INTRODUCTION

In the past few years, Europe has been hit by a climate-driven drought crisis, which has increased interest towards the sustainable management of water resources. Geomembranes assist with water stock management by limiting water loss along irrigation canals, and through reservoirs. However, they are highly susceptible to mechanical actions, which can lead in a perforation and consequently to a loss of waterproofing property. This results in severe consequences ranging from the water losses to the failure of the structure.

Geomembrane damage is most of the time the consequence of punctures due to contacts with underlying angular stones that may generate localized irregularities in the membrane settlement, when vertical compression is applied.

Therefore, several regulations have been enacted, based on experimental studies, to minimize the risk of puncturing, including stone dimensions specifications and the installation of a protective layer like geotextile beneath the geomembrane. Many works attempted to interpret the puncturing phenomena using a theoretical approach [START_REF] Koerner | Puncture protection of geomembranes Part III: Examples[END_REF][START_REF] Stark | Puncture resistance of PVC geomembranes using the truncated cone test[END_REF][START_REF] Marcotte | Design Algorithm for the Puncture Resistance of PVC Geomembranes for Heap Leach Pads[END_REF]. Furthermore, several analysis were performed on different geomembrane types and thicknesses, protected by various geotextiles, using truncated stone under hydraulic pressure [START_REF] Koerner | Ten-year creep puncture study of HDPE geomembranes protected by needle-punched nonwoven geotextiles[END_REF][START_REF] Stark | Puncture protection of PVC geomembranes[END_REF], or with different drainage layer under high loads [START_REF] Stoltz | Some geotextiles properties useful for HDPE geomembrane puncture protection[END_REF][START_REF] Athanassopoulos | Evaluation of geomembrane puncture potential and hydraulic performance in mining applications[END_REF]. The consequence of these design approaches is that geomembranes are supposed to behave homogeneously, thus excluding the risk of local puncturing.

However, if one wants to consider geomembrane puncture, the problem's input factors-such as head pressure, drainage granular layer, and protection-type layer-are numerous. It is thus impractical to undertake experiments for every case study, and numerical modeling is probably 
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Laboratoire EDYTEM, Université Savoie Mont-Blanc, Le Bourget-du-Lac, France ABSTRACT: The growing concern regarding waste and water management is pushing the worldwide geomembrane market, thanks to its excellent technical and economical solutions. They have contributed greatly to the completion of many projects, such as reservoir storing water. Geomembranes are not designed to provide structural resistance but frequently undergo mechanical actions that may mishandle their impermeable properties. For instance, the contact between a geomembrane and a drainage (granular) layer increases the risk of puncture. In this study, we adopt an original multiscale view of a geomembrane to relate microstructural features to its macroscopic mechanical properties. A micromechanical model has been developed based on the discrete element method (DEM) to derive the mechanical response of a Polyvinyl chloride (PVC) geomembrane from the modeling of its microstructure. Such an approach offers the potential to understand the elementary mechanisms responsible for the mechanical response and the puncture failure mode of PVC geomembranes. more adapted. So far, few studies have been conducted to assess the mechanics of puncture in geosynthetics, and it was limited to nonwoven fabrics geotextile [START_REF] Sun | Investigations of puncture behaviors of woven fabrics from finite element analyses and experimental tests[END_REF][START_REF] Saberi | A hyperelastic approach for finite element modelling puncture resistance of needle punched nonwoven geotextiles[END_REF] and geosynthetic cementitious composite materials [START_REF] Jirawattanasomkul | Finite element analysis of tensile and puncture behaviours of geosynthetic cementitious composite mat (GCCM)[END_REF]) using finite element method (FEM). To the best of our knowledge, no study has yet investigated the puncturing of a geomembrane and the related internal mechanisms that control its macroscopic mechanical behavior. Therefore, in this study, an original multiscale view of the geomembrane is proposed, allowing identification of the geomembrane's mechanical response by modeling its microstructure using Discrete Elements Method (DEM). Polyvinyl Chloride geomembranes (PVC) are examined in this research, as they are widely used in reservoirs and dams due to their high flexibility and high resistance to external stresses. The proposed multiscale approach has the ability to exhibit the elementary processes underlying the mechanical response of PVC geomembranes and to deepen the comprehension of the puncture failure mode.

AN OVERVIEW OF THE MICROSTRUCTURE OF PVC GEOMEMBRANES

PVC is polymerized from vinyl chloride. In such a process, small molecules called monomers (C2H3Cl) combine chemically to form a polymer, which is a very long chain-like molecule. In some places, the polymer arrange regularly in the form of crystallites, while in other places, no particular ordering is observed. The structure of PVC can therefore be idealized as crystallites tied together by a three dimensional network of tie molecules, where the average crystallites size is illustrated in Figure 1. Two forms of crystallinity might be exist. The first reveals that the crystals are comprised up of a set of polymer chains that are well-aligned in parallel, forming crystallized regions (see Fig. 2a). The second type consists of molecular chains that fold itself into a long thin ribbon creating the lamella (see Fig. 2b). The two types could coexist in the same crystallite.

