and analyzing the material properties and the water retention characteristics of the experimental materials.

The methods and results of desiccation experiments of initially saturated soil were presented, two kinds of experiments were considered: free desiccation experiments and constrained desiccation experiments. Based on the analysis of the above experimental results, we draw the following conclusion:

1. The free desiccation experiment of clay reproduces the shrinkage process in clays related to desiccation, during the whole process, the strain of the sample is all caused by the desiccation shrinkage. In the early stage, the sample is always saturated, and the soil grain is supposed as incompressible. That means the variation of the shrinkage volumetric strain of the soils equals to the water volume. And then, with the further water loss, the void ratio keeps as constant, which means the air begins to entre in the soil, at this stage, the strain of soils is less than the volume of losing water. The two stages of strain together constitute the shrinkage strain of the sample.

2. The experimental observations show that the deformation of soil during the free desiccation process is far away from isotropic. At the beginning, the vertical deformation strain is dominant, and then when the water content approach to the vicinity of liquid limit, the deformation of the horizontal and longitudinal directions begins to increase. To describe this phenomenon, an anisotropic shrinkage coefficient is introduced to represent anisotropic deformation. The coefficient of shrinkage ratio noted η what is obtained by the drying experiment results.

3. It can be found from the comparison between the results of the free desiccation experiment and the constrained desiccation experiment that the concentration of strain in extension in the sample are generated due to the limitation is the presence of constrained boundary conditions and local water content gradients, the tensile strain in the concentration of strain in extension region will increase as desiccation progresses, after the tensile strain reaches the maximum, the strain will change from tension to compression. If the tensile strain exceeds the fracture criterion before the tensile strain reaches its maximum value, cracks will appear in the sample.

The next chapter will introduce how to use the simulation method to achieve the shrinkage and cracks process in clays related to desiccation.

CHAPTER III

Numerical approaches for shrinkage and cracks process in clays related to desiccation 

CHAPTER III Numerical approaches for shrinkage and cracks process in clays related to desiccation

In the chapter II, the desiccation experiments of clay soils have been introduced. Certain field variables, such as the water content, the stress and the pore pressure cannot be obtained directly.

The numerical simulations are good choice for deeper understanding of the drying process in clay soils.

In this chapter, the numerical approaches for shrinkage process in clays related to desiccation are presented firstly, and then its implementation in Abaqus is introduced. In the second section, the proposed shrinkage model has been extended for taking the mechanical behavior into consideration, in which the constrained shrinkage process in clays related to desiccation can be considered. Finally, the theory of Extended Finite Element Method (XFEM) has been recalled, and its implementation in Abaqus is introduced.

1. Numerical approach for shrinkage process in clays due to desiccation 1.1 Shrinkage phenomenon modeling

Decomposition of the strain field

There is no crack development in the free desiccation process. However, when the desiccation shrinkage is limited by the constraint boundary conditions, the deformation of the sample is not equal to the theoretical shrinkage deformation (see Chap. II). The total strain tensor 𝜀 can be regarded as the sum of two parts: one part is the theoretical shrinkage strain (which can be called hydric strain) expressed by 𝜀 ; the other part is the mechanical strain denoted by 𝜀 (Eq.3.51).

𝜀 = 𝜀 + 𝜀 3. 51

The first part is the hydric strain 𝜀 , due to water mass removal in sample during the drying process, that is the theoretical shrinkage strain. The second part is the mechanical strain 𝜀 .

For a particular case, in the free desiccation experiment, the total strain of the sample is equal to the hydric strain 𝜀 = 𝜀 .

As mentioned in the previous experimental observations, the volumetric hydric strain 𝜀 in the two previous stages of desiccation can be related to the void ratio e of the soil, as:

𝜀 = 3. 52
In which, 𝑒 is the initial void ratio of the sample, while 𝑒 is the actual void ratio. The equation also implies the small deformation hypotheses.

For a full saturated soil due the desiccation, the shrinkage (volumetric hydric stain) is mainly due the dissipation of water. Thus, the changing in void ration can be related directly with the water content w. In order to describe this curve e(w), several empirical models have been developed [START_REF] Braudeau | New device and method for soil shrinkage curve measurement and characterization[END_REF][START_REF] Fredlund | Representation and estimation of the shrinkage curve[END_REF][START_REF] Leong | Universal soil shrinkage curve equation[END_REF]). Among them, the one proposed by [START_REF] Fredlund | Representation and estimation of the shrinkage curve[END_REF] is more popular and has been adopted in current work, as:

𝑒 = a + 1 3. 53 with 𝑏 = * a 3. 54
Where a is the minimum void ratio for a given soil; 𝑏 is a parameter determining the slope of the tangency line e(w); 𝑐 is the curvature of the shrinkage curve e(w); 𝑆 is the initial degree of saturation; 𝐺 is the specific gravity of the solids; and w the gravimetric water content 𝑤 in percentage.

As presented in Chapter II, the material used in this study is Kaolin K13. And the experimental results of the void ratio of Kaolin K13 vs. water content in the drying tests have also been introduced. The parameters in Eq.3.53 and Eq.3.54 can be determined by fitting the experimental data (Figure 3.1) already presented in Chapter II. Water content w (%)

Shrinkage anisotropy

If the shrinkage deformation is isotropic, the deformations in three directions are the same, as:

𝜀 = 𝜀 = 𝜀 = 3. 56
Where 𝜀 , 𝜀 , 𝜀 are the horizontal, the longitudinal and the vertical hydric strains of the sample, respectively. However, the experimental observations (Figure 2.21) show that, the shrinkage deformation of the clay soils during the drying process is not isotropic. It is typically anisotropy: the shrinkage deformation in the vertical direction is more important than that in the horizontal directions. Moreover, the vertical deformation is proportional with that in the horizontal directions. It is reasonable to propose a coefficient 𝜂 for describing this anisotropy, which represent the ratio of the vertical shrinkage deformation to the horizontal one, as

𝜂 = = 3. 57
The identification of the coefficient 𝜂 is described in the previous chapter. It seems that 𝜂 = 2.8 is suitable for the clay soils used in current study. With the coefficient of 𝜂 , the horizontal deformation, as well as the vertical deformation could be calculated from the volumetric hydric strain, as:

𝜀 = 𝜀 = = , 𝜀 = / 3. 58
The mechanical stress

The stress in the soil during drying is generated by mechanical strain. Mechanical strain is the difference between total strain and hydric strain, as given in Eq.3.51. If the soil is considered as isotropic elastic material, the generalized Hook's law can be used, and the stress can be determined as:

𝜎 = 𝐷 𝜀 = 𝐷 𝜀 -𝜀 3. 59
In the equation above, 𝐷 is the elastic matrix. For the free desiccation shrinkage, the total strain equals to the hydric stain, and the mechanical strain equals to zero. Thus, there is no mechanical stress in the soil during free desiccation. 

Implementation of desiccation shrinkage process in Abaqus

The numerical approaches in current study are all realized with finite element method and the extended finite element method with the help of the commercial numerical simulation tools of Abaqus FEA. The Abaqus FEA is a software suite for finite element analysis and computeraided engineering. The desiccation process of Kaolin K13 has been reproduced by 3D numerical model via the user defined material: UMAT.

The desiccation process in Abaqus: UMAT

To achieve numerical simulation of desiccation shrinkage process of the soil, water content field in the soil should be created firstly. The water content in the soil is created based on the test results. Let thus consider a representative elementary volume of soil (REV). According to the experimental results, that water content in REV is in function of time, as:

w(t) = 𝑤 -𝑡 * 𝛼 3. 61
w is the water content at a given time t in the REV, and t is the drying duration. w0 is the initial water content of the considered REV at t = 0. 𝛼 is the water loss rate during the desiccation test. The initial water content has already predefined when preparing the specimen. The value of the water loss rate 𝛼 is determined according to the experimental results. As illustrated in (Chapter II, Figure 2.15). 𝑤 and 𝛼 are two material parameters for the desiccation process, and has been considered as model parameters. As the desiccation is the transit process, the time 𝑡 will be calculated automatically by Abaqus.

After the water content field in the REV have been created, the void ratio of the REV is obtained in UMAT by using the Fredlund equation (the Fredlund equation is compiled in UMAT, the coefficients of the Fredlund equation are set in the user material parameters of Abaqus), then the void ratio of the REV is used to determine the hydric volumetric strain 𝜀 of the REV. The coefficient of shrinkage ratio 𝜂 and the hydric volumetric strain 𝜀 are used to calculate the hydric strains in three directions.

It is also possible to use the water content field in the REV and van Genuchten's model to obtain the matrix suction and degree of saturation of the REV in UMAT (the van Genuchten's equation is compiled in UMAT, the coefficients of the van Genuchten's equation are set in the user material parameters of Abaqus).

In UMAT, the program is divided into two parts. The first part is to create the water content field in the model as described above, and then the water content field is used to calculate the variables, e.g., void ratio, hydric strain, matrix suction and degree of saturation, these values will be retained and output as state variables (Corresponds to SDV in UMAT). And the other part is using the constitutive to keep the model continuous. The obtained hydric strain components are substituted into the elastic constitutive, and finally the total stress is obtained.

Use of orthotropic material model, the matrix is expressed as follows:

⎝ ⎜ ⎜ ⎛ 𝜎 𝜎 𝜎 𝜎 𝜎 𝜎 ⎠ ⎟ ⎟ ⎞ = ⎝ ⎜ ⎜ ⎛ 𝐷 𝐷 𝐷 0 0 0 𝐷 𝐷 𝐷 0 0 0 𝐷 𝐷 𝐷 0 0 0 0 0 0 𝐷 0 0 0 0 0 0 𝐷 0 0 0 0 0 0 𝐷 ⎠ ⎟ ⎟ ⎞ ⎝ ⎜ ⎜ ⎜ ⎛ 𝜀 -𝜀 𝜀 -𝜀 𝜀 -𝜀 𝜀 𝜀 𝜀 ⎠ ⎟ ⎟ ⎟ ⎞
In the matrix, 𝜀 , 𝜀 , 𝜀 are obtained hydric strain components in UMAT. 𝜀 , 𝜀 , 𝜀 , 𝜀 , 𝜀 , 𝜀 are the total strain components of the model in Abaqus (Actual strain of the model).

For the numerical simulation of free desiccation shrinkage process of the soil, there is no prescribed boundary conditions to limit the deformation; the total strain of the model in Abaqus is equal to the hydric strain 𝜀 = 𝜀 .

Discussion: Water content distribution in the sample

Based on the experimental observations presented in the section 5 of Chapter II, the following development consist to propose a water content distribution law to include to the modeling and then to EF calculations.

Hence, a hypothesis for describing the distribution and evolution of the water content is proposed; assuming that the local water loss rate of the sample decreases linearly from the edge to the center (at the edge of the sample, the water loss rate is greater than the center of the sample due to the simultaneous loss of water on the upper surface and the side), then the local water loss rate is related to the coordinates of the sample, the rate of water loss at any point in the sample can be calculated according to the Eq.3.62 or Eq.3.63. 𝛼 is the rate of water loss at the edge of the sample.

As shown below, the ratio of the distance from each point in the sample to the center to the maximum distance from the edge of the sample to the center, which is equal to the ratio of the difference between the rate of water loss of each point in the sample and the center to the difference between the rate of water loss of the edge and the center of the sample.

