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Introduction

The mechanism of transportation and retention of fine particles in porous media is a phenomenon typically at stake in water treatment, sand production in wells, and internal erosion in earth structures. The movement of suspended particles is mainly disciplined by the dragging forces created by the hydraulic load, while their circulation and retention depend on the properties of the pore network of the granular filter [START_REF] Terzaghi | 45th james forrest lecture, 1939. soil mechanics-a new chapter in engineering science[END_REF].

The Discrete Element Method (DEM) has proven efficient to get more insight into local phenomena in granular materials. However, modelling filtration processes observed on site implies to solve the Dynamics Equations for both the solid part and the water. Coupling DEM with Computational Fluid Dynamics is computationally expensive and requires supercomputers to be able to model real filtration tests. As a result, a simplified technique called pore-scale finite volume method (PFV) has been developed for modelling the flow in packing of spheres [START_REF] Catalano | Pore-scale modeling of fluid-particles interaction and emerging poromechanical effects[END_REF]. This method is based on a segmentation of the space using a regular Delaunay triangulation. Then, averaged Stokes equations that are scaled up to the pore-scale level allow the hydrodynamics forces to be computed. It has been demonstrated that this pore-scale hydro-mechanical coupled model is an effective tool for simulating fine particle transport in granular filters while computationally expensive.

To counter this limitation, the idea is to bypass the solvation of the fluid dynamics equations and to replace the hydrodynamics forces by gravitational forces. Wet filtration study is then degraded in a mere dry filtration study [START_REF] Kerimov | Mechanical trapping of particles in granular media[END_REF]. The drawback of this simplification is that gravity forces are unidirectional while hydrodynamics forces driven by local maximum fluxes in the porous medium can redirect fine particles in more various directions, offering possibilities for them to cross larger distances in the filter. Indeed, the equivalent opening size of a granular filter is always found larger in wet studies compared to dry studies [START_REF] Seblany | Determination of the opening size of granular filters[END_REF].

This study explores how to compensate the dry filtering model limitations by introducing the possibility for migrating fine particles to have lateral movement perpendicular to the average transport (gravity) direction. The paper outline structure is as follows: First, the characteristics of the void space are provided, followed by the procedure of generating the numerical sample. Second, the dry and wet filtration models are briefly recalled. Thereafter, present the new proposed filtration model. The validation of the new model is assessed by comparing and analysing the filtration test results obtained from the three models. At the end, we have the key findings and conclusions.

Characterization of the void space

The void space between granular materials can be characterized by pore bodies and constrictions. The pore bodies are considered as the larger volumes in the void space and the constrictions are regarded as narrow throats connecting nearby pores bodies. Different pore network models have been developed for simulating the transportation of fine particles in porous media. One of these models is the regular cubic network model proposed by Schuler [START_REF] Schuler | Scattering of the composition of soils. an aspect for the stability of granular filters[END_REF], in which the pore space is composed of connected cubes representing pores bodies. The fine particle enters in one of the cube's faces and has five exits that can be considered as constrictions: one unidirectional path and four sideways (Fig. 1). This model clearly express the essential role of these two partitions of the pore space for developing the pore network model. First, the success of migration of a single fine particle (without interaction with another fine particle) in granular materials is mainly related to the size of the constrictions, and its probability of occurrence on a given path, which are both included in the constriction size distribution (CSD). Vincens et al. [START_REF] Vincens | Approaches to determine the constriction size distribution for understanding filtration phenomena in granular materials[END_REF] have mentioned different approaches that can be used to calculate the CSD. Secondly, a characteristic lenght of the pore space is required to derive the penetration depth of a migrating particles in a granular material from the before-mentioned probabilistic approach. The average pore diameter that can be defined as the spacing between two consecutive constrictions can reasonably be chosen. In the literature, there are different ways to quantify it [START_REF] Silveira | An analysis of the problem of washing through in protective filters[END_REF][START_REF] Soria | Experimental determination of void size curves[END_REF][START_REF] Locke | Time-dependent particle transport through granular filters[END_REF][START_REF] Indraratna | Constriction-based retention criterion for granular filter design[END_REF]. However, they generally do not take into account the density of the granular material, which has an influence on the void space.

Wu et al. [START_REF] Wu | Laboratory experiments for the determination of the constriction size distribution of granular filters[END_REF] have proposed a simplified equation (1) to calculate the average pore diameter, s, for a sample of spheres taking into account its density:

s = 3 e e max s max (1) 
where e and e max are the actual and maximum void ratios of the filter granular material, respectively. s max is the mean pore size at the loosest state. s max can be approximated by 0.5D 50SA , where D 50SA represents the diameter for which 50% of the materials by Surface Area is finer [START_REF] Seblany | Simplified estimation of some main characteristics of pores and constrictions in granular materials[END_REF].

