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An energy approach is proposed as a complement to the stress approach commonly considered for investigating soil desiccation cracking. The elastic strain energies before and after crack initiation are estimated by both numerical and analytical solutions. The energy released by cracking is then compared to the fracture energy to discuss crack initiation conditions. This leads to combined energy and stress conditions for crack initiation following Leguillon's theory. An approximate analytical solution is derived from a variational formulation of the porous elastic body equations. A cohesive zone model and Finite Element code are used to simulate crack propagation in an unsaturated porous body. This analysis shows that the energy criterion is reached before the stress criterion, and this can explain unstable crack propagation at the beginning. The approximate analytical solution allows predicting correctly the crack depth and opening in its initiation stage.

Introduction

Soil desiccation cracking is a common phenomenon in geotechnical engineering. The reduction of moisture content during desiccation causes soil shrinkage by the invasion of air into the soil pores. At the same time, matrix suction increases and leads to the development of tensile stress in restrained conditions (by a frictional boundary condition, suction gradient, concentrations of stress, heterogeneity of soil, etc.). This tensile stress can exceed the soil strength and create a desiccation crack network [START_REF] Kindle | Some Factors Affecting the Development of Mud-Cracks[END_REF][START_REF] Lau | Thesis : Desiccation cracking of soils[END_REF][START_REF] Abu-Hejleh | Desiccation Theory for Soft Cohesive Soils[END_REF][START_REF] Towner | The Mechanics of Cracking of Drying[END_REF]. These cracks, created by tensile stresses, are different from localization shear bands that occur under other stress conditions. They have specific physical and geometrical properties and the theoretical and numerical approaches to determine their geometry is also different from the methods used for strain localization and shear band formation. The formation and propagation of desiccation cracks are hydro-mechanical processes that can affect the soil permeability and compressibility, as well as its mechanical strength. This could explain the effect of desiccation cracking on the instability of earth slopes [START_REF] Baker | Tensile strength, tension cracks, and stability of slopes[END_REF][START_REF] Yesiller | Desiccation and cracking behavior of three compacted landfill liner soils[END_REF][START_REF] Omidi | Effect of desiccation cracking on the hydraulic conductivity of a compacted clay liner[END_REF].

The main methods for studying soil desiccation cracking are the following. The field and laboratory experiments [START_REF] Lau | Thesis : Desiccation cracking of soils[END_REF][START_REF] Nahlawi | Laboratory experiments on desiccation cracking of thin soil layers[END_REF][START_REF] Sanchez | Exploring desiccation cracks in soils using a 2D profile laser device[END_REF][START_REF] Tang | Experimental characterization of shrinkage and desiccation cracking in thin clay layer[END_REF][START_REF] Peron | Fundamentals of desiccation cracking of fine-grained soils : experimental characterisation and mechanisms identification[END_REF][START_REF] Corte | Experimental Research on Desiccation Cracks in Soil[END_REF][START_REF] Li | Study of desiccation crack initiation and development at ground surface[END_REF][START_REF] Konrad | Desiccation of a sensitive clay: field experimental observations[END_REF] are used to study the morphology, geometry and development of the desiccation cracks and the effect of some parameters (e.g. specimen dimensions, boundary conditions, soil properties, and drying condition) on theirs formation. The theoretical methods [START_REF] Abu-Hejleh | Desiccation Theory for Soft Cohesive Soils[END_REF][START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF][START_REF] Morris | Cracking in drying soil[END_REF][START_REF] Karalis | A model for regular desiccation cracks formation[END_REF][START_REF] Ayad | Desiccation of a sensitive clay: application of the model CRACK[END_REF][START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF][START_REF] Kodikara | A simplified analytical model for desiccation cracking of clay layers in laboratory tests[END_REF] aim to predict the desiccation cracks geometry (depth and spacing between cracks). The numerical approaches are introduced to simulate the formation and propagation of cracks during desiccation or to characterize material properties that cannot be easily measured in laboratory because inaccessible. Different numerical methods have been used for this purpose: Finite Element Method (FEM), Discrete Element Method (DEM), JFEM (Joint Finite Element Method), and mesh-free method [START_REF] Amarasiri | Numerical modelling of desiccation cracking[END_REF][START_REF] Peron | Discrete element modelling of drying shrinkage and cracking of soils[END_REF][START_REF] Sánchez | Modeling 3-D desiccation soil crack networks using a mesh fragmentation technique[END_REF][START_REF] Amarasiri | Numerical Modeling of Desiccation Cracking Using the Cohesive Crack Method[END_REF][START_REF] Deng | Numerical simulation of crack formation process in clays during drying and wetting[END_REF][START_REF] Hirobe | Coupling analysis of pattern formation in desiccation cracks[END_REF][START_REF] Sima | Numerical simulation of desiccation cracking in a thin clay layer using 3D discrete element modeling[END_REF][START_REF] Kodikara | Desiccation Cracking in Clayey Soils: Mechanisms and Modelling[END_REF][START_REF] Rao | Mesh-free analysis of cracks in isotropic functionally graded materials[END_REF][START_REF] Rabczuk | Cracking particles: a simplified meshfree method for arbitrary evolving cracks[END_REF]. They have shown that the initiation and evolution of a crack network are influenced by various factors [START_REF] Kindle | Some Factors Affecting the Development of Mud-Cracks[END_REF], which can be divided into two main groups: (i) the internal factors (soil characteristics, structure heterogeneity and sample dimensions); (ii) and the external factors (soil/mold interface, humidification/desiccation cycle, desiccation conditions). Quantitative studies on desiccation cracking usually focus on crack density, volume change, crack geometry and spacing. Crack depth and spacing are key variables in the analysis of soil cracking. Various predictive models of soil cracking have been proposed, based on different approaches, to estimate these parameters.

Lachenbruch [START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF] developed an analytical approach to analyze the contraction cracks in basalt and permafrost by using Linear Elastic Fracture Mechanics (LEFM). The author introduced the fictitious stress notion and showed that: as a single crack propagated to a given depth, the stress field in the vicinity of the crack was perturbed; and that a distance away the stress asymptotically approached the initial value. An approach was proposed to predict the spacing between cracks from the theoretical stress relief field by assuming that the subsequent crack could propagate at approximately 5-10% of stress relief.

Konrad & Ayad [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF] applied the concept introduced by Lachenbruch [START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF] to predict the crack depth at the onset of the formation of the primary cracks, as well as the average crack spacing. They calculated first the stress intensity factor K I as a function of different crack depths. The depth of crack propagation at the time of initiation corresponded to that giving K I equal to the soil's fracture toughness K IC. The crack propagation was analyzed with a trapezoidal distribution of horizontal tensile stress. The crack spacing was determined from the horizontal stress field in the neighborhood of an existing crack calculated by the FEM. The prediction of crack spacing was similar to the work of Lachenbruch [START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF], in which the subsequent crack initiated in the vicinity of an existing crack when the horizontal stress reached 95% of the soil tensile strength. The analysis made by Konrad & Ayad [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF] allowed predicting accurately the crack depth at the onset of the primary cracks by using the stress concept. However, the results depended on an arbitrary value of 95% of the tensile strength to initiate the subsequent crack. Moreover, this analysis did not give any information about the displacement fields of the soil and crack opening after crack initiation.

