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The study of the impact of fracture contact area on macro-dispersion in single rough fractures is still an open question. In this work, we study numerically the combined effects of the fracture roughness and the fracture contact area on the transport. This objective is achieved by estimating the macro-dispersion coefficient from Monte Carlo numerical simulations. When the fractional void is equal to 1, the Monte Carlo simulations show that macro-dispersion results of two contributions, dispersion caused by the heterogeneity of fracture apertures and molecular diffusion. When the fraction void is different from 1, a third mechanism plays in macro-dispersion. The presence of contacts or obstacles causes a disruption of flow paths. This mechanism is identical to that induced by the fracture roughness with a lower amplitude, depending on the fractional void.

Introduction

In the scientific literature, it was shown that the particle transport has a non-Fickian behavior in a single rough fracture. The particle transport cannot then be adequately described by the advectiondispersion equation [START_REF] Neuman | Perspective on theories of non-Fickian transport in heterogeneous media[END_REF]. This was explained by the heterogeneity of fracture apertures that induces complex flow fields. Numerous numerical studies have been made to investigate particle transport in single fractures with different physical complexities, solutes or dense particles transport in an uniform fracture or in a rough fracture with spatially variable apertures [START_REF] Wang | An efficient quasi-3D particle tracking-based approach for transport through fractures with application to dynamic dispersion calculation[END_REF]. However, the study of the impact of the fracture contact area on macrodispersion in single rough fractures is still an open question. The researchers have observed that the increase of the fracture contact area with normal stresses or normal deformations induces a channeling of the flow which in turn leads to a non-Fickian transport [START_REF] Hu | Non-Fickian solute transport in rough-walled fractures: the effect of contact area[END_REF]. In this work, we study numerically the combined effects of the fracture roughness and the fracture contact area on the non-Fickian transport. In particular, we quantify the contribution of the fracture contact area on macro-dispersion. In order to reach our objective, we use a methodology to determine the macro-dispersion coefficient from Monte Carlo numerical simulations in pure advection and advection-diffusion cases [START_REF] De Dreuzy | Asymptotic dispersion in 2D heterogeneous porous media determined by parallel numerical simulations[END_REF]. Our paper is organized according to two sections. In section 2, the numerical model used is described. The numerical results are presented in section 3.

Numerical model

The generation of a single rough fracture is based on the work presented by Mourzenko et al. in 1996 [5]. The single rough fracture is delimited by two surfaces z ± (x) = h ± o + h ± (x) with h ± (x) representing the fluctuations of the surface around average planes. The geometrical properties of the single rough fracture studied are given by:

where bm is the distance between the two average planes, ω is the separation between the two random surfaces, and b is the fracture aperture. 〈•〉 denotes the statistical expectation. The fluctuations h ± are characterized by a Gaussian probability distribution φ and a spatial covariance function C:

where σh is the standard deviation of h ± , λ is the correlation length, and H is the Hurst exponent. The mean of h ± is assumed to be zero. H is fixed here to 1. The fracture contact area can be quantified by the fractional void defined by the ratio between the total surface of the void volume of the fracture and the cross-sectional area of the fracture plane. The fracture aperture field is generated within a computational domain of dimensions Lx×Ly in the x and y directions with a spatial step identical in all the directions. The Fourier method is applied here for evaluating the fracture aperture field [START_REF] Gutjahr | Fast fourier transforms for random field generation[END_REF].

When the Reynolds number Re is lower than 1 and the mean plane of the single rough fracture presents weak fluctuations, the local cubic law can be used, in lieu of the full Navier-Stokes equations, to describe the flow in fractures [START_REF] Zimmerman | Hydromechanical behavior of fractured rocks[END_REF]:

where H is the hydraulic head, Txx and Tyy are the fracture transmissivities in the x and y directions, respectively. The transmissivity is assumed to be isotropic and is defined by the Cubic law:

where ρ is the fluid density, µ the dynamic viscosity of the fluid and g the gravity acceleration. To ensure the uniqueness of the solution, the boundary conditions are fixed hydraulic heads on the vertical sides of computational domain and periodic conditions on the horizontal sides of computational domain. Thus the main flow direction is parallel to the x direction because of these boundary conditions. The value of hydraulic heads is chosen in such a way as to keep the Reynolds number below 1. The components of the mean flow velocity are calculated by :

The Reynolds equations are discretized by means of a finite volume scheme with a harmonic composition rule for the transmissivity between adjacent mesh cells. The linear system, giving the hydraulic head H, is solved by using the algebraic multigrid iterative method implemented in HYPRE.