Flexible PVC is produced by adding plasticizers or additives to the mix while manufacturing. [START_REF] Summers | The nature of poly (vinyl chloride) crystallinity-the microdomain structure[END_REF] assumed that the plasticizers affect only the amorphous domain. Additionally, it has been determined that the plasticizer additions induce swelling in the amorphous regions, which results in an increase in the inter-crystallite distances. Macroscopically, flexible PVC is characterized by a yield-type stress-strain behavior under uniaxial tensile test. The material becomes increasingly more brittle and more rigid as the percentage of plasticizer decreases. 

PVC GEOMEMBRANE MODELING IN THE DEM FRAMEWORK

In this part, a three-dimensional model, that simulates the micro-morphology of the PVC structure, is presented. Each polymer fiber is modeled as of a set of interconnected cylinders (section 3.1). The following parts describe crystallite modeling and its spatial distribution (section 3.2), and then, the modeling of the amorphous zone (section 3.3).

Polymer fiber modeling

A polymer chain has been modeled as a set of connected cylinders that can only deform longitudinally. A Discrete Element Method (DEM) is well-suited for this discretization, due to its advantages in investigating inter-particle interactions. This DEM view is also important for tracking the mechanisms inside the geomembrane at the molecular level. It models a material as rigid particles, which displace independently from one to another, and interact only at contact point using physical contact laws. This process is simulated using a time-step algorithm based on an explicit time-difference scheme. Thus, the kinematics of each particle have been updated using Newton's equations at the end of each iteration.

The open source DEM platform YADE [START_REF] Šmilauer | Yade dem formulation[END_REF]) is employed in this study. The deformable cylinder model developed by [START_REF] Bourrier | Discrete modeling of granular soils reinforcement by plant roots[END_REF] and extended by [START_REF] Effeindzourou | Modelling of deformable structures in the general framework of the discrete element method[END_REF] is used. A cylinder is made up of two gridNodes (i.e. spheres) joined by a connection known as the gridConnection. It can only deform longitudinally.

In order to obtain fiber-like behavior, the interaction between two nodes of the cylinder is described as in an elasto-plastic beam, which supports only traction force. For this purpose, an internal cohesive contact law between the two gridNodes is used (Law2 ScGeom6D CohFrictPhys CohesionMoment in YADE). In this law, the rigidity of the gridConnection is defined as the elastic stiffness of a beam associated to the normal force:

𝐾 𝑛 = 𝐸 𝐴 𝐿 (1)
where E is the elastic modulus; A= the section area; and L= the length of the gridConnection.

Internal forces are calculated using the relative displacements of the two gridNodes. A failure condition is established by specifying normal elastic limits for the internal forces "the Adhesion value". For numerical reasons, a shear rigidity and a corresponding adhesion are also specified. The shear adhesion is set sufficiently large to guaranty that failure occurs only due to tensile force.

The external interactions between chains of polymers are described as interactions between two frictional spheres. The virtual sphere's translational and rotational velocities are interpolated linearly between the cylinder's two nodes. Similarly, at the contact point, each cylinder in the cylinder-cylinder contact is associated with one virtual sphere.

The radius of the cylinder was determined from the average between the bond lengths of C-H and C-Cl. A bond length is defined as the distance between the centers of two covalently bonded atoms (i.e., shared electrons between atoms). It depends on each atom's electronegativity, which is the ability of an atom to attract a shared electron. The following empirical formula was proposed by [START_REF] Schomaker | Some revisions of the covalent radii and the additivity rule for the lengths of partially ionic single covalent bonds[END_REF] to calculate bond length:

𝑑 𝐴-𝐵 = 𝑟 𝐴 + 𝑟 𝑏 -0.09 |𝑥 𝐴 -𝑥 𝐵 | (2)
where dA-B is bond distance between two atoms A and B; rA and rB the covalent radii of A and B; and (xA -xB) the electronegativity difference between A and B. Accordingly, The C-Cl and C-H bond lengths are respectively 173.94 pm and 105.96 pm. Thus, the radius of the polymer chains is estimated as 140 pm.

Crystallites modeling

Geometrical shape of the crystallites was inspired from [START_REF] Summers | The nature of poly (vinyl chloride) crystallinity-the microdomain structure[END_REF] as a parallelepiped with dimensions recalled in Figure 1. It was modeled in a shape of a wire mesh, using gridNodes connected by gridConnections, as shown in figure 3. We designed a crystallite with eight vertical components as reported in [START_REF] Summers | The nature of poly (vinyl chloride) crystallinity-the microdomain structure[END_REF].