The LEFM, used to study the propagation of a single crack, was equally applied to predict the crack depth from the suction profile and soil properties [START_REF] Lau | Thesis : Desiccation cracking of soils[END_REF][START_REF] Morris | Cracking in drying soil[END_REF]. However, the approaches developed in these works cannot be used to predict the crack spacing.

Penev & Kawamura [START_REF] Penev | Estimation of the spacing and the width of cracks caused by shrinkage in the cement-treated slab under restraint[END_REF] proposed a relationship to predict the crack spacing and the crack opening in a pavement layer composed of cement. The solution can be applied to a given thickness of material subjected to uniform shrinkage, and the crack depth was not considered. Chertkov [START_REF] Chertkov | Modeling the crack network of swelling clay soils[END_REF][START_REF] Chertkov | The Geometry of Soil Crack Networks[END_REF] developed a physically based probabilistic model, using a multiple cracking and fragmentation model available for rocks, to predict the crack network geometry of swelling clayey soils. The model allowed estimating the crack opening, cross-sectional area and volume of cracks for a given water content profile and shrinkage curve of clay soil. However, two fundamental parameters of the model, the average spacing between cracks and the crack connectedness, were introduced in the model as a specific function of depth.

Moreover, using desiccation cracking test results and numerical simulation, Peron et al. [START_REF] Peron | Formation of drying crack patterns in soils: A deterministic approach[END_REF] proposed a consistent explanation for the formation of desiccation crack patterns in soils. The authors gave an estimation of desiccation crack spacing by calculating the overall energy of the system. They assumed that the elastic strain energy was totally released during cracking and that all cracks penetrated to the full sample depth. This approach allowed estimating the number of blocks and thus the average crack spacing in a thin layer of soil, but it is not applicable for estimation of crack depth. By using the LFEM, proposed by Lachenbruch [START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF] and developed by Konrad & Ayad [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF], the crack propagation condition (K I = K IC ) can be satisfied by two values of crack depth. The larger value corresponds to the ultimate depth of the crack that propagates unstably, while the smaller value represents the initial crack depth necessary for the onset of unstable propagation. Sanchez et al. [START_REF] Sanchez | Exploring desiccation cracks in soils using a 2D profile laser device[END_REF] performed laboratory experiments to investigate soil desiccation cracking. The experimental data showed that the crack reached the ultimate depth in a very short time and that the subsequent evolution of crack depth was more gradual, corresponding to a stable propagation phase. The instable crack propagation depth needs then specific analysis which is different from the gradual and stable propagation. The present paper focuses on the initial instable propagation crack. The depth reached by the crack during this phase is named "ultimate depth" although it can be followed by a further increase during a stable propagation phase. The existing approaches described above are based on stress or energy criterion. However, theoretical approaches, initially proposed by Leguillon [START_REF] Chertkov | The Geometry of Soil Crack Networks[END_REF], have shown that a combined stress and energy criterion was needed to characterize crack initiation conditions at the surface of a homogeneous material [35,36]. A combined energy and stress approach was recently used [START_REF] Costa | Theoretical analysis of desiccation crack spacing of a thin , long soil layer[END_REF] to analyze desiccation cracks spacing and depth. However, this work was based on very sharp simplifications such as a constant suction profile in a horizontal thin layer of soil with constant vertical stress and a shear stress linearly depending on the depth, etc.

In the present paper, a combined energy and stress approach is used as a complement to a moisture diffusion problem in unsaturated soil in order to model the desiccation cracking. Unsaturated soil models are usually extensions of saturated ones and this extension requires the definition of specific state variables. Various expressions for the effective stress in unsaturated materials have been proposed from early works of [START_REF] Roscoe | On The Yielding of Soils[END_REF] [START_REF] Roscoe | On The Yielding of Soils[END_REF] and [START_REF] Bishop | The principle of effective stress[END_REF] [START_REF] Bishop | The principle of effective stress[END_REF] to more recent works based on energetic approaches [START_REF] Borja | On the mechanical energy and effective stress in saturated and unsaturated porous continua[END_REF]. A comprehensive review of effective stress formulations can be found in [START_REF] Nuth | Effective stress concept in unsaturated soils : Clarification and validation of a unified framework[END_REF]. Assuming the incompressibility of the solid matrix and the water phase, Houlsby (1997) [START_REF] Houlsby | The work input to an unsaturated granular material[END_REF] established a general expression for the effective stress in unsaturated material that is used, with some simplifications, in the present work. First, approximate solutions for the displacement fields of the soil before and after crack initiation are proposed. The elastic strain energies for these two moments are then calculated. The elastic energy released by cracking depends on both crack depth and spacing. Its estimation allows predicting the crack depth corresponding to a given crack spacing. This is supposed to be a first step towards a method predicting both the depth and spacing of desiccation cracking based on a combination of energy and stress approaches. The proposed displacement field allows calculating the crack opening and soil displacements after crack initiation. The approximate analytical method is compared to the results of numerical simulations using FEM. This latter includes a cohesive damage fracture law to model the moisture transfer, as well as the initiation and propagation of a single crack. These investigations provide approximate analytical solution for estimation of the crack depth due to soil desiccation in the initiation stage.

Notation: In the sequel, light-face (Greek or Latin) letters denote scalars; underlined letters (a) designate vectors and boldface letters (a) for second-order tensors; outline letters ( £ ) are used for fourth-order tensors.

Analytical approach

In this analysis, the soil is represented as a homogeneous porous material subjected to potential cracking under desiccation. The study focuses on the initiation conditions and the geometry (e.g. depth, opening and spacing) of cracks by combining stress and energy approaches. The simultaneous apparition of cracks [START_REF] Peron | Formation of drying crack patterns in soils: A deterministic approach[END_REF] is assumed to occur to create a crack network when the failure criterion is reached. The study focuses on the desiccation crack initiation near the top surface of the soil where the gravity-induced stresses are negligible. Thus, for the sake of simplicity, the gravity forces are neglected in the sequel and the governing equations of the problem read:

div= 0, ':   C ε (1)
where  represents the total stress, ' the effective, ε the strain and £ corresponds to elastic tensor (linear isotropic with Lamé coefficients  and ).

The definition of the effective stress is a key question in porous materials. In the linear poroelasticity, widely used to model fluid saturated porous materials, the following expression of the effective stress is used:

' bp     (2)
where b is the Biot coefficient, p is pore water pressure and  the unit tensor. For unsaturated soils, assuming the incompressibility of the solid matrix and the water phase, Houlsby (1997) [START_REF] Houlsby | The work input to an unsaturated granular material[END_REF] established the following general expression for the effective stress:

  ' + a a w p S p p        (3) 
where p a designates the air pressure, p w the water pressure and S the degree of saturation. This expression of the effective stress was widely used for soil analyses and in particular for the non-linear, elastoplastic or damage behavior of soils [START_REF] Borja | Cam-Clay plasticity . Part V : A mathematical framework for three-phase deformation and strain localization analyses of partially saturated porous media[END_REF][START_REF] Pense | A fully coupled damage-plasticity model for unsaturated geomaterials accounting for the ductilebrittle transition in drying clayey soils[END_REF] . In this work, the air pressure is neglected. Several works showed that crack initiation took place when the saturation degree S remained close to 1 ([10,11,45]). As a result, and in order to be able to apply the theoretical methods of LEFM and linear poroelasticity in following analyses, S is assumed to be equal to 1 for the effective stress calculation in this study. This does not exclude that the variation of S is considered in the moisture diffusion problem. With this approximation, the same Eq. ( 2) can be formally used for the mathematical treatments of unsaturated soil by taking p = -p w . In the sequel for simplicity and unity of notations the expression (2) is used in the theoretical relations but for the numerical models b is taken equal to 1.