Seblany et al. [START_REF] Seblany | Simplified estimation of some main characteristics of pores and constrictions in granular materials[END_REF] carried out a direct comparison between different approaches found in the literature and a statistical approach based on a weighted Delaunay tessellation applied on spherical DEM samples of spheres. The results showed that the equation proposed by Wu et al. [START_REF] Wu | Laboratory experiments for the determination of the constriction size distribution of granular filters[END_REF] can give consistent results comparing to what was obtained from a weighted Delaunay tessellation for both dense and loose DEM samples. However, to establish computational accuracy of the average pore diameter obtained by the weighted Delaunay tessellation plus merging of strongly interacting neighbouring pore bodies (cells) [START_REF] Seblany | Merging criteria for the definition of a local pore and the CSD computation of granular materials[END_REF], this equation must consider the 30% of the constrictions removed by the process of merging.Thus, a division by 0.7 (as the number of constrictions decreases due to the pore merging process, the average pore diameter increases) for the size of the average pore diameter obtained by Wu et al. [START_REF] Wu | Laboratory experiments for the determination of the constriction size distribution of granular filters[END_REF] is proposed.

In this work, this enhanced formula (2) will be adopted for calculating the average pore diameter:

s = 1 0.7 3 e e max s max (2) 
Figure 1: Cubic pore-network model [START_REF] Schuler | Scattering of the composition of soils. an aspect for the stability of granular filters[END_REF] 3 Numerical filtration

Generation of the numerical samples

To widen the range of investigation for the transportation mechanism of the fine particles in porous media, three types of granular materials have been used, each having a different grading: uniform-graded (UG), intermediate-graded (IG), and well-graded (WG). These materials are represented numerically as an assembly of spheres through the DEM open-source framework YADE [START_REF] Šmilauer | [END_REF]. Numerical samples are prepared by gravity deposition of a group of spheres randomly distributed inside a box. The preparation is considered to be over when the assembly has an average unbalanced force ratio, which is the ratio between the sum of overall forces acting on bodies and the average force magnitude on interactions, less than 0.05, which indicates that the sample has reached a stable equilibrium state. To limit the wall boundary effects and reduce the number of particles, lateral periodic boundary conditions are used. The dimensions of the box are designed to be large enough to guarantee that the box's volume is bigger than the representative elementary volume (REV). Within the framework used by Reboul [START_REF] Reboul | A statistical analysis of void size distribution in a simulated narrowly graded packing of spheres[END_REF] and Sjah et al. [START_REF] Sjah | Determination of the constriction size distribution of granular filters by filtration tests[END_REF], the verification for the correct sample size is processed by dividing the sample into layers having each one a thickness equal to the largest particle diameter D 100 (Fig. 2). Then, the porosity of each layer is computed along the horizontal direction with an increasing volume control width equal to D 100 . The REV is reached when the value of porosity becomes stable and not affected anymore by the horizontal enlargement of the volume control within a the layer. As shown in the figure 3, which represents the porosity of the horizontal layers corresponding to a loose uniform-graded (UG) sample, the REV condition is achieved when the porosity tends to be stable at 8 D 100 which corresponds to 14. The interaction contact law between particles is based on an elastic-frictional model characterized by a normal stiffness K n ,a tangential stiffness K s , and a Coulomb friction µ. The dissipation of non-frictional energy is obtained by introducing a global damping coefficient (α) of a value equal to 0.7 [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF], which will help in reducing the bouncing of the spheres during contact and achieving an equilibrium state. For each material, two samples are prepared to have the maximum and minimum void ratio (loosest and densest state respectively). During the generation phase, the inter-particle friction µ is set equal to 0.3 and 0 for creating the loosest and densest samples, respectively. Table 1 and Table 2 give the parameters used for generating the numerical samples together with their physical characteristics. 

Filtration tests: wet and dry

In a wet filtration test, the transportation of the fine particles is controlled by hydrodynamics forces that are addressed using the coupled DEM-PFV model. As mentioned before, this hydro-mechanical approach is based on pore-scale discretization using a regular Delaunay triangulation in which the Stokes equations are scaled up to the pore level. For further information, one can refer to [START_REF] Catalano | Pore-scale modeling of fluid-particles interaction and emerging poromechanical effects[END_REF][START_REF] Chareyre | Pore-scale modeling of viscous flow and induced forces in dense sphere packings[END_REF].