The two components of the mean velocity are then computed on each grid face [START_REF] Erhel | A paralle scientific software for heterogeneous hydrogeology[END_REF].

The RWPT method is used to simulate the solute transport in the single rough fracture [START_REF] Zheng | Influence of aperture field heterogeneity and anisotropy on dispersion regimes and dispersivity in single fractures[END_REF]. Considering only the mechanisms of advection and diffusion in the single rough fracture and neglecting the matrix diffusion in the rock formations, the solute transport equation is given by: where (x n , y n ) are the particle location in the Cartesian space at time nδt, n refers to the current time step, n+1 is the succeeding time step, N(0,1) is a random selection from the standard normal distribution with zero mean and unit variance, and Dm is the molecular diffusion coefficient. Within grid cells, the mean flow velocity v is derived from linear interpolations in both directions [START_REF] Prevost | Streamline tracing on curvilinear structured and unstructured grids[END_REF]. Np particles are injected in an injection window of size 0.8Ly, orthogonal to the flow direction and located at least five correlation lengths λ downstream from the side of the system. The ratio between the mean advection rate and the molecular diffusion is called the Péclet number Pe given by Pe = bm〈|v|〉 Dm. In the numerical simulations performed, we have studied two values of the diffusion coefficient, Dm = 0 and 0.01 mm²/s. It allows to study the purely advective regime (Pe = ∞) and the advective-diffusive regime (Pe < 100). As in the scientific literature, the Courant-Friedrichs-Levy condition is used to maintain the stability and accuracy of the Euler scheme by adapting the time step δt. The estimation of dispersivities is performed in two steps [START_REF] De Dreuzy | Asymptotic dispersion in 2D heterogeneous porous media determined by parallel numerical simulations[END_REF]. First, the longitudinal and transverse dispersivities are evaluated on one Monte Carlo simulation by means of the following expressions:

Second, the average over a number MC of Monte Carlo simulations is performed.

Numerical results

This asymptotic value α R Lasymp is presented in Figures 1 and2 as a function of σlnb for bm = 4 mm and 12 mm, respectively. In the two figures, the analytical solution proposed by Gelhar in 1993 has been plotted [START_REF] Gelhar | Stochastic Subsurface Hydrology[END_REF]. This analytical solution is based on two assumptions. The logarithm of the fracture aperture is a statistically stationary, isotropic, 2D Gaussian random field. The flow velocity through a single rough fracture can be modeled by the Reynolds equation. These two assumptions are verified by the present numerical model, making comparison possible. In Figures 1 and2, we can observe that the numerical results have a good agreement with the analytical solution for σlnb < 0.25. In the contrary case, a difference between the numerical results and the analytical solution increases with σlnb. This shows that the macro-dispersion does indeed result from the sum of effects of the fracture roughness and molecular diffusion up to σlnb < 0.25, where the fraction void remains equal to 1 [START_REF] Beaudoin | Impact of the fracture contact area on macro-dispersion in single rough fractures[END_REF]. 
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 1 Figure 1. Asymptotic value α R Lasymp of the longitudinal dispersivity and analytical solution αanal as functions of σlnb for bm = 4 mm and two values of number Péclet Pe = ∞ and 97.6.
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 2 Figure 2. Asymptotic value α R Lasymp of the longitudinal dispersivity and analytical solution αanal as functions of σlnb for bm = 12 mm and two values of number Péclet Pe = ∞ and 79.2.