The study focuses on the desiccation crack initiation near the top surface of the soil and for this purpose, a regular geometry of cracks, characterized by a depth L and a spacing B (Figure 1), is considered.

Figure 1: Geometry of the problem

The energy approach consists of the calculation of the elastic strain energies before and after crack initiation with regular depth and spacing. The assumption of a regular set of cracks allows reducing the model to an elementary cell of spacing B (Figure 1). The symmetry of this problem allows reducing the model to a domain containing two subdomains  1 and  2 with four boundaries The pore pressure field p taking negative values corresponding to suction, results from the moisture transfer calculation in the numerical simulation. So, for mechanical calculation, it is supposed to be a known function of y and: lim ( ) 0 ®¥ = y py . As the mechanism of desiccation cracking is related to tensile stress due to increase of suction during desiccation, variation of the pressure in the positive range has no effect on the desiccation cracking. The choice of this boundary condition simplifies the solution while respecting these assumptions.

 x0  y0 ;  L1  L2 and a half spacing D (D = B/2) presented in

Variational formulation of the problem

A variational formulation of the local equations governing the deformation of solids is very commonly used in order to build numerical approximate methods. The variational approach has been used extensively in linear elasticity but also for non-linear problems. In particular for the analysis of crack

propagation it has been used in various works and a comprehensive review can be found in [46] . In this section, a variational formulation of the system of equations (I) is established in order to build approximate solutions. Then, Eq.(3) and the system (I) can be written under the effective stress form as follows: 

                          0 0 1 (II.4) ; ' ( ) 0 (II.5) lim ( ) 0 (II.6) x y L xy y x x ux               (II)
This local formulation is equivalent to the variational problem explained below. A set of kinematically admissible displacement fields U A , satisfying the above displacement boundary conditions, is defined as:

0 2 ; / ; ( ) 0 A x L x U u x u x       and lim ( ) 0 y ux  
Thus, the solution of the system (II) is the displacement field that minimizes the following potential:
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Where:
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By assuming that ε s and u s are the strain and displacement solutions of the system (II) for L ≠ 0, the following inequality can be written for every admissible displacement uU A :

(u)  (u s ) (6)
Moreover, it can be established that, for the solutions u s and ε s [47]:

: : . . T s s s s d f u d T u ds εε W W ¶ W =+ ò ò ò £ ww (7)
From Eq.( 4) and Eq.( 7), the potential (u s ) of the solutions can be deduced as follows:

(u s ) = 1 :: 2 ss d εε W -ò £ w (8)
The elastic strain energy of the porous elastic material can be deduced from the following analysis. If

 designates the total stress, then a strain increment, produced by the external work dW, satisfies: dW = d. The porous-elastic constitutive law Eq.( 2) can be written as:

: ( ) [START_REF] Tang | Experimental characterization of shrinkage and desiccation cracking in thin clay layer[END_REF] In the present work, the pore pressure field is determined by a moisture transfer calculation, and the effect of deformation on pore pressure is not considered. In addition, the crack propagation at the initiation phase is very quick. Thus, the pore pressure fields before and after crack initiation are supposed to be similar. Therefore,  L remains constant in the crack initiation phase. Eq. ( 10) is integrated in:
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The elastic strain energy released by the cracking process is then given by:

1 ( ) : : ( ) 2 L L d             C  (12)
The elastic strain energy before cracking, E before , is analytically calculated from the displacements field, which is the solutions of the system (II) with L = 0. The elastic strain energy after crack initiation E after is deduced from the displacement solution of the system (II) with L ≠ 0. The variational formulation allows establishing an upper estimation of the elastic strain energy after crack initiation:
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)
The second integral of this equation can be transformed as follows:
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)
This Eq.( 14) can be integrated by parts, yielding:

s s s i i i i i i bp u d bpu n d bu pd W ¶ W W ¶ W= W- ¶ W ò ò ò (15) 
Integration of  can be decomposed into integration of  u  (on which the displacement is prescribed) and  f  (on which the surface traction is applied). Zero displacement is imposed on the boundaries ( 0 x  and 2 L  ). For these boundaries, the contribution of the first integral in Eq.( 15) vanishes because 0 s i u = . The contribution to  f  corresponds to the prescribed forces T. In addition, by replacing the term i bp ¶ by -f i (see Eq.( 5)), the integral of Eq.( 15) can be transformed as follows:

f s s s i i i i i i bp u d Tu d f u d W ¶ W W ¶ W= W+ W ò ò ò (16) 
From the equations ( 7), ( 14) and ( 16), it can be deduced that:

: : : :
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By replacing Eq. ( 17) in Eq. ( 13), the following is obtained:
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The same analysis can be done for the displacements and strains fields before cracking, denoted by u 0 and  0 , and it can be found that: 00 11 : : : :
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The difference between elastic strain energies before and after crack initiation using the Eqs.( 18), [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF], and ( 8) can be calculated as:

0 0 0 0 1 1 1 : : : : : : 2 2 2 before after s s E E d d d       W W W - = - W+ W= - W- ò ò ò £ £ £ (u s ) (20) 
Using Eq.( 6) for an approximate solution u, from Eq.( 20), yields:

00 1 :: 2 before after E E d W - ³ - W- ò  £ (u) (21) 
The energy-based method for analyzing crack propagation consists of calculating the energy released by cracking and comparing it with the surface energy needed to create a crack. If the fracture energy dissipation rate is designated by G c , with G c = 2 s where  s is specific rupture energy per unit surface (depth in 2D geometry), then the energy condition for crack propagation is expressed by:

before after c E E G L -³ (22)
Thus, by using Eq.( 21), a sufficient condition to satisfy the energy condition in ( 22) is:

-(u) 00 1
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A simple analysis shows that, for small perturbations close to the initial state, the left side of Eq.( 23) is positive. By designating:

  -(u) 00 1 :: 2 d  W -W ò £ (24)
The energy criterion for crack propagation in Eq.( 23) becomes: [START_REF] Deng | Numerical simulation of crack formation process in clays during drying and wetting[END_REF] In the sequel, after calculating the energy before cracking, approximate solutions u for the state after crack initiation are fitted to u s to obtain close estimations of crack propagation conditions.