It should be noted that since the sample is very thin, the difference of the water content in the vertical direction of the sample is small, so only the uneven distribution of water content on the upper surface of the sample is taken. into account, and the rate of local water loss from the sample decreases from edge to center. The rate of water loss of the edge and center of the sample is calculated when the experiment was done at 29h (t=29h), at this time, the shrinkage of the sample is basically over, the calculation results can represent the rate of water loss of the edge and center of the sample during the desiccation process.
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Distance from centre of the ample (cm) The above section describes the numerical approach for shrinkage process in clays related to desiccation, and how to implement in Abaqus (Numerical simulation of the free desiccation experiments), in this numerical approach, the emphasis is on the description of hydric strain, and the deformation of the model is all caused by water loss. In this part, the mechanical strain does not involve, but the hydro-mechanical formulation of the continuous medium introduced, this laid the foundation for the subsequent research that cracks process in clays related to desiccation is implement in Abaqus (Numerical simulation of the constrained desiccation experiments). The simulation results of the shrinkage process in clays related to desiccation by using Abaqus will be summarized in the next chapter. 

Numerical approach for constrained desiccation in clays

The constrained shrinkage process in clays related to desiccation involves mechanical behavior, the shrinkage of clays is restricted during the desiccation process, the stress-strain state changes strongly in clays, which can lead to cracking in certain conditions. Therefore, a constitutive model that can describe the mechanical behavior of clay is needed to solve the cracking problem. In addition, it is necessary to apply the boundary conditions to the sample model according to the constrained desiccation experiments, the sample model will generate mechanical strain and total stress during simulation. Through the simulation of constrained desiccation experiments, the tensile stress-strain concentration area can be obtained in the model. The subsequent simulation of desiccation cracks in clays can also be carried out on this basis.

Mechanical constitutive model of clays subjected to desiccation

The constrained shrinkage process in clays related to desiccation still involves hydraulic problems, and it also involves the mechanical behavior of clays, therefore, the finite element scheme used to describe the constrained desiccation shrinkage of clays can still be obtained from the hydro-mechanical formulation of the continuous medium.

The total strain 𝜀 can still be regarded as the sum of two parts: the hydric strain 𝜀 and the mechanical strain 𝜀 (Eq.3.51). In the previous section, how to describe the hydric strain 𝜀 has been introduced. Thus, at this section, the focus of the simulation is on how to describe the mechanical part, that is, the constitutive relationship between total stress and mechanical strain (Eq.3.59).

In this research, the single drying path is studied, and the total stress involved is very small, the resulting mechanical strain is considered to be recoverable, the elastic constitutive is used to describe the relationship between total stress and mechanical strain.

In fact, the mechanical behavior of clays with different water content is different, and the elastic modulus of clays is considered to be related to its own water content (Lu et al. 2014). In the drying path, the water content of clays is constantly changing, this means that the elastic modulus of clays also changes during the drying process, therefore, the non-linear elasticity constitutive model is proposed, and its elastic modulus is related to the water content.

In Chapter II, the experimental results of the oedometric modulus 𝑒 -𝐸 and the water retention curve 𝑒 -𝑤 of Kaolin K13 have been introduced. Therefore, the relationship between oedometric modulus 𝐸 and water content 𝑤 can be obtained by combining the experimental results of the two.

In addition, the Young's modulus 𝐸 can be calculated by using the oedometric modulus 𝐸 , the relationship between the two is as follows:

𝐸 = ( ) ( )( )
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In which, 𝜈 is the Poisson's ratio of the sample, the value of the Poisson's ratio 𝜈 = 0.38 is described in Hammad's paper [START_REF] Hammad | Comportement des sédiments marins de grande profondeur : approche multiéchelle[END_REF].

Finally, the experimental results of the Young's modulus 𝐸 related to water content w are obtained by combining the relationship between oedometric modulus 𝐸 and water content 𝑤, as shown in Figure 3.6. The experimental results are fitted to obtain the following empirical Eq.3.67 to describe the relationship between the Young's modulus 𝐸 and water content 𝑤.

E(𝑤) = 50628 * 2.718 ( , * ) 3. 67

Where 𝐸(𝑤) is the Young's modulus related to the water content, and w is the water content. Water content w (%)

The Eq.3.67 is compiled in UMAT, combined with the water content field established in the model as mentioned above, the actual Young's modulus 𝐸 following the change of water content is updated in UMAT.

In the program of UMAT, K and G are used to calculate the elastic stiffness matrix, K and G are the tangent bulk and shear elastic moduli, respectively. 
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Where 𝐾 and 𝐺 are the bulk and shear elastic moduli, respectively, at a reference mean stress 𝑝 . 𝑛 is the non-linear elastic coefficient.

However, the mean stress 𝑝 acting on the sample in the constrained desiccation experiments is relatively small, and the impact on the elastic modulus is also relatively small compared with the effect of the water content. Therefore, the effect of the mean stress 𝑝 on the elastic modulus is ignored in the simulation.

The routine is written in incremental form, which allows generalization to more complex water content dependence. So far, the non-linear elastic stiffness matrix used to construct the mechanical constitutive of clays is obtained, and the constitutive relationship is still as shown in Eq.3.59.

Implementation of constrained desiccation process algorithm

The constrained desiccation process in Abaqus: UMAT

To achieve numerical simulation of constrained desiccation process of the soil, water content field in the soil should still be created firstly. Let thus consider a representative elementary volume of soil (REV). According to the experimental results, that water content in REV is in function of time (Eq.3.61), and assume that the local water loss rate of the sample decreases linearly from the edge to the center, as mentioned above.

After the water content field in the REV have been created, the void ratio of the REV is obtained in UMAT by using the Fredlund equation, then the void ratio of the REV is used to determine the hydric volumetric strain 𝜀 of the REV. The coefficient of shrinkage ratio 𝜂 and the hydric volumetric strain 𝜀 are used to calculate the hydric strains in three directions.

Then, the actual Young's modulus 𝐸 following the evolution of water content is updated in UMAT, the non-linear elastic stiffness matrix used to construct the mechanical constitutive of clays is obtained, the obtained hydric strain components are substituted into the non-linear elastic constitutive, and finally the total stress is obtained.

A simplified flow chart of the hydric-elasticity model is presented in Figure 3 In fact, Abaqus calls UMAT and then uses the finite element method for calculation, so the finite element method need be introduced next.

Finite element method (FEM)

The finite element method is used to solve the continuous mechanical problem of clay. The solution of the finite element is according to the principle of virtual work in mechanics, the Differential balance equation, the Geometric equation and the Physical equation of the entire structure (solving domain) are established on each element of the discretization of the structure by using the variational method, so as to obtain the stress, strain and displacement, and then find the internal stress and strain of the structure.

Eq.3.72 gives the relationship between stress 𝜎 and volume force 𝐹 (the object is a stationary state), which is called Differential balance equation, also known as Navier equation.

Abaqus

Update of material state of,+1 The principle of the virtual work of the deformable body can be described as follows: the virtual work of the deformed body satisfying the balance in any deformed state that meets the coordination conditions is equal to zero, that is, the sum of the virtual work of the external force and the internal force of the system is zero.

The external virtual work means that if an external force 𝑭 acts on the structure, a virtual displacement 𝜹 * is generated at the point of force action, the work done by the external load on the virtual displacement is called external virtual work, which is expressed by W , then:

W = 𝜹 * 𝑻 𝑭 3. 75
During the virtual displacement of the structure, a virtual deformation 𝜺 * occurs inside the structure, the internal stress 𝜎 of the structure (the real internal force generated by the external load acting on the structure) makes the internal virtual work on the virtual deformation, the internal virtual work is expressed by W , then:

W = ∫ 𝜺 * 𝑻 𝜎 𝑑𝑉 3. 76
According to the principle of conservation of energy, the external virtual work performed by an external force should be equal to the internal virtual work, then:

W = W 3. 77
Substituting Eq.3.75 and Eq.3.76 into Eq.3.77, the general expression of the principle of virtual work can be obtained:

∫ 𝜺 * 𝑻 𝜎 𝑑𝑉 = 𝜹 * 𝑻 𝑭 3. 78
Replaced the virtual deformation 𝜺 * in Eq.3.78 with the virtual displacement 𝜹 * by using the geometric equation, and offset the virtual displacements on both sides of the equation, then:

∫ 𝐵 𝜎 𝑑𝑉 = 𝑭 3. 79
At this time, combined with the constitutive relationship proposed Eq.3.59 in this study, the expression of the principle of virtual work for the simulation of the shrinkage process in clays related to desiccation can be obtained as:

∫ 𝐵 𝐷 𝜀 -𝜀 𝑑𝑉 = 𝑭 3. 80

The constrained boundary conditions

In the constrained desiccation experiments, the sample generates mechanical strain and total stress due to the constrained boundary conditions. Next, how to apply boundary conditions to the model according to the constrained desiccation experiments is discussed.

Constrained boundary conditions

In the constrained desiccation experiments of clay soils, the constrained boundary conditions acting on the sample are mainly produced by the support. The constrained boundary conditions also vary with the type of support, so different methods are needed to simulate various constrained boundary conditions.

In the work of [START_REF] Péron | Desiccation cracking of soils[END_REF], a constraint was created at the bottom surface in the longitudinal direction, by using a metallic substrate with thin, 2 mm spaced parallel notches (Figure 3.8a), and cracking was invariably observed in such constrained boundary conditions. In fact, this method is to fix the bottom displacement of the sample during the drying process, so as to limit the drying shrinkage of the sample and generate the mechanical strain. The simulation method of such constrained boundary conditions can be implemented by using "Load -Boundary condition type -Encastre" in Abaqus. This boundary condition is applied to the nodes of the bottom elements of the model, as illustrated in Figure 3.8b, so as to fix the bottom displacement of the model. The bottom displacement of the model is limited to 𝛿 = 0, combined with geometric Eq.3.73, the total strain at the bottom of the model is 𝜀 = 0, substituting the total strain 𝜀 into the Eq.3.80 of the principle of virtual work, the new expression is obtained:

∫ 𝐵 𝐷 -𝜀 𝑑𝑉 = 𝑭 3. 81
The total stress and mechanical strain in the model can be obtained by the Eq.3.81.

In this study, the friction between the base plate and the sample is used as a constrained boundary condition to limit the drying shrinkage of the sample, the friction originates from the roughness of the base plate surface, as shown in Figure 3.9a. In order to simulate the friction between the base plate and the sample, two contact surfaces need to be defined in Abaqus (lower surface of sample and upper surface of base plate), then the friction behavior between the two contact surfaces are created, as illustrated in Figure 3.9b. When surfaces are in contact, they usually transmit shear as well as normal forces across their interface. There is generally a relationship between these two force components. The relationship, known as the friction between the contacting bodies, is usually expressed in terms of the stresses at the interface of the bodies.
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applying "Load -Gravity" in Abaqus. The friction coefficient is defined in the "Interaction -Contact -Mechanical -Tangential Behavior" in Abaqus. In fact, during the drying process, the friction force is not constant, it changes with the change of water content of the sample, the friction force is difficult to obtain through experiments. Therefore, the simulation results are approximated to the experimental results by assuming an evolution of friction force in the numerical simulation.

In fact, when frictional stick occurs, the effect of friction on the model is the same as the abovementioned that the displacement at the bottom of the model is limited to 𝛿 = 0, at this time, the total stress and mechanical strain in the model can also be obtained by the Eq.3.81. When sliding occurs, the external force F in Eq.3.80 needs to be replaced with 𝜇𝐹 , the new expression is obtained:

∫ 𝐵 𝐷 𝜀 -𝜀 𝑑𝑉 = 𝜇𝐹 3. 83
Due to the presence of external forces 𝜇𝐹 , the total strain 𝜀 of the model is no longer equal to the hydric strain 𝜀 , the total stress and mechanical strain in the model can be obtained by the Eq.3.83.

Local water content gradients

The The hydric strain 𝜀 in two adjacent elements caused by water loss is also different at this time, therefore, the hydric strains of the two elements are recorded as 𝜀 and 𝜀 . Assumed the total strain of the two elements is 𝜀 = 0, the expression of the principle of virtual work can be obtained:

∫ The meaning of this commands is: N numbers (the number of elements) are arranged randomly to form a group A, and then the first M numbers are selected from A group to form B group, at this time, the selected numbers in group B are the elements of the local water content gradient.