According to Seblany et al. [START_REF] Seblany | Determination of the opening size of granular filters[END_REF], for filtration results to hold a physical meaning at larger sample scale, the migrated particle should overcome at least forty constrictions along its filtration path. For this reason, in this study, the thickness of the granular filters was determined as a function of the number of constrictions encountered. Using equation ( 2), the average pore diameter is calculated for each of the numerical filters, and then the minimum thickness is calculated by multiplying the average pore diameter by the number of constrictions needed to be encountered. For the uniform-graded (UG) and intermediate-graded (IG) filters, a thickness of 12cm and 30cm, respectively, are assigned, which is enough to have at least 40 constrictions for both loose and dense cases. For the well-graded (WG) filter, the targeted number of constrictions will be reduced to thirty due to the huge number of particles required to create the sample. Therefore, the thickness of the filter will be around 3 cm to limit the number of particles to 20,000 as it can tremendously increase the computational time for a filtration test.

Before starting the filtration test, the filter's particles are fixed to avoid any change in the geometry of the pore space. During the simulation of a wet filtration, the hydraulic charge is imposed, and the fine particles placed at the top of the filter start to be progressively released.For each class of fine particles, the test is repeated five different times, each with 200 particles released randomly to test sufficient individual particle paths along the filter. Investigating individual particle paths is a conservative analysis for filtration tests in which there should be no interaction between the fine particles to avoid clogging introduced by group effects. That's why the number of particles released should be low to assure that the fine particles will be blocked only due to the size of the constrictions.

The smallest size of the fine particles was chosen to be slightly larger than the smallest constriction (D 0 /6.5). Then, for the consecutive tests, the size of the fine particles is gradually increased. The filtration test is considered as completed when all the fine particles of a chosen class is stopped, either by crossing all the filter or being blocked inside. At the end of the filtration tests, the position of the fine particles is recorded to be able to calculate the ratio of fine particles trapped and the final lateral movement of each fine particles at the bottom of the filter with respect to initial position.

The hydraulic charge imposed for the samples was 2,000 Pa in the vertical direction, representing a 20 cm hydraulic head that can ensure representing a laminar flow while gravity is set to zero. The interparticle friction (µ) involving fine particles is set to zero to lubricate their movement. The coefficient of restitution e is set to 0.3 to reduce the bouncing of the fine particles during contacts [START_REF] Kerimov | Mechanical trapping of particles in granular media[END_REF]. Indeed, the global damping (α) is switched off as it is not commonly used in DEM filtration tests.

For the dry filtration test, the same procedure as the wet filtration test is used, except that gravity becomes the only driven force in the vertical direction. Table 3 gives the parameters used during the wet and dry filtration tests. 

Dry filtration with imposed lateral movement model

Dry filtration tests have been used for investigating granular filters as an alternative tool to the computationally expensive wet filtration models. As mentioned before, the disadvantage of this replacement is that it is not able to produce the same behaviour as the one obtained with the wet filtration models. The fine particles transportation under the hydraulic load is multi-directional, so they not only have access to the paths parallel to the flow direction, as in the dry filtration, but also to lateral paths (sideways), providing opportunities for them to cross larger distances in the filter.

Following the pore network model proposed by Schuler [START_REF] Schuler | Scattering of the composition of soils. an aspect for the stability of granular filters[END_REF], in which the fine particles can exit a pore body from one unidirectional path and four lateral paths (Fig. 1), we propose to bypass the solvation of the fluid dynamics equations by introducing the possibility for movements perpendicular to gravity (lateral movements). The imposed lateral movement is calibrated based on the characteristic length of the pore space, which can be represented by the average pore diameter. In the packing of spheres, this property depends on the grading and the porosity of the granular filter. Using equation (2), the average pore diameter can be computed easily.

The methodology of this proposed filtration model will be as follows: The filtration test will start by progressively releasing the fine particles under the gravitational force until all the fine particles are stabilized within the sample, either by bypassing the filter entirely or being trapped inside it. The initial ratio of fine particles passing the filter (%F P i ) and the average depth penetration (DP i ) of all the fine particles in the filter are computed. Then, gravity is set to zero and a lateral movement is imposed with a random orientation on the trapped fine particles. This lateral movement is enforced by imposing a specific value of lateral acceleration (perpendicular to gravity) throughout of a certain period (0.02 s) that technically should allow the fine particles to move by a distance equal to half of the average pore diameter. If we suppose that the fine particle is initially trapped in the middle of the pore body, this movement should allow the fine particle to encounter a lateral constriction to exit the pore where it was initially trapped. If the encountered lateral constriction is larger than the size of the fine particle, the latter will be able to pass the lateral constriction and then test sideways inside the filter. Finally, at the end of this movement, gravity is set again to 9.81 m/s 2 and velocity to zero. In a new i-loop, the stabilization of the fines at a new final position is computed; %F P i+1 and DP i+1 are computed again. The i-loop is performed until two conditions are satisfied:

• The difference between the actual ratio of fine particles passed %F P i+1 and the percentage of fine particles %F P i passed in the previous loop is less than 2%.

• The difference between the actual average penetration depth DP i+1 and the average penetration depth DP i computed at previous loop is less than the average pore diameter s.