/L  G c

Analytical solutions a) Before cracking

The displacement solution before cracking corresponds to L = 0 in the system (II), and the condition u x = 0 for every point with x = 0 or x = D. The displacement solution is designated by u 0 as follows: is dimensionless. The elastic strain energy before cracking can be calculated from Eq.( 19):

22 0 1 2 1 2 before E b D P dy          (27) With 2      . The term 00 1 :: 2 d εε W W ò £
in Eq.( 24) can also be calculated as: 

b) After cracking

Exact analytical solution doesn't exist for the stress and displacement fields of problem (II) with L ≠ 0.

An approximate solution of the displacement field can be proposed by minimizing the potential (u) (Eq.( 4)). This minimization is not applied in the space of all continuous functions in the domain  but only in a subdomain of polynomial functions of x and parameters a n (y) that depend on depth. Every function f(x,y) on the domain =[0,D][0,[ can be decomposed as:

0 ( / ) ( , ) ( ) ! ¥ = = å n n n xD f x y a y n (29)
An approximate solution is considered by considering only the first terms up to the second degree of x as follows: The analysis of the symmetries of the problem (Figure 1) shows that u x must be an odd function of x, whereas u y must be a pair function. This leads to a 0 (y) = a 2 (y) = b 1 (y) = 0. The displacement field can be written as: Additionally, the continuity of the displacement on the  12  interface line (y = L) imposes u x (D,L) = 0.
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This leads to the following expressions for u x and u y in  1 depending on only two constants, C 1 and

C 2 : 1 1 2 0 2 1 1 2 ( , ) ( ) ; ( , ) ( , ) 2 2  
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In  2 , the continuity of the displacement on the  12  interface must be satisfied, in addition to the displacement boundary conditions. It should be noted that 0 ( , ) Because lim ( ) 0 y Py ®¥ = , the condition (II.6) will be satisfied by this assumption. The general displacement expression will be given in  2 by:
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The approximate displacement field given by Eqs. ( 32) and ( 34) satisfies all the conditions apart from the boundary conditions (II.3) for the  1 part and the momentum balance equation (II.1) for the  2 part. In the sequel, the two constants C 1 and C 2 are determined by minimizing the potential (u) to obtain the best approximation. Note that if C 1 = C 2 = 0 in Eqs. ( 32) and ( 34), then the expression of the displacement field before cracking can be obtained.

The expression of the potential (u), depending on these two constants (C 1 and C 2 ) calculated by the sum of the potential shown in Eq.( 4) for the two subdomains  1 and  2 , is given as follows:

(u)    2 2 3 2 2 3 2 2 2 1 1 1 1 1 1 2 3 2 2 0 (1 ) (1 ) 1 1 1 2 ( 1) 2 6 12 2 20 3 L L C L DC C D C D b D P dy C b P P P D P P D                                   (35) 
where 2 21 [START_REF] Lau | Thesis : Desiccation cracking of soils[END_REF] 2
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and the following constants depend on the pressure field: It can be seen that the potential (u) is a quadratic function of (C 1 , C 2 ). Minimization with respect to (C 1 , C 2 ), i.e., the solution of the system of equations:

1 C ¶ ¶ (C 1 , C 2 ) 2 C ¶ = ¶ (C 1 , C 2 ) = 0 (36)
leads to the following result:
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With this expression, the potential after crack initiation (Eq.( 35)) is calculated as follows:
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From Eqs. ( 24), ( 28) and ( 38), it can be obtained that: 
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By replacing the C 1 presented in Eq. ( 37), the normalized dissipated energy by cracking in the approximate energy approach becomes: 
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It can be seen that this normalized dissipated energy by cracking in this approach is a function of the cracks depth L, the half spacing D, the soil properties though the term ψ and the given suction field P(y).

Numerical approach

In this work, approximate analytical solutions are compared with the results obtained by the numerical method. Simulations are performed with the Finite Element code Porofis [START_REF] Pouya | A Finite Element code for flow and deformation in porous fractured materials and structures[END_REF] which is a research code derived from the commercial code DISROC built for coupled hydro-mechanical processes in porous fissured materials. The equations used in this paper, for governing hydraulic flow and mechanical deformation in cracked and unsaturated porous materials, have been presented in detail in previous papers [START_REF] Pouya | A finite element method for modeling coupled flow and deformation in porous fractured media[END_REF][START_REF] Vo | Numerical modelling of desiccation cracking of clayey soil using a cohesive fracture method[END_REF][START_REF] Vo | Numerical modelling of desiccation cracking of clayey soil[END_REF]. They are here briefly summarized.

Hydraulic behavior

The moisture transfer process in a homogeneous porous and unsaturated material representing the soil is simulated. The flow in the soil around the cracks is governed by Darcy's law, while the flow in the cracks is governed by the cubic law [START_REF] Zimmerman | Hydraulic Conductivity of Rock Fractures[END_REF], and they satisfy the mass conservation condition. During desiccation, the suction evolution is related to the degree of saturation by the Van Genuchten model [START_REF] Van Genuchten | A Closed-form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils[END_REF] expressed by the following equation:
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where S res is residual degree of saturation and θ, n, m are constants.

The equation that allows determining the flow in the soil matrix with an assumption of incompressible fluid can be written as follows [START_REF] Richards | Capillary Conduction of Liquids Through Porous Mediums[END_REF]:
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where
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, k is the soil hydraulic conductivity, g is the gravitational acceleration, N is the Biot modulus,  represents the porosity, and S' is the derivative dS/dp calculated from the water retention curve.

For the cracks, the transversal conductivity between the two crack walls is infinitely high. This implies that the pressure is continuous between the two opposite faces of the crack and that the pressure takes the same value p for a given point along the crack. The equation, which allows calculating the pressure for every location s along the crack, can be written as below:

.( n is the normal unit vector to the crack surface. c is the tangential conductivity of the crack (parallel with the two crack walls) that can be evaluated with the crack opening e by the cubic law.

Mechanical behavior -Cohesive zone model for the crack

For the mechanical problem, the crack initiation and propagation are modeled by placing joint elements with Cohesive Zone Model (CZM) behavior. The CZM has been proposed as an alternative to Linear Elastic Fracture Mechanics to model crack propagation and takes its origin from the works of Dugdale [START_REF] Dugdale | Yielding of steel sheets containing slits[END_REF], Barenblatt [START_REF] Barenblatt | The mathematical theory of equilibrium cracks in brittle fracture[END_REF]. It is based on two key parameters: tensile strength and work of separation (or fracture energy) [START_REF] Hutchinson | Mechanics of materials: top-down approaches to fracture[END_REF][START_REF] Elices | The cohesive zone model : advantages , limitations and challenges[END_REF]. Thus, the CZM incorporates both energy and strength criteria [START_REF] Chen | Comparison of cohesive zone model and linear elastic fracture mechanics for a mode I crack near a compliant/stiff interface[END_REF]. Numerous developments have been introduced since the original Dugdale-Barenblatt's model to consider compression, shear and mixed loadings [START_REF] Stankowski | Fracture and slip of interfaces in cementitious composites. II: Implementation[END_REF][START_REF] Yang | Constitutive theory of interface behaviour in quasi-brittle materials[END_REF][START_REF] Carol | Normal/Shear cracking model: Application to discrete crack analysis[END_REF][START_REF] Pouya | A damage-plasticity model for cohesive fractures[END_REF][START_REF] Liu | Damage and fracture evolution of hydraulic fracturing in compressionshear rock cracks[END_REF][65]. The CZM has been widely used because it avoids stress singularity at the fracture tip and can be easily implemented in a numerical code [66,[START_REF] Gui | Numerical modelling of a field soil desiccation test using a cohesive fracture model with Voronoi tessellations[END_REF] .