So far, the constrained boundary conditions and local water content gradients in the model can be implemented in Abaqus, the strain concentration area in extension also can be obtained, the simulation results by using Abaqus will be summarized in the next chapter.

Discussions:

The numerical approach for constrained desiccation shrinkage in clays has been obtained by the mechanical constitutive model introduced and combined with the desiccation shrinkage process algorithm. The constrained desiccation experiments can be simulated in Abaqus by imposing constrained boundary conditions on the sample model and changing its local water content gradient. Through the simulation of constrained desiccation experiments, the tensile stress-strain concentration area can be obtained in the sample model. Theoretically, when these areas trigger the preset fracture criterion, cracks will appear in these areas.

The phenomenon of crack initiation and propagation involves the creation of the discontinuous displacement, this paper conducts research based on the Finite Element Methods (FEM), the modeling stationary discontinuities, such as a crack, with the conventional finite element method requires that the mesh conforms to the geometric discontinuities (Abaqus 2011).

Therefore, considerable mesh refinement is required near the crack tip to fully capture the singular asymptotic field. Modeling growing cracks is more troublesome because as the cracks progress, the mesh must be constantly updated to match the geometry of the discontinuities.

A method to alleviate the shortcomings associated with meshing crack surfaces -the extended finite element method (XFEM) was first proposed by [START_REF] Belytschko | Elastic crack growth in finite elements with minimal remeshing[END_REF]. It is an extension of the traditional finite element method, which is based on the concept of partition of unity by [START_REF] Melenk | The partition of unity finite element method: basic theory and applications[END_REF]. The method allows local enrichment functions to be easily incorporated into a finite element approximation. Special enriched functions combined with additional degrees of freedom ensure the presence of discontinuities. Moreover, the finite element framework and its properties such as sparsity and symmetry are retained.

Based on the advantages of high accuracy of calculation results and small amount of calculation of the extended finite element (XFEM), XFEM is widely used in the simulation of cracks. This study also uses XFEM to simulate the crack initiation and propagation. The basic theory of XFEM and its implementation steps in Abaqus will be introduced below.

Numerical approach for cracks process in clays

The extended finite element method (XFEM), which based on the theory of FEM, has been a

widely used method for predicting and descried the crack behavior. As the method to analyze crack propagation without re-meshing, this method works by adding the enriched shape function into the traditional FEM theory in the discontinuous simulation in fixed meshes. The function of XFEM also exists in Abaqus, and XFEM are widely used. In this study, the XFEM is used to complete the simulation of the initiation and propagation of desiccation cracks.

Firstly, a brief review of the basic theory of XFEM is introduced, in order to better understand the working principle of XFEM. Then, the implementation steps of XFEM in Abaqus is introduced, and the adapted failure criterion be combined, the simulation of cracks process in clays related to desiccation can be achieved in Abaqus.

Basic theory of XFEM

Kinematics of a displacement discontinuity

In XFEM theory, for the purpose of fracture analysis, the enrichment function usually consists of the near-tip asymptotic functions that captures the singularity around the crack tip and a discontinuous function that represents the displacement jump across the crack surfaces. The displacement field is decomposed into two parts, as:

𝑢 ⃗(𝑥, 𝑡) = 𝑢 ⃗ (𝑥, 𝑡) + 𝜑(𝑥)𝑢 ⃗ (𝑥, 𝑡) 3. 86
Where 𝑢 ⃗ and 𝑢 ⃗ are continuous displacement functions. The 𝑢 ⃗ is the usual nodal displacement vector associated with the continuous part of the finite element solution; while the 𝑢 ⃗ represents the nodal enriched degree of freedom vector across the crack surfaces. 𝜑 is the enriched approximation basis designed to describe the displacement jump.

Consider a volume of clayey soils, which has been damaged by a crack. We consider a representative volume element Ω which has been crossed by the crack Γ (Figure 3.11). The crack has a direction from the end to its head. The crack splits the volume into two parts: Ω locates at left side of crack and Ω at right side (Ω = Ω ∪ Ω ). where the Heaviside equation is given as:

𝜑(𝑥) = 𝐻(𝑥) = +1 𝑖𝑓 𝑥 ∈ 𝛺 -1 𝑖𝑓 𝑥 ∈ 𝛺 3. 88
In Eq.3.87, the displacement field 𝑢 ⃗ is a continuous function in both 𝛺 and 𝛺 , 𝑢 ⃗ is the continuous part of the displacement field and the discontinuous part is provided by the Heaviside jump operating on the continuous function 𝑢 ⃗ , thus it is derivable respectively in each region. The infinitely small strain field in 𝛺 and 𝛺 can be given by the gradient of displacement filed as follows:

𝜀 = ∇ 𝑢 ⃗ + 𝐻(𝑥)(∇ 𝑢 ⃗ ) + 𝛿 (𝑢 ⃗ ⨂𝑛 ⃗) 3. 89
Where ∇ is the gradient operator, 𝛿 is the Dirac-delta distribution of the discontinuity and 𝑛 ⃗ is the normal vector to the discontinuity (as shown in Figure 3.11). (. ) represents the symmetric part of matrix. The Dirac-delta distribution will be maintained in the strain field at this stage and eliminated later analytically from the weak form of the governing equations [START_REF] Wells | Simulating the propagation of displacement discontinuities in a regularized strain-softening medium[END_REF].
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Displacement and strain field interpolations

In finite element theory, for an element with n nodes, if the displacement of each node is known, the displacement of any point in this element could be determined by using the interpolation function, as:

𝑢(𝑥) = ∑ 𝑁 (𝑥)𝑎 3. 90
Where 𝑢(𝑥) is the displacement at position 𝑥, 𝑎 are the regular nodal degrees of freedom and 𝑁 (𝑥) is the usual polynomial shape function of given 𝑥. The finite element shape functions 𝑁 (𝑥), each associated with a discrete nodal point, form a partition of unity if:

∑ 𝑁 (𝑥) = 1 3. 91
Using this special property, it is possible to write the displacement 𝑢(𝑥) at any point of the element with enriched degree of freedom (DOF) in XFEM in terms of discrete nodal values as:

𝑢(𝑥) = ∑ 𝑁 (𝑥)𝑎 + ∑ 𝑁 (𝑥)𝐻 (𝑥)𝑏 3. 92
Where 𝑏 represents the nodal displacement vector for those nodes with enriched DOFs. 𝑚 means the total number of "enriched" DOFs in current element. For the enriched DOFs, the same interpolation functions have been used, the only difference is the additional Heaviside jump function. According to Eq.3.92, the strain in the given enriched element can be given directly as (Listed here are 2D planes):

𝜀 = ∇ 𝑢(𝑥) = ∑ 𝐵 (𝑥)𝑎 + ∑ 𝐵 (𝑥)𝐻 (𝑥)𝑏 3. 93 Where 𝐵 = 𝑁 , 0 0 𝑁 , 𝑁 , 𝑁 , ; 𝐵 = (𝑁 𝐻) , 0 0 (𝑁 𝐻) , (𝑁 𝐻) , (𝑁 𝐻) ,
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Then, the stress field can be determined by using an adequate constitutive law, as:

𝜎(𝑥) = 𝐷𝜀(𝑥) 3. 95
where 𝐷 is the constitutive matrix.

Governing weak equations

Considering the domain crossed by crack, as shown in Figure 3.11, the virtual work equation without body forces is written:

∫ ∇ 𝜂: 𝜎𝑑Ω = ∫ 𝜂 • 𝑡 ⃗ 𝑑Γ ∀𝜂 ∈ 𝛾 3. 96
Where 𝜎 is the stress tensor, 𝑡 ⃗ is an external traction force acting on the boundary Γ (see Figure 3.11) and 𝛾 is the space of admissible displacement variations. The space of admissible displacement variations is the same as the actual displacements, following Eq.3.87 the displacement variations 𝜂 are written as

𝜂 = 𝜂̂+ 𝐻(𝑥)𝜂 3. 97
The functions 𝜂̂ and 𝜂 are both continuous displacement variations, and both come from the space of admissible displacement variations 𝛾 . Following Eq.3.100, the gradient of displacement variations ∇ 𝜂 is written as

∇ 𝜂 = ∇ 𝜂̂+ 𝐻(𝑥)(∇ 𝜂 ) + 𝛿 (𝜂 ⨂𝑛 ⃗) 3. 98
Substituting the variations in Eq.3.97 and Eq.3.98 into the virtual work Eq.3.96, The above two weak equations govern the response of the proposed model Eq.3.87. Where Eq.3.100 corresponds to variations of 𝑢 ⃗ and the second equation corresponds to variations of 𝑢 ⃗ , with the two equations coupled through the stress field.

Discretized governing equations

Consider the domain crossed by crack as shown in Figure 3.11, the equilibrium equations without taking the body force into account are given as:

∇𝜎 = 0 3. 102
Where 𝜎 is the Cauchy stress tensor, and ∇ is the gradient operator. The equilibrium equations with the boundary conditions (the prescribed displacement and external force) are given as:

𝜎𝑛 ⃗ = 𝑡 𝑜𝑛 Γ 𝑢 = 𝑢 𝑜𝑛 Γ 3. 103
where 𝑛 ⃗ is the unit outward normal of boundary surfaces, 𝑡 is the external force on the boundary Γ ; 𝑢 is the prescribed displacement components on the boundary Γ . Generally, the discontinuity is also considered as the "boundary", as:

𝜎𝑛 ⃗ = 𝑡 ⃗ 𝑜𝑛 Γ 3. 104
Where 𝑡 ⃗ is the stress on the surface of cracks. If 𝑡 ⃗ equals zero, the crack is then considered to have no traction.

Similar to that of FEM, by applying the virtual work to the governing equations, the governing equations finally turn to one solvable form after series of transformation, as:

∫ 𝐵 𝐷𝐵𝑑Ω ∫ 𝐵 ′ 𝐷𝐵𝑑Ω ∫ 𝐵 𝐷𝐵 ′ 𝑑Ω ∫ 𝐵 ′ 𝐷𝐵 ′ 𝑑Ω + ∫ 𝑁 𝑇𝑁𝑑Γ 𝑑𝑎 𝑑𝑏 = 𝑓 0 - 𝑓 𝑓 3. 105
In the Eq.3.105, 𝑑𝑎 represents the displacement increment for the normal DOF as that in the classical FEM, while 𝑑𝑏 is the displacement increment for enriched DOF. The left side of the equation is the rigid matrix, and the first term is noted as K :

K = ∫ 𝐵 𝐷𝐵𝑑Ω 3. 106
This term is the same as that in the classical FEM. The other two terms, considering the coupling effects between the "normal" and "enriched" DOF, are:

K = ∫ 𝐵 ′ 𝐷𝐵𝑑Ω 3. 107 K = ∫ 𝐵 𝐷𝐵 ′ 𝑑Ω 3. 108 123 
The fourth term represents the contribution of the discontinuous and is expressed as:

K = ∫ 𝐵 ′ 𝐷𝐵 ′ 𝑑Ω + ∫ 𝑁 𝑇𝑁𝑑Γ 3. 109
The second term of Eq.3.105 represents the contribution of the crack. It should be taken into account when considering the stress on the crack surface, which represents the third boundary conditions.

The right side of the Eq.3.105 is the nodal unbalance force vector. 𝑓 denotes the external force allocated in node, and it can be calculated as that in the classical FEM.

𝑓 = ∫ 𝑁 𝑡 ⃗ 𝑑Γ 3. 110
While 𝑓 and 𝑓 are respectively the nodal force vector for "normal" and "enriched" DOF caused by the internal force, as:

𝑓 = ∫ 𝐵 𝜎𝑑Ω 3. 111 𝑓 = ∫ 𝐵 ′ 𝜎𝑑Ω + ∫ 𝑁 𝑡 ⃗ 𝑑Γ 3. 112
So far, the basic theory of XFEM has been introduced, then, coupling the classical FEM with several numerical implementation techniques, the XFEM could be introduced into the applications. In the next section, the defining crack initiation and propagation are introduced.