In the modelled crystallites two different connections have to be modeled: strong links to account for covalent strength in the polymer chains, and weak links to account for Van der Waals forces between the well-aligned polymers within the crystallite. Therefore, two cohesion-types material have been used. In Figure 3, the first material (orange cylinders) represents the material of the cylinders composing the polymer chains, while the second (pink cylinders) describes the Van der Waals interactions between the polymer chains, which are 100 times weaker than the first material's cohesion.

One of the effects of the plasticizer, as mentioned in section 2, is to expand the space between the crystallites. Therefore, we proposed to use the distance between the crystals as a placeholder for the plasticizers existence. Numerically, in order to distribute the crystallite in space with a specific distance between them, a random pack of spheres, with diameter equals to this distance, was generated. The location of a sphere's barycenter stands in for the location of a crystallite's barycenter, as shown in Figure 4. To the pack, it undergoes a triaxial compression using the periodic boundary conditions (as seen in Fig. 5). Eventually, within each sphere of control, a crystallite is inserted with a random orientation.

Modeling the amorphous region

Using a cylinder-based random walk algorithm, the polymer molecules in the amorphous region are created. In such a way, the fiber is built by cylinders issued from one randomly chosen node along a crystallite boundary until it reaches another random node along another crystallite's boundary, (see Fig. 6), or until it hits the sample boundaries, at which point it stops creating new cylinders. This algorithm is controlled by a random deviation angle θmax between the previous cylinder's direction and the next cylinder's direction.

θmax controls the density of the amorphous phase, as well as the number of entanglements. This is illustrated in Figure 7, where the density and entanglements of the amorphous phase rise when θmax equals 0.1𝜋 rad, whereas for a small number, the fibers are more straight, which decreases the density.

Preliminary uniaxial tension simulations were performed to illustrate the capabilities of our PVC geomembrane model. Figure 7 shows that the model is able to qualitatively describe stressstrain behavior. The stress increases until polymer breakage starts, which generate successive drops in the stress strain curve. For the sake of a proper comparison to understand the effect of the value of the maximum deviation angle θmax, two uniaxial tension simulations were ideally performed with two different values of θmax (0.1𝜋 and 0.05𝜋 rad). The initial part of the curve (Figure 7) shows how strain increases while there is no significant increase of the stress. This obviously relates to the effect of fiber untwisting (chain rotation) in the direction of tension. As θmax increases, this impact gets larger. Expressly, this refers to the fact that when θmax increases, the random walk algorithm causes the chains to lengthen, increasing the amount of deformation produced by chain untwisting when a load is applied, without notably increasing internal stress. Once the chains are almost aligned in the direction of loading, the stress starts to increase. Here, it can be seen that the curve is less steep as θmax is bigger, this is caused by the effect of the entanglements contribution to the system rigidity, which significantly weakens the behavior.

Of course, these results remain only a proof of concept as they were computed on a limited number of crystallites. More crystallites are needed to reach the size of a representative elementary volume (REV), and further calibration is required to better account for flexible PVC behavior until failure. Figure 5. Random walk algorithm procedure between two crystallites. This method entails creating the first cylinder from a randomly chosen node of the first crystal, with an orientation based on the crystal's normal vector having θ less than θmax. Then, to create the a random angle between the directions of the previous and new cylinders was determined. This process is repeated until it reached another random node along another crystallite's boundary.

This work proves the potential capability to rationally model the microstructure of PVC geomembranes. A micro-mechanical model has been created by implementing polymer dimensions, crystallites shape and size, and the complex amorphous regions using discrete elements "Cylinders". Several factors, such as polymer density, fiber rigidity, and Van der Waals interactions, have also been considered. Additionally, this approach makes it possible to depict indirectly the effect of the plasticizer by increasing the volume in the amorphous phase.

According to the preliminary results under traction test, it is possible to determine the stressstrain behavior under tensile stress and to display internal deformation during the load application. As a result, our method has demonstrated the capability of obtaining macroscopic behavior from the microstructure modeling.

Of course, many parameters, as well as the dimension of the REV remains to be calibrated. But this approach will be an important step toward understanding PVC geomembrane perforation failure and will pave the way for additional micromechanical inspection.
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 1 Figure 1. The micro-domain structure of PVC. (Right) Average crystallite size of PVC. Inspired from Summers (1981).
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 2 Figure 2. Two crystallinity-types are shown here. (a) The crystals is made up of a series of parallel polymer chains. (b) The lamella-shaped crystal is being formed by molecular chains that fold into a long thin ribbon.
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 3 Figure 3. A typical crystallite model.
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 7 Figure 7. Preliminary results of the stress strain behavior under Traction Test of two different configurations of PVC geomembrane microstructure with two different values of θmax.

Figure 4 .

 4 Figure 4. A systematic illustration of crystallite-crystallite distance.
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 6 Figure 6. Distancing crystals procedure. A triaxial compression is applied by periodic boundary conditions to a pack of spheres with a diameter equal to the distance between the crystals. The final position of the sphere is used indicate the barycenter of the crystallite.
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