The CZM has been used more recently to study fracture propagation or hydric cracking in soil and rock type materials [START_REF] Sarris | Modelling of hydraulic fracturing in a poroelastic cohesive formation[END_REF] and for microstructural approach of porous fractured solids [START_REF] Bellis | A linearized porous brittle damage material model with distributed frictional-cohesive faults[END_REF][START_REF] Bellis | A multiscale model of distributed frcature and permeability in solids in all-round compression[END_REF].

An advanced CZM model was proposed by Pouya and Bemani [START_REF] Pouya | A damage-plasticity model for cohesive fractures[END_REF], which covers both normal and shear loads. This model was successfully applied to the analysis and modeling of a set of tensile and shear, monotonic and cyclic fracture experiments on different rocks. This model is available in the numerical code Porofis and was used for the present study.

The following equation is used to simulate the cohesive damage crack behavior:

(1 ) du    R [START_REF] Pense | A fully coupled damage-plasticity model for unsaturated geomaterials accounting for the ductilebrittle transition in drying clayey soils[END_REF] where  is the stress vector on the matrix/crack interface surface, n is the normal unit vector on this surface, R is the joint stiffness tensor and d a scalar damage variable.

The strength criterion F(,d) for this model depends on three parameters  R, C and  (which represent respectively the tensile strength, cohesion and friction angle of the interface) and a function g(d)

controlling the strength degradation with damage variable D. It has the following expression (See Figure 3a):
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In mode I propagation, the damage evolution law induces a relation between d and opening u n for a monotonic traction loading given by the following relation:
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where u n is the normal component of the displacement discontinuity u through the two crack walls, 0 R nn u R   is the elastic displacement limit, with R nn the normal component of the joint stiffness, and β a parameter related to the ductility of the damage process (see Figure 3b). The function g has the following expression:
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For the intact state, d = 0, g = 1 and a hyperbolic shape criterion can be obtained, which is similar to those proposed by Ekelen [START_REF] Van Eekelen | Isotropic yield surfaces in three dimensions for use in soil mechanics[END_REF] for soils and Carol al. [START_REF] Carol | Normal/Shear cracking model: Application to discrete crack analysis[END_REF] for quasi-brittle materials. At the final failure state, d  1 and g 0 and purely frictional interface with zero cohesion can be found. propagation [START_REF] Pouya | A damage-plasticity model for cohesive fractures[END_REF] In the context of desiccation cracking, the crack propagation occurs mainly under the mode I and it is mainly controlled by the parameter  R of the model related to the tensile strength of the material. The parameter C has no significant effect on the propagation process.

The fracture energy dissipation rate G c can be related to the stress intensity factor K IC , the elasticity modulus and the Poisson ratio in the framework of the LEFM [START_REF] Griffith | The Phenomena of Rupture and Flow in Solids[END_REF]. Moreover, the equivalence of the LEFM and the CFM has been established in terms of crack propagation. The fracture energy dissipation rate G c is obtained by the integral of the surface under the traction-separation law and its expression as a function of cohesive crack parameters is proposed as follows [START_REF] Pouya | A damage-plasticity model for cohesive fractures[END_REF]:
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The effective stress is formulated to describe the mechanical behavior of the soil matrix and the failure criterion of the cohesive cracks. The suction is calculated in the matrix from the governing equations given in the previous section, whereas the crack is supposed to be empty and therefore no fluid pressure exists in the crack. The effective stress takes different values in the crack (joint elements) and in the matrix whereas the continuity of total stress is ensured at the interface between the matrix and the joint elements.

The crack opening e changes with the deformation from the initial value e 0 to:

0 n e e u =+ [START_REF] Pouya | A finite element method for modeling coupled flow and deformation in porous fractured media[END_REF] This crack opening change is considered to modify its hydraulic conductivity. The soil matrix is assumed to be an isotropic elastic linear material obeying Eq.(2).

Hydro-mechanical coupling

The coupling between mechanical and hydraulic problems is performed by a sequential resolution of the two problems and the interactions between them. For each time increment, the hydraulic problem is calculated in the beginning by Eqs. ( 42) and [START_REF] Borja | Cam-Clay plasticity . Part V : A mathematical framework for three-phase deformation and strain localization analyses of partially saturated porous media[END_REF]. The outputs corresponding to soil suction, degree of saturation and hydraulic conductivity of soil are then used as inputs for the mechanical problem.

For the soil matrix, the hydro-mechanical coupling (Eq.( 2)) allows updating the effective stress and calculating the soil strain. The effect of soil strain on the pore pressure field is ignored. The mechanical problem results are then input into the hydraulic problem to change the crack opening e (Eq.( 43)) and update the hydraulic conductivity of the crack c following the cubic law [START_REF] Zimmerman | Hydraulic Conductivity of Rock Fractures[END_REF].

Comparison between analytical and numerical results

Model parameters and boundary conditions for numerical simulation

The numerical simulation presented here focuses on a single crack propagation supposing that the crack spacing is known. A rectangular sample of 1 m in width, supposed to represent the crack spacing, and 4 m in height, supposed to be greater than the ultimate crack depth, is simulated (see Figure 4). Joint elements are inserted by the code Porofis [START_REF] Pouya | A Finite Element code for flow and deformation in porous fractured materials and structures[END_REF] in the FEM model on the crack propagation path which is considered to be known in the present work. The initial stiffness of the crack, before damage, is high and so the presence of the joint elements in the model does not affect the deformability of the model before cracking.

For the mechanical boundary conditions: the horizontal displacement is fixed on the two lateral sides; the vertical displacement is prevented at the bottom of the sample; and the top surface is free to move to simulate the settlement. For the hydraulic boundary condition, the desiccation is applied on the top surface of the sample by a pore pressure that decreases with time. The variation of the applied pore pressure with time can be expressed by the following function:
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where p 0 is the final pore pressure on the top surface and t is time. In this equation,  represents the desiccation rate: a higher  corresponds to a faster desiccation. The geometry and the boundary condition of the simulation are presented in Figure 4. The mesh is refined around the cohesive crack line, almost on the first half from the surface in order to better capture the crack propagation.

Figure 4: Geometry and boundary conditions of the model

As explained above, the cohesive crack was used to model the desiccation cracks initiation and propagation. Several studies indicated that the desiccation cracking occurs mainly in opening mode (mode I) [START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF][START_REF] Morris | Cracking in drying soil[END_REF][START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF][START_REF] Amarasiri | Determination of cohesive properties for mode I fracture from compacted clay beams[END_REF] and this mode is also assumed in the present work. Thus, the main parameters of the cohesive crack are: normal joint stiffness R nn , tensile strength  R , and initial crack opening e 0 .