The criterion for crack initiation and crack propagation

One of the important issues in XFEM is the crack initiation and propagation criteria. Crack initiation criteria are available based on the following Abaqus/Standard built-in models (Abaqus 2011):

The maximum principal stress criterion

The maximum principal stress criterion can be represented as

𝑓 = ⟨ ⟩
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Where 𝜎 represents the maximum allowable principal stress. The symbol ⟨ ⟩ represents the Macaulay bracket with the usual interpretation:

⟨𝜎 ⟩ = 0 𝑖𝑓 𝜎 < 0 ⟨𝜎 ⟩ = 𝜎 𝑖𝑓 𝜎 ≥ 0 3. 114
The Macaulay brackets are used to signify that a purely compressive stress state does not initiate crack (Compressed stress to negative in Abaqus). Cracks is assumed to initiate when the maximum principal stress ratio (as defined in the expression above) reaches a value of one.

The maximum principal strain criterion

The maximum principal strain criterion can be represented as

𝑓 = ⟨ ⟩
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Where 𝜀 represents the maximum allowable principal strain. The symbol ⟨ ⟩ represents the Macaulay bracket with the usual interpretation:

⟨𝜀 ⟩ = 0 𝑖𝑓 𝜀 < 0 ⟨𝜀 ⟩ = 𝜀 𝑖𝑓 𝜀 ≥ 0 3. 116
The Macaulay brackets are used to signify that a purely compressive strain state does not initiate crack (Compressed strain to negative in Abaqus). Cracks is assumed to initiate when the maximum principal strain ratio (as defined in the expression above) reaches a value of one.

In addition, there are several other the crack initiation criteria in Abaqus, such as Maximum nominal stress or strain criterion and quadratic nominal stress or strain criterion, etc. When the maximum principal stress or the maximum principal strain criterion is specified, the newly introduced crack is always orthogonal to the maximum principal stress or strain direction when the fracture criterion is satisfied (Abaqus 2011).

Implementation steps of XFEM in Abaqus

Modeling approach

The XFEM implementation in Abaqus is based on the phantom nodes method [START_REF] Song | A Method for Dynamic Crack and Shear Band Propagation with Phantom Nodes[END_REF]. When the element is intact, each phantom node will be completely constrained to its corresponding real node. When the element is cut by a crack, the broken element will split into two parts. Each part is formed by a combination of some real and phantom nodes depending on the orientation of the crack. Each phantom node and its corresponding real node are no longer tied together and can move apart, as illustrated in Figure 3.12 (Abaqus 2011).

Figure 3.12 -The principle of the phantom node method An important advance that facilitates treatment of cracks in an extended finite element analysis is the description of the crack geometry, since the mesh is not required to conform to the crack geometry. The level set method is used to describe discontinuous geometry in Abaqus, this method is a powerful numerical technique for analyzing and computing interface motion, fits naturally with the extended finite element method and makes it possible to model arbitrary crack growth without remeshing (Abaqus 2011).

Defining an enriched feature and its properties

If the XFEM function need to be activated in Abaqus, an enriched feature and its properties must be specified. The enriched feature and its properties can be specified in the "Interaction -Special -Crack -XFEM" in Abaqus. There are two cases to specify a crack propagation analysis, one is to choose to model an arbitrary stationary crack, and the other is to model a discrete crack propagation along an arbitrary, solution-dependent path. The type of enrichment used for the two cases of crack propagation analysis are different. The former requires that the elements around the crack tips are enriched with asymptotic functions to catch the singularity and that the elements intersected by the crack interior are enriched with the jump function across the crack surfaces. The latter infers that crack propagation is modeled with either the cohesive segments method or the linear elastic fracture mechanics approach in conjunction
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with phantom nodes. However, the options are mutually exclusive and cannot be specified simultaneously in a model (Abaqus 2011). In crack editor, toggle on "Allow crack growth" input to specify a crack propagation analysis or an analysis with stationary cracks.

Then, the enriched region needs to be identified. Associating the enrichment definition with a region of the model in the "Special -Crack -XFEM: Select the crack domain" in Abaqus. The degrees of freedom in elements within these regions are potentially enriched with special functions.

Crack pattern

Theoretically, the crack should be smooth and any form, and independent of the mesh (represented by the blue continuous line in Figure 3.13). However, in the XFEM calculation program, the crack (as in the calculation domain) should be discretized first. As shown by the dotted line in Figure 3.13, a straight line instead of a curve is used to replace the actual crack in each element where the crack crosses.

After defining the position of cracks, certain nodes should be selected as enriched nodes for the enriched DOFs. The rules of selecting these nodes are simple and clear, all the nodes associated with the elements that the crack passes through should be enriched. For example, all those nodes in Figure 3.13 marked with red circle and red squares are the nodes have been chosen as enriched nodes. For each of these nodes, add two "additional" DOFs to represent the displacement jump caused by the crack.

As illustrated in Figure 3.13, the chosen enriched nodes have been divided into two groups, for those enriched nodes located on the left side (above the crack), they have been marked with the red circles; while for those located on the right side of crack (below the crack), they have been marked with the red square. The reason is that, when calculate the rigid matrix, the nodal displacement or the strain, the Heaviside equation has been used. The value of Heaviside equation depends on its position. 

Conclusions

In this chapter, according to the free desiccation experiments, the numerical approach for the shrinkage process in clays related to desiccation is proposed, in the constitutive part of the hydro-mechanical formulation, the total strain of soils 𝜀 is divided into two parts, the hydric strain 𝜀 and the mechanical strain 𝜀 , but the mechanical strain 𝜀 was not involved in the free desiccation experiments, the total strain of the sample is actually equal to the hydric strain 𝜀 = 𝜀 , the hydric strain 𝜀 of the sample can be related to the water content of the sample through the Fredlund function. And then the implementation of desiccation shrinkage process algorithm in Abaqus is introduced, the water content field is created in the sample model, the several physical variables of clays during the drying process, such as void ratio, hydric strain, suction, and total strain are calculated in UMAT.

Next, the cracks process in clays related to desiccation involves mechanical behavior, therefore, a mechanical constitutive model is proposed to solve the cracking problem. The non-linear elastic stiffness matrix is used to construct the mechanical constitutive of clays. The numerical approach for constrained desiccation shrinkage in clays is obtained by the mechanical constitutive model introduced and combined with the desiccation shrinkage process algorithm.

In addition, the constrained boundary conditions and local water content gradient are applied to the model according to the constrained desiccation experiments, the tensile stress-strain concentration area can be obtained in the sample model.

At the same time, through the XEFM technology combined with the simulation of constrained desiccation experiments, the desiccation cracks process algorithm can be implemented in Abaqus. The basic theory of XFEM and its implementation steps in Abaqus are introduced.

The proposed simulation methods for shrinkage and cracks process in clays related to desiccation and the application of Abaqus which provide the possibility to obtain the simulation results. And the simulation results in Abaqus will be introduced in the next chapter.

CHAPTER IV

Simulation results for shrinkage and cracks process in clays related to desiccation 

CHAPTER IV Simulation results for shrinkage and cracks process in clays related to desiccation

The numerical approaches for shrinkage and cracks process in clays related to desiccation has been introduced in the previous chapter, these numerical approaches are based on the finite element method and the extended finites elements method. In this chapter, the finite element modelling is proposed and performed with Abaqus and the simulation results are presented and discussed. Firstly, the shrinkage process in clays related to desiccation (Free desiccation experiments) is simulated, and the simulation results in Abaqus is introduced. Then, the constrained boundary conditions are applied in the modelling, the non-linear elastic constitutive are proposed, the constrained shrinkage process in clays related to desiccation is simulated, and the simulation results in Abaqus is introduced. Next, the extended finites elements method in Abaqus are used to simulate the cracks process in clays related to desiccation, the simulation results of cracks process in Abaqus are introduced. The simulation results are compared with the experimental results, the validity of numerical simulation is verified, the shrinkage and cracks process in clays related to desiccation are reproduced. Finally, some short conclusions are given.

1. Simulation results for free shrinkage process in clays related to desiccation 1.1 Numerical model

In this section, the modelling for the simulation of the free desiccation experiments is established, the finite element method is used for calculations. Owing to the symmetry of the problem to be solved, only a quarter of the sample is considered and meshed, as illustrated in 

Simulation results

The water content uniform distribution

The simulation of the distribution of water content includes two situations: one is the uniform distribution of water content in the model, the other is the no-uniform distribution of water content in the model.

In the case of uniform distribution of water content, consistent with the drying experiment, when T=20°C and RH=7%, the rate of water loss of the model is 𝛼 = 0.83%/h . The simulation result of the uniform distribution of water content in the model as shown in Figure ::
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The simulation of the desiccation shrinkage process of clay soils includes two different situations. The first case is idealized, it considers isotropic shrinkage phenomenon on theoretical material during the drying process, independent of the experimental results in this thesis.

The simulation result of isotropic shrinkage when the water content uniform distribution in the model as shown in Figure 4.8. The simulation result of volumetric strain of the model is obtained by adding three strain components, because the water content is uniform distributed and there is no mechanical strain, it means that the volumetric strain of each element in the model is the hydric volumetric strain, as shown in Figure 4.8a. The simulation results are similar with the theoretical shrinkage results, verifying that the strain of element is the hydric strain.

The simulation results show that the strain components are uniform distribution in the model 
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,,,,, ,,. ,. ,,, ,,. The simulation of the free desiccation experiment did not involve mechanical strain, the strain of the model is the hydric strain due to the water loss of the sample. This laid the foundation for the simulation of the constrained shrinkage and cracks process in clays related to desiccation. In this section, the modelling for the simulation of constrained desiccation experiments is established, the finite element method is used for calculations. Owing to the symmetry of the problem to be solved, only a quarter of the sample is considered and meshed, as illustrated in Figure 4.12. The numerical model of sample is in 3D, with 89.5 mm in length and width, 5 mm in thickness. The density of finite elements mesh is 20 elements in both the longitudinal and horizontal direction, and 2 elements in the vertical direction. 8-node element (C3D8) is used.

For the simulation of the constrained desiccation experiment, the friction between the sample and the base plate needs to be considered, so the numerical model of the base plate is also added, the used finite elements mesh generated 1 element for the base plate model, as illustrated in Figure 4.12, the upper part of the model is the sample, and the lower part is the base plate.

The boundary conditions in the simulation are also illustrated in Figure 4.12. The displacement in the X direction is blocked on side A and the displacement in the Y direction is blocked on side B, these to simulate the displacement limits inside the sample. The displacement of the sample model in the Z direction is blocked by the base plate model. The base plate is considered to be rigid, so the displacement of the base plate in all directions is restricted.

In addition, the gravity loads g=9.8N/kg need to be applied to the sample model, the density In addition, as mentioned in the previous chapter, the simulation results are approximated to the experimental results by assuming an evolution of friction force in the numerical simulation, so the evolution of the friction force needs to be discussed in the simulation results. 

Simulation results

Through previous experimental observations, it has been known that the evolution of the local strain and the global strain in the sample with the global water content are different due to the influence of friction, therefore, the simulation results of these two aspects need to be analyzed separately in this study.

Global strain

In the constrained desiccation experiments of Yang (2021), the samples used for the three different base plate tests are the same, thus the parameters describing the material characteristics of sample do not need to be changed when these three tests are simulated. In the simulation process, the friction coefficient only is changed, the simulation results of the sample on the different base plates are obtained.

The evolution of the friction force with the global water content of the sample is considered in the simulation, as shown in Figure 4.14, the assumed evolution of friction force is used to make the simulation results of the global strain approximate the experimental results.

The Teflon graisse base plate is defaulted to be smooth enough by analyzing the experimental results, thus when the sample on the Teflon graisse base plate is simulated, the friction force applied is small value, about 0.1N.