Results and discussion

The three filtration models were applied to the six numerical filters, in which different classes of fine particles were released. Figure 4 shows the ratio of fine particles trapped against their size for the three different models of the six numerical filters.

Starting with the wet and dry filtration tests, a significant difference between both cases can be detected, which was expected as the fine particles have more possible paths in the wet filtration to cross the filter entirely. This difference is not intrinsic but varies according to the type of material and its density. The difference is found maximum for the loose uniform-graded filter (Figure 4-a) with almost a value of 30% for the size of fines located in the mid-range between the smallest constriction size and the equivalent opening size D os (the size where none of the fine particles can pass). It tends to reduce as the grading and density increase until it reaches almost 10% for the dense well-graded filter (Figure 4-f). At the smallest constriction size, the results from both models are similar. However, the largest fine particle that can pass through the dry filtration is always a bit smaller than the one from the wet filtration. This consistent with what found Seblany et al. [START_REF] Seblany | Determination of the opening size of granular filters[END_REF].

The new proposed simplified model (dry filtration with imposed lateral movement) significantly reduce the gap with the results found for the wet filtration. In the loosest case, there are some variations between the new model and the wet filtration model, mainly for the size of fine particles that are close to the equivalent opening size. This can be explained by the fact that the pore network in a dense state is more homogeneous, with more uniform void properties, while in a loose state, it is considered more heterogeneous [START_REF] Reboul | A statistical analysis of void size distribution in a simulated narrowly graded packing of spheres[END_REF]. So, the void space can be considered more connected in the densest state than in the loosest state. Therefore, when a lateral movement is imposed, the probability for a fine particle to find a successful lateral path is higher in the densest case.

Same conclusions can be drawn from the measurements of the average depth penetration (DP i ) (not shown herein). 

Conclusion

Modelling the transportation of fine particles in a granular filter has been widely applied, especially for developing filter criteria. To overcome the complexity and the high computational cost due to the solvation of the fluid dynamics equations, a dry filtration model may be preferred. However, this alternative method manifests in forbidding the fine particles from the choose of sideways mainly limiting their movement in the vertical direction (parallel to the gravitational force). This is not the case for wet filtration models where hydrodynamic forces permit the fine particles to access different directions depending on the maximum flux condition at pore exists.

Starting from these drawbacks in both models, a new filtration model that can overcome the excessive time computation and at the same time gives quantitative results is proposed. The new model is based on gravity forces (dry filtration), with the ability to impose lateral movement to widen the range of possible paths for the fine particles. The imposed lateral movement is calibrated using the average pore diameter, which represents a characteristic property of the void space. This parameter is controlled by the grading and the porosity of the granular material and can be easily calculated using an empirical formula.

This new tool has been validated by performing a quantitative comparison of filtration tests between the three models on six different filters, in which the individual particle paths in the filters are investigated.

The retention rates between the classical dry and wet filtration tests were found different due to quite different underlying processes but in the case of widely graded material, the difference is almost unnoticeable. More generally, this difference tends to reduce as the coefficient of uniformity and the relative density increase due to a more uniform void space in this case.

The new simplified model that avoids wet filtration tests model succeeded in almost eliminating the gap between the wet and dry filtration models and can be used as a preliminary approach when quantitative results are expected in case of stable granular filters.
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 4 Figure 4: Ratio of fine particles trapped against their size in the filtration tests: (a-b): UG, (c-d): IG, (e-f): WG at loosest (a-c-e) and densest (b-d-f) states.

Table 1 :

 1 Mechanical and numerical parameters for DEM simulations in the generation phase

	Parameter	Magnitude
	Normal stiffness (K n )	5.5 x 10 5 N/m
	Tangential stiffness (K t )	5.5 x 10 5 N/m
	Specific weight of spheres (ρ)	2650 kg/m 3
	Global damping (α)	0.7
	Inter-particle friction (µ)	0.3 (loosest state) 0 (densest state)

Table 2 :

 2 Characteristics of numerical samples

	Material	Coefficient of uniformity (C u )	Number of particles Void ratio loose / dense e max /e min
	UG	1.2	4,000 / 4,400	0.75/0.57
	IG	2.2	10,000 / 11,000	0.62/0.43
	WG	3.7	18,400 / 20,000	0.48/0.33

Table 3 :

 3 Mechanical and numerical parameters for DEM simulations in the filtration phase

	Parameter	Magnitude
	Global damping (α)	0
	Coefficient of restitution (e)	0.3
	Inter-particle friction (µ)	0
	Hydraulic charge	2, 000 Pa (Wet filtration) 0 Pa (Dry filtration)
	Gravity	0 m/s 2 9.81 m/s 2 (Dry filtration) (Wet filtration)
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