The crack tensile strength  R was taken to be equal to the soil tensile strength. The initial value of the normal stiffness R nn is taken to be sufficiently high, and that of the hydraulic conductivity (related to the initial opening e 0 ) is sufficiently small so as to have negligible effects on the global elasticity and permeability of the model before cracking. The parameter in the damage model corresponds to the ductility of the material and can be obtained from the experimental curves [START_REF] Backers | Fracture Toughness Determination and Micromechanics of Rock Under Mode I and Mode II Loading[END_REF]. In this work,  was taken to be equal to 1, which implies that the tensile stress of the fracture starts to decrease at the onset of damage (see Figure 3). The parameters C coh and  do not affect the mode-I crack propagation considered in the present work. However, these parameters must satisfy the inequality [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF]. The water retention curve is fitted from the experimental curve [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF] with two constants θ, n (m = 1-1/n) of the Van Genuchten model (Eq.( 41)). The Figure 5 shows the water retention curves given by the experimental data [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF] and the model. Table 1 presents the main parameters for the soil studied [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF], for the cohesive crack and for the desiccation loading function used in numerical simulation. In this table, E represents the soil elasticity modulus,  is the Poisson ratio and k s is the hydraulic conductivity of soil at saturated state. The Figure 6a shows the pore pressure distribution, including the deformed shape of the sample for three suctions at the top surface calculated by the numerical approach. Before cracking, the pore pressure is almost homogenous in each horizontal section. The suction profiles are presented in the Figure 6b for various suctions at the top surface. It can be seen that the suction increases (or pore pressure decreases) gradually on the top surface due to the applied boundary condition. This suction penetrates from the top to the deeper parts of the sample due to moisture transfer. The highest suction is always on the top surface, and it decreases gradually with the depth. Two phases can be identified from Figure 6a. In the first phase (s = 0.01 MPa, for example), the sample presents only settlement without cracking, and the presence of the cohesive crack does not influence the pore pressure distribution. In the second phase (s = 0.0184 MPa), the crack initiated partially by an opening, and the crack hydraulic conductivity increases by representing higher suction values around its location (Figure 6a). The suction at the initiation of the crack was about 0.018 MPa. This suction is close to the air-entry value (0.02 -0.03 MPa) observed on the water retention curve plotted in the Figure 5. This result is in agreement with previous experimental observations [START_REF] Tang | Experimental characterization of shrinkage and desiccation cracking in thin clay layer[END_REF][START_REF] Peron | Fundamentals of desiccation cracking of fine-grained soils : experimental characterisation and mechanisms identification[END_REF][START_REF] Shin | Desiccation cracks in saturated fine-grained soils : particle-level phenomena and effective-stress analysis[END_REF].

(MPa/m) R nn (MPa/m) R tn = R nt (MPa/m)  R (MPa) C coh (MPa)  (°) β (-)
The mechanism of crack initiation can be further studied in Figure 7 by the stress criterion. Figure 7 shows the tensile stress evolution of all joint elements along the line of the crack from the top surface to 1 m depth. It can be observed that, from s = 0.008 MPa to s = 0.017 MPa, the tensile stress develops gradually in the upper part of the model (from y = 0 to y = 0.5 m), and the highest stress is on the top surface, which corresponds to the desiccation condition (Figure 6). In this period, the tensile stress increases but remains smaller than the tensile strength (0.01 MPa). Therefore, all joint elements remain in the elastic phase in which no damage occurs and no crack can be observed. It is the first phase explained above where the sample presents only settlement without cracking (Figure 6a). When s = 0.018 MPa, the tensile stress at the top surface (y = 0) reaches the tensile strength (0.01 MPa), the damage phase begins, and the second phase with the initiation of the crack starts. The propagation of the crack in the crack initiation phase occurs suddenly. When s = 0.0184 MPa, all joint elements from y = 0 to y = 0.31 m are damaged. This damage is represented by the stress relaxation. This can be considered as the critical moment that distinguishes the two phases of the analysis: before and after crack initiation. 

Displacements and energy before cracking

As explained above, the horizontal displacement u x is assumed to be zero and the settlement u y varied only vertically before cracking. This settlement can be calculated analytically with the soil parameters and the suction profiles (Eq. ( 26)). From the given pore pressure distribution presented in Figure 6b, the settlement with the depth of the model is analytically calculated to compare with the numerical simulation results (see Figure 8). That shows good agreement between the settlements calculated by analytical solution (lines) and the ones calculated by numerical simulation (points). The settlement increases during the desiccation, and the maximum settlement is on the top of the sample.

Figure 9: Elastic strain energy versus suction on the top surface

The elastic strain energy before cracking can be analytically calculated as a function of the soil parameters and the suction evolution (Eq. ( 27)). In the numerical simulation, the elastic strain energy E num of the sample is calculated by the following equation:
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where u and R are the opening and normal stiffness of the joint elements.

The Figure 9 shows good agreement between the elastic strain energy evolution for the numerical simulation and the analytical results.

Crack depth in the initiation phase

As mentioned above, in this simulation, the crack is initiated when s = 0.0184 MPa. The pore pressure profile at this moment can be applied in the analytical approach to calculate the energy released by cracking and to predict the crack depth in its initiation stage for a known half-spacing D.

The energy evolution of the model during desiccation and the evolution of the crack depth in this period are initially determined by the numerical simulation. In the numerical simulation, the crack depth is considered as the distance from the top surface to the last damaged joint element in which the damage variable is equal to 1. During the desiccation, the tensile stress increases due to the increase of suction, and the damage process begins when the tensile stress reaches the tensile strength (Figure 7).

The elastic strain energy of the sample is calculated by Eq. [START_REF] Pouya | A Finite Element code for flow and deformation in porous fractured materials and structures[END_REF]. Figure 10 shows the elastic strain energy and crack depth evolution calculated by the numerical simulation. At the beginning, from s = 0 to s = 0.01835 MPa, the elastic strain energy of the sample increases due to the increase of suction (Figure 10a). During this period, the crack remains closed. At s = 0.01835 MPa, the elastic strain energy decreases markedly, and the energy is dissipated due to the initiation of a crack with a depth of 0.31 m. It can be seen that this crack is propagated with two main phases: in the first phase, the crack propagates suddenly in a very short time (instable propagation phase) to reach an ultimate length (see Figure 10b), and in the second one, a stable and gradual propagation of the crack occurs. In the analytical approach, the pore pressure profiles numerically calculated (Figure 6b) are applied (Eq.( 40)) to calculate the normalized dissipated energy /L for different crack depths. In the energy approach, the crack initiates when the energy criterion is satisfied, i.e., /L  G c (Eq.( 25)).

Figure 11 shows the normalized dissipated energy /L (analytically calculated) versus crack depth for various suctions at the top surface. The fracture energy dissipation rate G c calculated by Eq.( 48) is also plotted in this figure. It can be seen that the energy criterion is satisfied with s = 0.01 MPa when the peak of the normalized dissipated energy curve /L reaches G c . If the energy criterion alone was sufficient for crack propagation, this state could be the onset of crack propagation. However, Figure 7 shows that, at this moment, the tensile stress is still smaller than the tensile strength. According to the Leguillon's theory the two criteria must be satisfied for the crack initiation takes place. This is well confirmed by the numerical simulation results since, even though the energy criterion is satisfied at this moment, this crack does not initiate. Then, the energy strain of the sample continues to accumulate with increasing suction. When, the tensile stress reaches the soil tensile strength (s = 0.01835 MPa), Figure 7, the criteria of both energy and stress are satisfied, and, at this moment precisely the crack starts to initiate and propagate (instantaneous energy drop and jump in the crack depth), Figure 10.