Observation of the experimental results of Teflon base plate and Plexiglass base plate show that the samples in the early stage were significantly affected by friction and were in a viscous state 𝛿 = 0, when a critical point is reached Φ = 0, the sample starts to slide, and the shrinkage strain increases rapidly until it reaches the shrinkage limit, which shows that the friction force is continuously decreasing in the later period, |𝐹 | = 𝜇𝐹 . Based on these characteristics, the assumed evolution of friction force is proposed. .

. ...

So far, the simulation results of the global strains have been obtained, the global strains are actually the sum of the two parts. One part is the hydric strain (theoretical shrinkage strain) which due to the loss water of the sample. The other part is the mechanical strain caused by the friction of the base plate, the simulation results of the mechanical strain can be calculated by the following formula:

𝜀 = 𝜀 -𝜀 (4.1)
Where 𝜀 is the simulation results of the global strains, 𝜀 is the theoretical shrinkage strain, 𝜀 is the mechanical strain.

The simulation results of the global horizontal mechanical strains of the sample on the three kinds of base plates are calculated, as illustrated in Figure 4.17 a (Traction is negative). Then the simulation results are compared with the experimental results, the simulation results are similar to the experimental results, in the early stage, the mechanical strain of the sample is accumulated due to the presence of friction until the sample slips (w=30%), and then the mechanical strain is reduced as the reduction of friction. The effect of friction of the base plate in the desiccation experiment can be achieved by using numerical simulation. Next, the simulation results of the local strains need to continue to be analyzed. :i::
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----Oh, " =48% ----9.3h. w=40% ----14. l h, w=36% ----30.6h, , -24% The results show that the maximum mechanical strain in the model is lower than the tensile strength of the sample during the simulation, this means that the mechanical strain caused by the friction of the base plate is not enough to cause cracking in the sample. Therefore, the cracks appeared in the sample during the drying process is the effect of the friction of the base plate and the local water content gradient.

Next, the simulation of the local water content gradients needs to be added to obtain the strain concentration areas in the model. 

Strain concentration

The numerical approach to achieve the local water content gradients has been introduced in Chapter III, this is achieved by changing the rate of water loss of the elements in the model. In this section, the simulation of the local water content gradient is carried out based on the simulation of plexiglass base plate.

Firstly, the simplest case of the local water content gradient is simulated, that is, only one local water content gradient area appears in the model. In this case, it only needs to select two elements in the sample model to create a "section" as the location of the specified local water content gradient. Then, the different water loss rate (𝛼 (x,y) = 0.7%/h, this assumed value is slightly lower than the water loss rate at the center of the sample) is applied to this "section".

Through the experimental observation, the strain concentration area mostly appears near the center of sample (as shown in marked area is not the same as the surrounding area, which means that the water content is linearly distributed, and the local water content gradient is formed at the marked area. the experimental observation in Chapter II, it is known that the strain concentration area is the location where cracks occur, so the simulation results of this area need to be analyzed in detail.

Because the sample is symmetrical, the simulation result of local longitudinal strains is basically the same as that of local horizontal strains, and the local vertical strains are always shrinkage during the drying process, so no further analysis. area. After t = 24 h, the extension of the region decreases and until the end of the test, 𝜀 and 𝜀 in the area changes to compression. The shear strain (Figure 4.25 c) is relatively small compared to the horizontal and longitudinal strains.
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The simulation results of the maximum mechanical strain in the model (the local horizontal mechanical strain at the local water content gradients) are compared with the experimental results of the maximum mechanical strain (as shown in Figure 2.38, no crack) and the experimental results of tensile strength, as shown in Figure 4.26 (Traction is positive), the results show that the maximum mechanical strain is lower than the tensile strength of the sample, but compared with the results of the maximum mechanical strain of the simulation of the plexiglass base plate, it has increased significantly. In this case, the simulation results of the evolution of the mechanical strains versus water content are similar with the experimental results, the phenomenon that there is a strain concentration zone, but no cracking occurred in the sample during the drying process is reproduced by numerical simulation. Next, in order to make the mechanical strain in the model exceed the tensile strength, the local water content gradient should be increased in the simulation. Thus the different water loss rate (𝛼 (x,y) = 0.65%/h, the water loss rate at the cracks of the sample cannot be measured, the value is obtained by repeated assumptions) is applied to the "section".

The new simulation results are obtained after changing the water loss rate, the local water content gradient has been increased from 2% to 5%. The distribution and evolution of the local • X' Then the simulation results of the local strains of the sample on the plexiglass base plate are analyzed, the simulation results have similar laws to the experimental results: the closer to the center of the model, the effect of the friction of the base plate on the strain of the model is more obvious, the shrinkage strain at the edge of the sample is always greater than that at the center.
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The simulation results of the local water content gradients and the local strain concentration areas have been obtained by changing the water loss rate of the elements based on the simulation of the plexiglass base plate, the simulation results of the mechanical strains at the strain concentration areas include two cases: the mechanical strains exceed or lower than the tensile strength, corresponding to the experimental results of cracking and no cracking.

Next, the XFEM in Abaqus are used to simulate the cracks process in clays related to desiccation, and the simulation results of cracks process in Abaqus is introduced. The determination of the crack initiation and propagation criteria are one of the important issues in XFEM. In the literature, the criterion frequently used are the stress criteria, the energy criteria, the damage criteria and the strain criteria. However, as for the clay soil with different water content, especially when the water content varies from liquid limit to the plastique limit, event to the shrinkage limit, the stress and the stiffness of the soil are quite difficult to be identified, both for the experimental and numerical approaches. The strain, however, could be measured and monitored during the test. With the progress in the image treatment technology, such as the Vic-3D, the evaluation of the strain (displacement) could be monitored on time.

For this reason, the strain-based crack initiation and propagation criteria is used in this research.

In the above chapter, it has been introduced that the commonly used strain-based crack initiation criterion in Abaqus is the maximum principal strain criterion, therefore, in order to compare with the experimental results and verify the validity of the model, the maximum principal strain criterion is used in the model.

The value of the specify maximum principal strain is obtained from the test results. The samples began to crack near the global water content of 30% during the desiccation experiments (T=20°C, KOH salt solutions, RH=7%, s=360 MPa, the sample on the plexiglass base plate).

According to the tensile test results of [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF], when the water content of Kaolin sample is 31%, the corresponding maximum tensile strain (mechanical strain 𝜀 ) is 8%. The theoretical shrinkage strain caused by the water content of the sample falling from 48% to 31% is -4% during the drying process, the value of the maximum principal strain (𝜀 = 𝜀 + 𝜀 ) is 4%, thus 4% is used as the value of the specify maximum principal strain in the simulation.

When the maximum principal strain in the sample model reaches the specified maximum principal strain value, it is assumed that cracks will begin to appear. When the strain criterion is specified, the newly introduced crack is always orthogonal to the strain direction when the fracture criterion is satisfied.

Simulation results

Single strain concentration and crack

Firstly, the simulation of the single strain concentration and crack in the sample is performed.

The experimental observations show that the strain concentration area and crack mostly appeared near the center of sample (as shown in Figure 2.30). Therefore, the four elements near the center of the sample model are selected to create a "section" as the location of the specified local water content gradient. Then the difference rater of water loss (𝛼 (x,y) = 0.65%/h, the water loss rate at the cracks of the sample cannot be measured, the value is obtained by repeated assumptions) is applied to this "section".

The simulation results of the distribution and evolution of the maximum principal deformation of the model are obtained, as shown in Figure 4.31. The simulation results are similar to the experimental results, due to the influence of the local water content gradient and the friction of the base plate, the single tensile strain concentration area appears in both the two results, the maximum value of the maximum principal strain appears in this area. When t = 20h, the crack appears in the sample model, at this time, the simulation results show that the maximum principal deformation of the element reaches the specify maximum principal strain value of 4%, the validity of numerical simulation is verified. The simulation results are analyzed, from the beginning of simulation (t = 0 h), 𝜀 and 𝜀 (Figure 4.32 a and b) gradually increase in the strain concentration area, corresponding to the extension of the analysis area (ε>0), near the strain concentration area is compression (ε<0).

At t = 20 h, 𝜀 reaches the maximum value 𝜀 = 4% in the area, the value has been reached the specified maximum principal strain in Abaqus, the maximum mechanical strain in the strain extension region exceed the tensile strength (Figure 4.33), so the crack is generated in the region, after this, the simulation results of the local strains at the crack is defaulted to 0. Because the local horizontal strain is greater than the local longitudinal strain, the crack develops along the Y -Y direction. The shear strain (Figure 4.32 c) is relatively small compared to the horizontal and longitudinal strains. 

Multiple strain concentration and cracks

The phenomenon of random distribution of the local water content gradient in the remodeled soils lead to the random and numerous occurrences of cracks in the sample. In order to describe the phenomenon of random distribution of the local water content gradient, Weibull random distribution is used in the simulation, and the rater of water loss is evenly divided into 31 (0.5%/h -1.1%/h) groups. In order to make the random results mostly appear near the average value of 0.83%/h (T=20°C, KOH salt solutions, RH=7%, s=360 MPa), the formula parameters 

Conclusions

In this chapter, the finite element modelling for the simulation of the shrinkage and cracks process in clays related to desiccation is performed by using Abaqus. The shrinkage and cracks process in clays related to desiccation have been reproduced by numerical simulation in Abaqus.

The simulation results of the free shrinkage process in clays related to desiccation are introduced, including the simulation results of the water content field in the sample and other fields related to the water content, e.g., void ratio, suction and degree of saturation. The simulation results show that the strains of the sample model are the hydric strains due to the water loss of the sample without applying constrained boundary conditions.

Then the constrained boundary conditions are applied in the model, and the non-linear elastic constitutive is combined, the simulation of the mechanical strains caused by the friction of the 

CHAPTER V Conclusions and perspectives

The overall goal of this research is to understand the shrinkage and cracking in clay soils related to desiccation, and then the reproduction of the desiccation shrinkage and cracking process in clay soils are realized through numerical simulation. The existing desiccation experiments of clay soils are summarized and analyzed, and then the methods and results of numerical simulation are introduced based on the desiccation experiments. This chapter presents the main conclusions of this research and some future research suggestions.

Conclusions

1.1 Investigations of the free shrinkage process in clays related to desiccation

In the first part, the methods and results of the numerical simulation of the free shrinkage process in clays related to desiccation are obtained based on the soil water retention curve and the free desiccation experiments, the following scientific discoveries about the free shrinkage process in clays related to desiccation are revealed:

1. The clay soils will produce the shrinkage deformation due to the loss of water during the drying process. This process is called theoretical shrinkage deformation of clay soils.

In the early stage, the sample is always saturated, and the soil grain is supposed as incompressible, that means the variation of the shrinkage volumetric strain of the clay soils equals to its loss of water volume. With the further loss of water, the air begins to enter the soil, the void ratio will gradually become constant, the sample is in an unsaturated state, at this stage, the shrinkage volumetric strain of the soil is less than its loss of water volume. The two stages together constitute the shrinkage deformation of the clay soils during the drying process. In order to describe this phenomenon, the coefficient of shrinkage ratio is introduced to represent anisotropic deformation. The coefficient of shrinkage ratio noted η what is obtained by the results of the free desiccation experiments.

3. In this research, when the free desiccation shrinkage of clay soils is simulated, the total strain of the clay soils is actually equal to the hydric strain (theoretical shrinkage deformation), the hydric volumetric strain of the clay soils can be obtained from the water content through the Fredlund function, the hydric strain components can be obtained from the hydric volumetric strain and the coefficient of shrinkage ratio.