It is interesting to note that the energy criterion provides also an information on the crack depth.

According to the energy criterion, the crack depth must satisfy the condition /L ≥ G c . Figure 11 shows that, at the crack initiation moment, s  0.01835 MPa, this condition is satisfied for L= 0.08 to 1.65 m. The crack depth L corresponding to the peak value of /L is approximately equal to 0.33 m for all the curves. This value of the crack depth is close to the one obtained by the numerical approach (see Figure 10). Note that Konrad &Ayad [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF] used LEFM to study the propagation of desiccation cracks in the same soil and found an ultimate crack depth of approximately 0.30 m with average spacing of 1-1.2 m (half-spacing is close to 0.5 m, as in the case of the present study). These results

were in agreement with in situ observation [START_REF] Konrad | Desiccation of a sensitive clay: field experimental observations[END_REF][START_REF] Morris | Cracking in drying soil[END_REF]. 

Displacements and energy after crack initiation

In this section, the proposed approximate analytical solution of the displacement field after crack initiation is compared with the numerical results. For this purpose, the suction distribution when s = 0.01834 MPa and a crack depth of L = 0.31 m are considered in the analytical solution (Eqs. [START_REF] Chertkov | Modeling the crack network of swelling clay soils[END_REF], [START_REF] Peron | Formation of drying crack patterns in soils: A deterministic approach[END_REF] and ( 37)) to calculate the displacement field. The left side of the crack (from x = 0 -0.5 m) is studied in this part. As mentioned above, the subdomain 1  1 contains the crack with y  L = 0.31 m, and the displacements can be calculated by Eq. [START_REF] Chertkov | Modeling the crack network of swelling clay soils[END_REF]. For the subdomain 2  2 below the crack with y > L = 0.31 m, the displacements can be calculated by Eq. ( 34), and two constants C 1 and C 2 can be calculated by Eq. [START_REF] Costa | Theoretical analysis of desiccation crack spacing of a thin , long soil layer[END_REF].

Figure 12 shows the deformed mesh calculated by the numerical simulation (dashed lines) and the analytical solution (continuous lines). The displacement presented here is amplified 300 times for a clear visualization. The horizontal displacement in the crack line (x = 0.5 m) shows the opening of the crack. In this analytical solution, the horizontal displacement is approximated as a linear function of y.

It can be observed that the horizontal displacement is maximal on the crack line and decreases from this line to the left side. In addition, the settlement after crack initiation is not uniform in each horizontal section, but the maximal settlement is obtained on the left side (center of the unit cell because of the symmetry conditions), and the minimal settlement is obtained on the crack line. A reasonable agreement between the numerical simulation results and the approximate analytical solution can be observed. 

Crack depth versus cracks spacing

To investigate the effect of the half-spacing D on the numerical results, the following values are considered: 0.4 m, 0.5 m, 0.6 m, 0.75 m and 1.0 m by using different meshes. In these tests, the same soil parameters and the same boundary conditions of the previous test are used. The numerical results

show that the crack initiation occurs with a similar suction profile for all five tests (s = 0.016 -0.019 MPa). This suction profile is applied to calculate the normalized dissipated energy /L using Eq. 39.

Figure 13 presents the evolution of the crack depth numerically calculated for the five tests with different half-spacing D values. At the beginning, the crack is not initiated yet, which corresponds to the elastic phase of joint elements. When the damage criterion is reached, the crack propagates markedly to reach the ultimate depth. After this moment, the crack propagates slowly. From this figure, the ultimate crack depth in the crack initiation phase for each test can be determined by the numerical simulation.

Figure 13: Crack depth versus suction on the top surface for various half-spacing values calculated by the numerical simulation

Figure 14 shows the normalized dissipated energy /L versus the crack depth L for various D values calculated by the analytical approach (Eq.( 40). These results allow determining the crack depth obtained by the energy approach if the crack depth corresponding to the peak of the /L curve is accepted. Figure 15 presents the crack depth for different half-spacing values calculated by the numerical simulation and the analytical (energy) approach. A good agreement between the two approaches confirms that the crack depth analytically calculated is equal to the depth corresponding to the maximal normalized dissipated energy. From this conclusion, the proposed energy approach can be used to predict the crack depth in its initiation phase with a given spacing. 

Discussions

The analytical study in this work is based on the approximation of the displacement field after crack initiation by simple functions of x and y. A second-degree polynomial function of x with coefficients depending on y is considered. The dependency on y is also restricted to a second-degree polynomial function along the crack depth. This approximation could be improved to obtain more accurate results.

However, this simple solution seems to give reasonable values of displacement (Figure 12) and a good prediction of crack depth compared to the numerical results (Figure 15). The proposed analytical solutions allow calculating the elastic energy released by cracking which depends on both crack depth and spacing. They allow predicting a crack depth corresponding to a given crack spacing and vice versa. The crack spacing can be considered as the distance between two neighboring opened cracks. Numerically, this spacing can be obtained by placing a set of cohesive cracks in the model. Some cracks will be opened and the spacing will be detected automatically. But the simulation of the multi-crack case is very challenging. In order to simplify the numerical simulation for a given crack spacing, a case of a single crack is investigated in this work. The cracking process is then limited to the initiation and propagation of a single cohesive crack located in the middle of the sample. Besides, in the present work the crack depth calculated analytically from fracture energy analysis is compared with that obtained by numerical simulation; this latter combines both the stress and energy criteria. This result is also in good agreement with the analysis of Konrad & Ayad based on LEFM [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF] and in situ observation [START_REF] Konrad | Desiccation of a sensitive clay: field experimental observations[END_REF][START_REF] Morris | Cracking in drying soil[END_REF]. As mentioned above, the soil parameters and the water retention curve used in this study are identical to those used by Konrad & Ayad [START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF].

The numerical results show that the crack initiates at a suction on the surface of 18 kPa, which is close to that observed by Konrad & Ayad [START_REF] Konrad | Desiccation of a sensitive clay: field experimental observations[END_REF] on the field (20 kPa). In addition, the value for the crack depth experimentally observed was 0.3 m and the theoretical value obtained in the present work is also similar (0.31 m for 1 m spacing introduced in the model).

The proposed energy approach was established by assuming that a set of cracks with the same depth and same spacing appears instantaneously. This simplifies the problem and allows studying only one half of a periodic cell containing a crack. In reality, the cracking pattern evolves to form sequentially different families of cracks ( [START_REF] Nahlawi | Laboratory experiments on desiccation cracking of thin soil layers[END_REF][START_REF] Vo | Modelling desiccation crack geometry evolution in clayey soils by analytical and numerical approaches[END_REF]). First, primary cracks are developed dividing the soil surface into cells and then subsequent drying tends to subdivide these cells in the form of secondary and tertiary crack families. In addition, the crack patterns observed experimentally by Peron et al. [START_REF] Peron | Formation of drying crack patterns in soils: A deterministic approach[END_REF] showed that the crack network formation can result from the combination of two processes, "sequential infilling" and "simultaneous growing," since the cracks tend to appear either successively or simultaneously.

The sequential infilling occurs to create different families of cracks, but the simultaneous growing can occur within each family. The "sequential infilling" concept for desiccation cracking should be invoked only when cells of an intact material with a reduced, well-defined size can be individualized [START_REF] Peron | Formation of drying crack patterns in soils: A deterministic approach[END_REF]. The initiation of crack is influenced by the two major factors : stress distribution and presence of flaws [START_REF] Kodikara | Desiccation Cracking in Clayey Soils: Mechanisms and Modelling[END_REF]. Therefore, the simultaneous propagation can occur in the long specimens with few flaws [START_REF] Peron | Formation of drying crack patterns in soils: A deterministic approach[END_REF]. Crack "simultaneous growing" in large mud slabs, forming a regularly spaced crack pattern within a short amount of time, is also a common observation [START_REF] Konrad | Desiccation of a sensitive clay: field experimental observations[END_REF][START_REF] Miller | Experimental analysis of desiccation crack propagation in clay liners[END_REF].The present approach represents the "simultaneous growing" process which can occur and create the cracks in one family.

The existence of an unstable or instantaneous crack propagation, corresponding to the crack initiation phase considered in the present work, has already been observed experimentally in [START_REF] Sanchez | Exploring desiccation cracks in soils using a 2D profile laser device[END_REF] where the crack reached the ultimate depth in a short time. This ultimate depth corresponding to the unstable propagation was also calculated by theoretical investigations [START_REF] Lachenbruch | Depth and spacing of tension cracks[END_REF][START_REF] Konrad | An idealized framework for the analysis of cohesive soils undergoing desiccation[END_REF]. It is interesting to note that, by using cohesive joints elements, this phenomenon is found automatically as a result of numerical simulation of the process. It is also interesting to note that the energy criterion is satisfied before the stress criterion, and thus, at the initiation moment, some energy excess is available to make the fracture propagate up to the ultimate depth. This vision conforms to Leguillon's theory [35,[START_REF] Leguillon | Prediction of the surface cracking pattern of an oxidized polymer induced by residual and bending stresses[END_REF] for crack initiation conditioned by a double stress and energy criteria. However, there is a difference in the present study concerning the stress condition. In Leguillon's theory, the stress on the entire crack length has to be greater than or equal to the tensile strength of the material. In this study, based on cohesive zone models, the damage in the joint elements, representing the crack propagation process, is triggered when the stress in the first element on the top surface of the sample reaches the stress limit.

As a result, the stress condition would be satisfied when the stress reaches the limit just on the soil surface. The opening of the first element on the top surfaces modifies then the tensile stress profile inducing the crack propagation (Fig. 6). Besides, according to Amarasiri & Kodikara [START_REF] Amarasiri | Numerical Modeling of Desiccation Cracking Using the Cohesive Crack Method[END_REF], when the available strain energy is larger than the required fracture energy for a full crack to develop, the crack can propagate to the full depth uncontrollably. They also used the cohesive crack method with softening law to model the desiccation cracking and indicated that in some cases there is more energy than needed for fracture propagation. In these cases (where the crack opening at which the stress drops to zero is small), the extra energy is likely to be converted mostly to kinetic energy, and cracks will propagate instantaneously. However, the kinetic energy is not considered explicitly in the present work. 

Conclusions
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 2 Figure 2: Geometry of the model
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  functions a 1 , b 0 and b 2 are determined separately for y[0,L] and y[L,], supposing the continuity of displacement in the entire domain and on the line y = L. Thus, two subdomains are considered and denoted by 1 = [0,D][0,L];  2 = [0,D][L,[ (see Figure 2).In  1 , the displacement fields, which satisfy the boundary conditions (II.2) and (II.6), are determined to find the elements of U A defined in the previous section. The momentum balance equation (II.1) and the force boundary conditions (II.4) should be satisfied in addition to the displacement boundary conditions. Therefore, the solution globally satisfies the equations (II.1), (II.2), (II.4) and (II.5).

  y u x y (the solution before cracking) satisfies the boundary conditions corresponding to  2 but not the continuity of displacement for the solution after cracking in the  12  interface. The correction term u D is defined to satisfy this condition without changing other boundary conditions. The solution is proposed with:



  () designates the divergence in the crack. The fluid-crack mass exchanges are taken into account by the jump of fluid velocity across the crack v by presenting the discontinuity with velocity values v  and v  for two faces of the crack.

Figure 3 .

 3 Figure 3. (a) Evolution of the criterion from the intact condition (green) to a frictional law (blue)

  for the hyperbolic strength surface. For this reason, C coh was chosen as coh 1are identical to those used byKonrad & Ayad 
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 5 Figure 5 : Water retention curve (Experimental data from [19])
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 26 Figure 6: Suction profile with different suctions at the top surface (following the numerical approach)
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 7 Figure 7: Tensile stress profile at various suctions on top surface following the numerical approach
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 10 Figure 10: Elastic strain energy and crack depth versus suction on the top surface by the numerical
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 11 Figure 11: Normalized dissipated energy versus crack depth for various suctions on the top surface and the fracture energy dissipation rate G c by the analytical approach
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 12 Figure 12: Deformed mesh according to the analytical and numerical results 565
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Figure 14 :Figure 15 :

 1415 Figure 14: Normalized dissipated energy versus crack depth at crack initiation for different values of

  Strain and displacement solutions (before crack initiation)ε s ; u sStrain and displacement solutions (after crack initiation)

  

  

  

  

  

Table 1 :

 1 Parameters of the numerical simulation

	Soil	E (MPa)	 (-)	k	s (m/s)	Water retention curve (Van Genuchten model)
						θ (MPa -1 )	n (-)	m (-)	S	res (-)
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In the present work, a complementary energy approach is proposed to analyze soil desiccation cracking, which is commonly investigated by a stress approach. It allows predicting the ultimate crack depth for a given crack spacing in the initiation phase by calculating the elastic strain energies before and after crack initiation.

The results show that the energy criterion is reached before the stress criterion. However, the crack initiates when both criteria are satisfied. The energy dissipation depends on the crack spacing and depth. When the stress condition is satisfied, the energy condition is already satisfied for a set of possible pair values (depth, spacing). The numerical analysis shows that the crack depth and its related spacing can be predicted by the maximum dissipated energy per unit crack depth. This assumption is based on numerical simulation results and requires further investigation. However, the results obtained by this assumption show good agreement for the crack depth and the displacement field after crack initiation between the analytical and numerical results.

Despite some limitations, the approximate analytical solution established in this study allows estimating of the crack depth for given soil parameters, as well as the crack opening and soil settlement, which are in good agreement with the numerical results. In the future work, the multi-crack numerical simulation would be considered to confirm the findings of the present work.

'

Effective stress tensor  R Tensile strength