Therefore, the free shrinkage process in clays related to desiccation can be reproduced by the numerical simulation. 3. In this research, the hydro-mechanical formulation of the continuous medium is used to describe the constrained shrinkage process in clays related to desiccation. In the constitutive part of this hydro-mechanical formulation, the total strain of soils is divided into two parts, the hydric strain and the mechanical strain. The constitutive relationship between mechanical strain and total stress should be established, the non-linear elasticity constitutive model is used, and its elastic modulus is related to the water content.

4. In order to the simulation of the constrained desiccation experiments can be realized, the constrained boundary conditions are applied in the numerical simulation, the classical isotropic Coulomb friction model is used in this research. In addition, the local water content gradient also is applied to the simulation of constrained desiccation experiments. Finally, the constrained shrinkage process in clays related to desiccation can be reproduced by the numerical simulation, the simulation of the strain concentration areas in the clay soils are achieved.

Investigations of the cracking process in clays related to desiccation

In the third part, the methods and results of the numerical simulation of the cracking process in clays related to desiccation are obtained based on the constrained desiccation experiments, the following scientific discoveries about the cracking process in clays related to desiccation are revealed:

1. The experimental observations show that not all strain concentration areas in the sample will have cracks. Theoretically, if the tensile strain in the strain concentration areas exceeds the fracture criterion, the cracks will appear in the sample. In this research, the evolution of local strain of the samples in the constrained desiccation experiments can be obtained, thus the strain fracture criterion is used to compare with the strain at cracks in the samples. The results show that the strains at the cracks exceed the expected strain fracture criterion when the cracks appear in the sample, the experimental results are consistent with the theory, in contrast, the strains in the strain concentration areas did not exceed the expected strain fracture criterion, no cracks appear in the sample. are compared with the experimental results, the validity of numerical simulation is verified, the cracking process in clays related to desiccation are reproduced.

3. The finite element modelling for the simulation of the shrinkage and cracks process in clays related to desiccation is performed by using Abaqus. The extended finite element modelling provides some information about the conditions of crack initiation, the modalities of crack propagation, and the geometrical characteristics of the crack pattern.

The proposed extended finite element approach is highly promising for studying the origins and causes of cracking in soils.

Future perspectives

The research reported in this dissertation has resulted in a better understanding of the shrinkage and cracks process in clays related to desiccation. However, some questions are still unanswered and thus several research topics may be suggested for further work.

1. The creation of the water content field in the sample only considers the distribution of the water content on the sample surface in the current desiccation experiments.

Therefore, if the size of the sample is changed in future studies, a water content gradient will appear in the vertical direction of the sample, the creation of the water content field will be more complicated. It will be considered whether it is necessary to introduce a permeability coefficient to analyze the evolution and distribution of the water content in the sample.

2. In the current research, the factors causing the anisotropic deformation of the sample have not been analyzed, it can be explored by changing the sample size in future research.

3. The friction of the base plate is used to limit the desiccation shrinkage of the sample in the constrained desiccation experiments, this is a complicated process. In the current research, the evolution of the friction of the base plate with the water content of the sample is only a hypothesis put forward by the numerical simulation. The evolution of the friction of the base plate needs to be verified through more tests in future research. 
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 1 Figure -1.1 Cracking in coal mine tailings, New Hope Colliery, Bundamba District, West
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 1 Figure -1.2 Desiccation cracks in compacted clay landfill liners for the waste isolation
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 1 Figure -1.3 Cracked soil causes dyke break[START_REF] Sanchez | Modeling 3D desiccation soil crack networks using a mesh fragmentation technique Computers and Geotechnics[END_REF] 
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 1 Figure -1.5 Detail of the bar extremity showing slight cracking between the support and the rest of the bar[START_REF] Péron | Desiccation cracking of soils[END_REF] 

  was observed between samples at 4 mm and 12 mm. The former experienced a large number of relatively thin cracks. The latter have a small number of relatively wide cracks. Tang et al. (2010) Tang et al. (2010) investigates the desiccation shrinkage and cracks behavior of Romainville clay at different temperatures. The samples with an initial state as slurry has been desiccated at three temperatures (22, 60 and 105 °C). During the test, the image processing technique was applied to capture the crack pattern. The experiment set-up has been illustrated in Figure 1.7.
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 1  Schematic drawing of set-up[START_REF] Tang | Experiment evidence on the temperature dependence of desiccation cracking behavior of clayey soils[END_REF] 
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 18 Figure -1.8 Schema of the soil sample and calculations of global deformation[START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF] 
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 1 Figure -1.9 Experimental dispositive for digital images correlation[START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF] 

Figure 1 .

 1 Figure 1.10 -Schematic drawing of the sample on the support (Ighil Ameur, 2016)

Figure 1 .

 1 Figure 1.11 -Evolution of water content with time under different relative humidity (Ighil Ameur, 2016)

  Figure -1.13 Soil water retention curve of Bioley silt[START_REF] Péron | Desiccation cracking of soils[END_REF] 

  Figure -1.14 Soil water retention curve of Kaolin P300 and M35[START_REF] Wei | Highlighting some mechanisms of crack formation and propagation in clays on drying path[END_REF] 

  Figure -1.15 Brazilian test: view of a failed rock sample. (picture EPFL-LMR)
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 1  Effective stress parameter versus degree of saturation[START_REF] Zerhouni | Role de la pression interstitielle negative dans le comportement des solsapllication au calcul des routes[END_REF] 
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 1 Figure -1.19 Total and effective stress paths during overall consolidation and desiccation process (Abu[START_REF] Abu-Hejleh | Desiccation Theory for Soft Cohesive Soils[END_REF] 

Figure - 1

 1 Figure -1.20 Coulomb criterion for tensile failure and corresponding values of minor stresses in the Mohr plane

  . El[START_REF] El Youssoufi | Self-stresses and crack formation by particle swelling in cohesive granular media[END_REF] have proposed a DEM model for desiccation of soils in which a crack is captured by the breaking of a cohesive bond, which is created by capillary action.[START_REF] Peron | Discrete element modelling of drying shrinkage and cracking of soil[END_REF] proposed that discrete element modelling of drying shrinkage and cracking of soils. An originality of the model lies in its ability to take into account cohesive forces between the grains. The cohesive behaviour that occurs during desiccation is described by local relationships between the displacements and the forces. Failure occurs when the contact actions reach a surface 𝜉 = 0. As soon as 𝜉 ≥ 0, the cohesive bond breaks irreversibly. When a cohesive bond no longer acts, the contact behaviour turns into a non-cohesive frictional interaction. The simulation results obtained of desiccation cracking of clay soils by using DEM in Peron's article, as Figure1.21 shown.
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 1 Figure -1.21 Grain positions after cracking for constrained drying shrinkage in the nonhomogeneous shrinkage simulation results, central part of the sample[START_REF] Peron | Discrete element modelling of drying shrinkage and cracking of soil[END_REF] 

Figure - 1

 1  Joint elements embedded[START_REF] Thi | Numerical modelling of desiccation cracking of clayey soil using a cohesive fracture method[END_REF] 

  XFEM, cracks can be set in the model in advance, then the cracks are tracked through the finite element meshes and the nodal degrees of freedom gradually enriched with new ones. The displacement jumps across the crack can be represented (Figure 1.24b).

Figure - 1

 1 Figure -1.24 Crack growth of multiple cracks (mud-crack pattern): (a) initial crack configuration; and (b) final configuration[START_REF] Huang | Modelling quasi-static crack growth with the extended finite element method: part II, numerical applications[END_REF] 
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Figure 2

 2 Figure 2.1 -Grain size distribution of Kaolin K13[START_REF] Zhao | Study on the creep behavior of clay under complex triaxial loading in relation to the microstructure[END_REF] 

Figure 2

 2 Figure 2.3 -Oedometric path in e -log𝜎 plane (Ighil Ameur, 2016)

  The Young's modulus 𝐸 can also be identified by the triaxial drained tests. The identified Young's modulus 𝐸 is 56 MPa for Kaolin K13 by Ighil-Ameur (2016) at the confining pressure 𝜎 = 200 kPa . But the Young's modulus 𝐸 will change with the confining pressure 𝜎 ,
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 2 Figure 2.4 -Behavior of saturated Kaolin K13 clay on the conventional constant 𝜎 stress path (Ighil Ameur, 2016)

Figure 2

 2 Figure 2.6 -Tensile strength versus water content[START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF] 

  Figure 2.7 -Kaolin K13 soil water retention curve

Figure 2

 2 Figure 2.8 -The change of the shrinkage volumetric strain 𝜀 of Kaolin K13 in the drying paths

Figure 2

 2 Figure 2.9 -Estimation of the change of the capillary pressure 𝑃 of Kaolin K13 during the drying process

  description for identification of shrinkage and cracking processesTest specimen propertiesThe soil specimens used in the desiccation tests, were prepared from a dry clay powder called Kaolin K13 mixed with degassing water to reach water content of 1.2 times the liquid limit (𝑤 = 1.2 𝑤 = 48%). The homogenized Kaolin K13 slurry is poured in a square cell (179 mm for each side and 5 mm in thickness). The base of the square cell was covered by different type of base plate. There are three types of base plates used for desiccation tests: the base plate is made in Teflon treated with a hydrophobic substance to ensure a smooth support in order to avoid as much as possible any friction during shrinkage, the free desiccation; the base plate is made in Teflon or Plexiglass to obtain friction boundary conditions that limit the shrinkage of the sample, the constrained desiccation. Then remove the square cell and leave the sample on the base plate.The final and most important step in specimen preparation is the surface treatment. A speckle field will be applied on the specimen surface to crate the gray-scale range between speckles (black) and background (light, original color of the clay), as shown in Figure2.10, which will be used for DIC technique to measure the deformation of sample during the desiccation experiments. This gray-scale should enable every subset to have its own unique distribution that can be recognized by the correlation image function after deformation. For clay specimen the spray paint method is an effective and relatively quick surface preparation that are light color. The use of environmentally friendly water-based paint to reduce the effect of paint slowing the surface drying of the specimen(Yang, 2021).

Figure 2 .

 2 Figure2.10 -The experimental sample with a speckle field(Yang, 2021) 

(

  KOH) was used to control the relative humidity. A descriptive scheme of the experimental device is shown in the Figure2.11. During the desiccation process, the relative humidity of the air in the container and the mass of the sample are measured continuously. The test is carried out in our laboratory with a constant temperature as 20°C. The test was completed until the sample attends its stable mass. The duration of desiccation test was more than 160 hours.Two digital cameras were used during the experiment. From the beginning of the test, the two cameras at two different fixed positions take photos of the soil samples for each 2 minutes. These photos are saved automatically and analyzed after the test by virtual digital image correlation Software called (Vic-3D) to obtain the global deformations and the relative displacements of the samples.

Figure 2 .

 2 Figure 2.11 -Descriptive scheme of the experimental device(Yang, 2021) 

  change will be captured by VIC-3D, this change is considered as a local displacement of the sample, VIC-3D also calculate and uses this to obtain the 3-D displacement field, for example, a schematic diagram of displacement field in x direction as shown in the Figure 2.13. Then, the 3-D displacement field will be used to calculate the local strains as well as the strains of the global specimen.
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 2 Figure 2.13 -Schematic diagram of the displacement field in x direction (w=36.1%)(Yang, 2021) 

5. 1

 1 Figure 2.14 -The schematic diagram of the sample before and after drying

Figure 2 .

 2 Figure 2.15 -The global water content of the specimen changes with time for free desiccation test (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)(Yang, 2021) 

  Figure 2.16 -The local water content distribution in the sample[START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF] 

  .

;

  Figure2.17 -The experimental results of local strains captured at t = 63h of drying with w= 7.2% (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)(Yang, 2021) 

Figure 2 .

 2 Figure 2.18 represents the change of global strain of the sample in three directions with the global water content. 𝜀 , 𝜀 , 𝜀 are the horizontal, longitudinal, and vertical strains of the sample, respectively.

Figure 2 .

 2 Figure2.18 -The global strain in all directions of the sample versus global water content (T=20°C, KOH salt solutions, RH=7%, s=360 MPa, free desiccation experiment)(Yang, 2021) 

Figure 2

 2 Figure2.19 -The coefficient of shrinkage ratio as a function of the water content (T=20°C, KOH salt solutions, RH=7%, s=360 MPa, free desiccation experiment)(Yang, 2021) 

Figure 2 .

 2 Figure2.20 -The volumetric strain of sample versus water content (T=20°C, KOH salt solutions, RH=7%, s=360 MPa, free desiccation experiment)(Yang, 2021) 

Figure 2 .

 2 Figure 2.21 -Evolution of global water content and relative humidity with time for constrained desiccation experiments (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)(Yang, 2021) 

  Figure 2.22 -The distribution of local water content in the sample at w=24% for constrained desiccation experiments (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)(Yang, 2021) 

  Figure 2.24 -Schematic diagram of local horizontal strain selection

Figure 2 .

 2 Figure 2.26 -The concentration of strains and cracks in the sample in the constrained desiccation experiments (T=20°C, KOH salt solutions, RH=7%, s=360 MPa, the sample on the Teflon support) (Ighil Ameur, 2016)
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  ., . / ,, / I I I ' \ ' ' ' '-' ' different for each test, as shown in Figure2.27, so the uneven friction of the base plate is not the main reason for the concentration of strain in extension generated in the sample.

Figure 2 .

 2 Figure 2.27 -The samples on the same base plate show local strain concentration at different positions (Ighil Ameur, 2016)

  The constrained desiccation experimental results are obtained by using the same DIC technology. The experimental results are shown in Figure2.28.

Figure 2 .

 2 Figure 2.28 -Vic-2D map of the horizontal strain (t = 87.7h, w = 28.8%) (T=20°C, NaCl salt solutions, RH=75.5%, s=38 MPa, sample on the Teflon support) (Ighil Ameur, 2016)

  Figure 2.29 -Distribution of the local strains along the two lines A -𝐴 and B -𝐵 (Ighil Ameur, 2016)

Figure 2

 2 Figure2.30 -The horizontal strain and longitudinal strain in the I-CD3-s38 area at different desiccation times[START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF] 

Figure 2 .

 2 Figure 2.31 -The principal deformation of the sample at the end of desiccation (T=20°C, KOH salt solutions, RH=7%, s=360 MPa, sample on the Teflon support) (Ighil Ameur, 2016)

Figure 2

 2 Figure2.33 -The horizontal strain and longitudinal strain in the I-CD2-s361 area at different desiccation times[START_REF] Ighil Ameur | Etude expérimentale du phénomène de l'endommagement et de la fissuration d'une matrice poreuse[END_REF] 

Figure 2 .

 2 Figure 2.34 -The maximum strains (𝜀 ) in the two cases of no cracking and cracking at the strain concentration

Figure 2 .

 2 Figure 2.35 -Variation of maximum tensile strains versus water content

Figure 3 . 1 -

 31 Figure 3.1 -The void ratio in function of the water content

Figure 3

 3 Figure 3.2 -The soil characteristic curve of Kaolin K13

  y are the horizontal and longitudinal coordinates of each point in the sample (x, y corresponds to COORDS(1) and COORDS(2) in UMAT ), 𝑥 + 𝑦 is the distance between each point in the sample and the center of the sample, sample center coordinates are (0, 0), 𝑙 is the maximum distance between the edge and the center of the sample, 𝛼 (x,y) is the rate of water loss at any point of the sample, 𝛼 is the rate of water loss at the center of the sample,

Figure 3

 3 Figure 3.3 -The rate of water loss of any point in the sample

Figure 3

 3 Figure 3.5 -A simplified flow chart of the hydric-elasticity model

Figure 3

 3 Figure 3.6 -The relationship between water content w and Young's modulus E

  K and G are related to Young's modulus 𝐸 and Poisson's ratio 𝜈:Since both K and G are related to Young's modulus 𝐸, therefore, K and G dependence on the water content.In fact, K and G also dependence on the current mean stress 𝑝 acting on the sample, the relationship is expressed by:

  .7. The input parameters are Initial water content 𝑤 ; Water loss rate at the center and edge of the sample 𝛼 and 𝛼 respectively; Initial void ratio of the sample 𝑒 ; Parameters of Fredlund's equation a , 𝑏 , 𝑐 ; Anisotropy shrinkage parameter 𝜂  Parameters of van Genuchten's equation m, n, 1/𝛼; Poisson ratio 𝜈. The values of parameters will be introduced in the next chapter. The output data are Water content w distribution; Suction s distribution; Young's modulus 𝐸 distribution; Hydric strain 𝜀 local shrinkage; local strain 𝜀 and local stress 𝜎 development. The subscript n represents the time step, i is the iteration within the time step n.

Figure 3

 3 Figure 3.7 -A simplified flow chart of the hydric-elasticity model

  variables: Total strain E,j, Node coordinates, Time step t and Mode! parameters Umat Calculated and Output variables: Water content w, Suction s, Young's modulus E, Hydrie strain e/' , Total st:rain e,j and Stress akl Yes END ∇ • 𝜎 + 𝐹 = 0 3. 72 Geometric equation expresses the relationship between strain 𝜀 and displacement 𝛿 , which is controlled by the strain transformation matrix 𝐵 . 𝜀 = 𝐵 𝛿 3. 73 Physical equation expresses the relationship between the stress component 𝜎 and the strain component 𝜀 , which is controlled by the constitutive tensor 𝐷 .

  Figure 3.8 -The fixed bottom displacement in the experiment and simulation

  experimental observations in Chapter II show that the strain concentration areas in the sample are caused by the limitation of constrained boundary conditions and local water content gradients. How to impose the constrained boundary conditions have been introduced, and then it is also necessary to simulate the distribution of the local water content gradient to obtain the strain concentrated area.The local water content gradient is achieved by changing the water loss rate of the adjacent element in the model. As mentioned above, the rate of water loss and water content of any point in the model can be obtained by used 𝛼 and 𝛼 , therefore, different values of 𝛼 and 𝛼 are applied to adjacent elements in the model to make the adjacent elements have different water content, so as to achieve the purpose of local water content gradient in the model. There is an example of finite element analysis of the local water content gradient in the model, as shown in Figure3.10, the different values of rate of water loss are applied to adjacent elements in the model, and the two adjacent elements have the same initial water content, which means that under the same drying time, the water contents of the two elements no longer are the same.

  At this time, due to the difference of the external forces 𝐹 and 𝐹 received by the two elements, a new total stress and mechanical strain are generated between the two elements, which is the impact of the simulation of local water content gradient.

Figure 3 .

 3 Figure 3.10 -Schematic diagram of local water content gradient

Figure 3 .

 3 Figure 3.11 -A domain crossed by a crack

  99 can be split into two separate variational equations, ∫ ∇ 𝜂: 𝜎𝑑Ω = ∫ 𝜂̂• 𝑡 ⃗ 𝑑Γ ∀𝜂̂∈ 𝛾 3. 100 ∫ 𝐻(𝑥)∇ 𝜂 : 𝜎𝑑Ω + ∫ 𝛿 (𝜂 ⨂𝑛 ⃗) : 𝜎𝑑Ω = ∫ 𝐻(𝑥)𝜂 • 𝑡 ⃗ 𝑑Γ ∀𝜂 ∈ 𝛾 3. 101

Figure 3 .

 3 Figure 3.13 -A classical finite element mesh crossed by a crack
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Figure 4 . 1 .

 41 Figure 4.1. The numerical model is in 3D, with 89.5 mm in length and width, 5 mm in thickness (Figure 4.1a). The density of finite elements mesh is 20 elements in both the longitudinal and horizontal direction, and 2 elements in the vertical direction, as shown in Figure 4.1b. 8-node element (C3D8) is used.

  4.2, the different colors represent the different value of water content, the results show that the colors of each elements in the model are the same at the same time, which means that the water content in the model is evenly distributed. The simulation result is compared with the experimental result, as shown in Figure 4.3. The two results have the same evolution trend of average water content.

Figure 4 . 2 -

 42 Figure 4.2 -The water content distribution in the model (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)

  Figure 4.4 -The simulation results of the variables in the model (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)

Figure 4

 4 Figure 4.5 -Selection analysis element

  Figure 4.7 -The simulation results of the variables in the model (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)

  Figure 4.8 -The evolution of isotropic strain versus water content when the water content uniform distribution (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)

  Figure 4.9 -The evolution of isotropic strain versus water content when the water content linear distribution (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)

𝜌

  of the sample model are combined with the volume 𝑣 of the sample model to get the sample model's weight. The contact force 𝐹 is generated by the sample model's weight, 𝐹 = 𝜌 𝑣𝑔.

Figure 4 .

 4 Figure 4.12 -Geometry, boundary conditions and mesh of the numerical model

Figure 4 .

 4 Figure 4.13 -Defining the friction coefficient for the interface soil/support

Figure 4 .

 4 Figure 4.14 -The assumed evolution of friction force with the global water content of the sample (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)

Figure 4 .

 4 Figure 4.15 -Schematic diagram of global displacement selection

  Figure 4.16 -The simulation results of the global strain of the sample on the three kinds of base plates compared with the experimental results

  .......................... ........ ••••••••••• ...........

Figure 4

 4 Figure 4.17 -The simulation results of the global horizontal mechanical strains of the samples on the three kinds of base plates compared with the experimental results (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)

Figure 4 .

 4 Figure 4.20 -Experimental results of the local horizontal mechanical strains of the sample on the plexiglass support (T=20°C, KOH salt solutions, RH=7%, s=360 MPa)(Yang, 2021) 

  Figure 4.21 -Simulation results of the local horizontal mechanical strains

  -t-,---,--.-,-...--,--,-,---,--.-,-...--,--,,-,--,----,-,--,of sample (mm)

Figure 4 .

 4 Figure 4.22 -Simulation results of evolution of the local horizontal mechanical strain at the center of the model compared with the experimental results

  Figure 2.30), thus the two elements near the center of sample model are selected as the location of local water content gradient. In addition, the model parameters and the boundary conditions are the same as the simulation of plexiglass base plate. The simulation results of the local water content gradient are shown in Figure 4.23, the results show that the color is different from the center to the edge of the model, and the color of the 10 ----Simulation results e e e Tensile strength -Wei (2014) + + + Experùnental resuhs -Yang (2020)

Figure 4 .

 4 Figure 4.23 -The local water content gradients in the model

  Figure 4.24 -Simulation results of local horizontal strains in the model
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  Figure 4.25 -Distribution of the local strains along the two lines X -X and Y -Y

Figure 4 .

 4 Figure 4.26 -Simulation results of the maximum mechanical strains

  -Simulation results (local bydraulic gradients) ----Simulation results (plexiglass base plate) e e e Tensile strength -Wei (2014) .à. .à. .à. Experimental results (no crack) -Ighil Ameur (2016the model are obtained, as shown in Figure 4.27. The maximum value of the local horizontal strain occurs at the local water content gradient of the model (Traction is negative in the Figure 4.27 b). The distributions of the local horizontal strains in the strain concentration area obtained along the line X -X are represented in the Figure 4.27 c (Traction is positive). The simulation results of local horizontal strains at the local water content gradient in Figure 4.25 a and Figure 4.27 c are compared, it is found that as the water content gradient increases, the value of the local horizontal strain also increases. (a) The distribution and evolution of local horizontal strain (b) The simulation results of local horizontal strain as a function of time12-4

  Figure 4.27 -Simulation results of local horizontal strains in the model

  results for cracking process in clays related to desiccation3.1 Numerical modelIn this section, the modelling for the simulation of the cracks process in clays related to desiccation is established, the extend finite element method is used for calculations. Because of the comparison with the crack position in the sample, the whole sample is modeled and meshed.The size of numerical model of sample is 17.9cm for each side and 0.5cm in thickness. The density of finite elements mesh is 40 elements in both the longitudinal and horizontal direction, and 2 elements in the vertical direction, as shown in Figure4.29. 8-node element (C3D8) is used.The simulation of the cracks process is carried out still based on the simulation of the sample on the plexiglass base plate. Therefore, the numerical model also is composed of the model of sample and the model of base plate, and the contact is created to define friction. The base plate is considered to be rigid, so the displacement of the base plate in all directions is restricted. In addition, the displacement at the center of the bottom surface of the sample model is fixed to prevent the sample model from rotating during the simulation. The boundary conditions in the simulation phase as illustrated in Figure 4.29.

Figure 4 .t

 4 Figure 4.29 -Geometry, boundary conditions and mesh of the numerical model

0

  Crack location: • (None) ..,., ...... , ...... ..... . .

Figure 4 .

 4 Figure 4.31 -The distribution and evolution of the maximum principal deformation

  Figure 4.32 -Distribution of the local strains along the two lines X -X and Y -Y

Figure 4 .

 4 Figure 4.33 -Simulation results of mechanical strain compared with the tensile strength

𝜆 = 1 ,

 1 Figure 4.35 -Weibull cumulative distribution

Figure 4

 4 Figure 4.36 -The distribution and evolution of the local water content in the sample model

Figure 4 .

 4 Figure 4.38 -Simulation results of mechanical strain compared with the tensile strength
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  2. Next, the results of the free desiccation experiments are compared with the theoretical desiccation shrinkage, it is found that the results of the two are basically the same. The free desiccation experiment of clay soils reproduces the free shrinkage process in clays related to desiccation. The experimental observations show that the shrinkage deformations of clay soils in the free desiccation experiment are far away from isotropic.

1. 2

 2 Investigations of the constrained shrinkage process in clays related to desiccation In the second part, the methods and results of the numerical simulation of the constrained shrinkage process in clays related to desiccation are obtained based on the constrained desiccation experiments, the following scientific discoveries about the constrained shrinkage process in clays related to desiccation are revealed: 1. The results of the constrained desiccation experiments are compared with that of the free desiccation experiment, the experimental observations show that the global strain of the sample on the Teflon and plexiglass base plate in the constrained desiccation experiments are limited by friction boundary conditions, the experimental results of the horizontal strain of sample on the Teflon and plexiglass base plate are smaller than that of sample on the Teflon grease base plate. The horizontal strain of the sample decreases and the vertical strain increases as the friction of the base plates increases (Plexiglass > Teflon > Teflon grease). The closer to the center of the sample, the effect of the friction of the base plate on the strain of the sample is more obvious. 2. In the constrained desiccation experiments, the strain concentration areas are generated in the sample due to the coupling of the presence of constrained boundary conditions and local water content gradients.

2.

  The initiation and propagation of cracks involve the generation of discontinuous displacement. In this research, XFEM in Abaqus is used to the simulation of the cracking process in clays related to desiccation. The simulation results of the cracking process in clays related to desiccation in Abaqus are introduced. The simulation results

4.

  In the current research, the nonlinear elastic constitutive is used to describe the relationship between mechanical strain and total stress. It must be admitted that the occurrence of plastic deformation in the sample in the constrained desiccation experiments is inevitable. Therefore, the elastoplastic constitutive is considered to analyze the stress of the sample in future research, the proposed elastoplastic constitutive needs to be verified by more mechanical experiments. 5. The local physical variables of the sample in the constrained desiccation experiments still need more in-depth and meticulous research, the evolutions of the local water

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2

 2 

	Material	Liquid limit 𝑤 (%)	Plastic limit 𝑤 (%)	Specific gravity G 𝒔
	Kaolin K13	40	21	2.63

.1 -Physical properties of Kaolin K13

[START_REF] Zhao | Study on the creep behavior of clay under complex triaxial loading in relation to the microstructure[END_REF] 

Table 2

 2 

		.2 -Chemical type composition of Kaolin K13 (Zhao, 2017)	
	Chemical type	SiO	Al O	Fe O	K O	CaO
	Content (%)	60	28	1.0	0.6	0.5

Table 2

 2 

	.3 -Essential elastic parameters of Kaolin K13
	Essential properties	Value
	Compression index 𝐶	0.292
	Swelling index 𝐶	0.05
	Young's modulus 𝐸 at 𝜎 = 200kPa	56 MPa
	Poisson's ratio 𝝂	0.28-0.38

Table 2

 2 

	&y(%) 0					e 0.9				
							ICL			
	1					0.85				
							GSL			
	2					0.8				
	3					0..75				
	4					0.7			e = 0,051
	5					0.65		1		
	0	4	8	12	16	20	100	200 300	500	1000
				.4 -Essential plastic parameters of Kaolin K13	
		Essential properties			Value		
		Critical state line M				0.857		
	Angle of internal friction 𝜑			22 o		

i: 1 (%)

Table 2

 2 

	Water content	Tensile strain	Tensile stress
	(%)	(%)	(kPa)
	39	7	9
	31	8	11
	26	6	14

.5 -Essential tensile parameters of Kaolin P300

Table 2 .

 2 6 presents the essential mechanical parameters collected or calculated from different test results of the literature.

	Table 2.6 -Essential mechanical parameters for modeling of Kaolin K13
	Essential properties	Value
	Compression index 𝐶	0.292
	Swelling index 𝐶	0.05
	Young's modulus 𝐸 at 𝜎	′ = 200kPa	56MPa
	Poisson's ratio 𝝂	0.28-0.38
	Critical state line M	0.857
	Angle of internal friction 𝜑	22 o
	Tensile strain / stress at water content of 39%	7% / 9 kPa
	Tensile strain / stress at water content of 31%	8% / 11 kPa
	Tensile strain / stress at water content of 26%	6% / 14 kPa
	Strain failure criterion at water content of 31%	8%

Table 2 .

 2 7 -Essential Soil Water Retention Curve parameters of Kaolin K13

	Essential properties	Value
	Minimum void ratio emin	0.63
	Shrinkage limit wSL	24%
	Air entry value 𝑠	1000 kPa
	Residual volumetric water content θ	0.1%
	Saturated volumetric water content θ	56%
	3.2 Analysis of the experimental results and determination of capillary pressure

Table 2

 2 

	Essential properties	Value
	Initial water content 𝑤	48%
	Initial void ratio 𝑒	1.26
	Initial degree of saturation Sr0	100%
	Initial density 𝜌	1722 kg/m 3
	Initial mass 𝑀	275g
	Initial size of the sample	179 mm*179 mm*5mm

.8 -The initial parameters of sample for desiccation experiments

Table 3

 3 

		.1 -List of parameters of Fredlund's equation	
		Parameters of Fredlund's	
		equation (Eq.3.53 and Eq.3.54)	
	a	The minimum void ratio	0.63
	𝑏	The slope of the line e(w)	24%
	𝑐	The curvature of the line	50
	Sr0	Initial degree of saturation	100%
	𝐺	Specific gravity of the solids	2.63

; aw,; awb; eo ; no, ho, co; 1]; m

  , n, 1 a; E and v

		Abaqus
		Data INPUT
		Mode! parameters:
		woAbaqus
	Abaqus	
	Update ofmate1 ial state o[/ 1	lnitiali ation of material state 0:,-1
		Umat
		The main input variable :
		Total strain E;j, Node coordinates,
		Time step t and Mode! parameters
		mat
		Calculated and Output variables:
		Water content w, Void ratio e; Suction
		Yes	END

Table 4

 4 

		.1 -List of model parameters	
	Notation	Name of the model	Value
		parameter, function	
		Parameters of model	
	𝑤	Initial water content	48%
	𝑒	Initial void ratio	1.26
	E	Young's modulus	E(w)
	𝜈	Poisson's ratio	0.38
	𝛼	Rate of water loss of the	0.776 %/h or 0.83 %/h
		center of the sample	
	𝛼	Rate of water loss of the	0.9 %/h or 0.83 %/h
		edge of the sample	
	𝜂	Shrinkage ratio coefficient	1 or 2.8
		Parameters of Fredlund	
		equation	
	a		0.63
	𝑏		24%
	𝑐		50
		Parameters of van Genuchten	
		equation	
	1/𝛼		1000 kPa
	n		1.05
	m		0.87

  = 9.Sh, Wm/n = 39.5%, Wm ax = 40.6% t = 15.Sh, Wm in = 34.2%, Wmax = 36% l = 2 1.Sh, Wmln = 28.8%, Wmax = 3 1.3% t = 29h, W111 ; 11 = 22. l %, Wnrnx = 25.5%
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Soil water characteristic curve (SWCC)

The suction 𝑠 is defined as the difference between the pore water pressure and the pore air pressure. The air entre into the pore with the dissipation of the water. The suction s could relate with the water content, which is frequently referred as the soil water characteristic curve (SWCC), as given by van Genuchten (van Genuchten 1980)

60

Where: θ is the volumetric water content; 𝑠 is the suction; θ is the residual volumetric water content; θ is the saturated volumetric water content; n, m and 𝛼 are parameters of unsaturated soil properties. For the studied material, the Kaolin K13, the corresponding residual volumetric water content and saturated volumetric water content are 0.001 and 0.56, respectively. It is worth mentioned that the parameter has its physical meaning. According to van Genuchten's and other researchers, 1/𝛼 equal to the air entry value. And n and m describe the curvature of the soil water characteristic curve.

For the studied soil (Kaolin K13), the soil characteristic curve has been given in Figure 3.2, the corresponding parameters have been given in Table 3.2. These parameters have been determiner from the tests realized by Yang (2021), [START_REF] Wei | Etude micro-macro de la fissuration des argiles soumises à la dessiccation[END_REF] and [START_REF] Taibi | Comportement mécanique et hydraulique des sols soumis à une pression interstitielle négative -Etude expérimentale et modélisation[END_REF], as illustrated also in Figure 3.2. However, during the drying process, the edge of the sample is raised, it is difficult to obtain the water content of the edge of the sample by using the VIC-3D technology, therefore, it is necessary to combine the experimental data with Eq.3.65 to calculate the water loss rate at the edge of the sample. 𝛼 (0.057,0) is the water loss rate at the point x=0.0057m and y=0m, as

. + 0,776 = 0,828%/ℎ 𝛼 = 0,9%/ℎ 3. 65

Eq.3.63 are compiled in UMAT, the valuers of 𝛼 and 𝛼 are set in the user material parameters of Abaqus. Then, the rate of water loss of any point in the sample model can be calculated in UMAT by using 𝛼 , 𝛼 and the input node coordinates. Eq.3.61 also are compiled in UMAT, the water content can be calculated in UMAT by using 𝑤 , 𝛼 (x,y) and the input time step t.

The implementation of the UMAT in Abaqus

A simplified flow chart of the hydric-elasticity model is presented in Figure 3 Frictional stick occurs if Φ < 0; and sliding occurs if Φ = 0, in which case the friction force is 𝜇𝐹 . During the drying experiments, the contact force 𝐹 is generated by the sample weight.

The contact force 𝐹 can be obtained by setting "Density" in the material parameters and The principal model parameters for simulation of the free desiccation experiments are listed in Table 4.1. The rate of water loss is used to the creation of the water content field in the model.

If the same value is used for the rate of water loss of the edge and center of the model (𝛼 = 𝛼 ), the creation of water content field will be uniform, otherwise the creation of water content field will be no-uniform. The material parameters of the Fredlund equation are used to calculate the hydric volumetric strain 𝜀 . The shrinkage ratio coefficient is used to calculate the anisotropic hydric strain components (the shrinkage ratio coefficient 𝜂 = 1 is used to calculate the isotropic hydric strain components). The material parameters of the van Genuchten equation are used to calculate the matrix suction and the degree of saturation. The Young's modulus and Poisson's ratio are used to establish constitutive relationship.