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NUMERICAL MODELLING OF LEACHED CAVERN FIELDS USING MIXED BEM-FEM METHOD

More than ten years of surface subsidence observation on Tersanne and Etrez storage cavity fields in France, is subject to numerical analysis, using a mixed boundary and finite element approach. The consideration of large domains to discretize and non linear behaviours to take into account is simplified as the bedded rock mass is modelled in two horizontal strata : an elastic clay cover and a viscous salt bed, the first one discretized in boundary elements and the second in finite elements. Although the problem is typically three-dimensional, an axisymmetric model for a single cavity is used throughout the numerical analysis, and a superposition method, previously validated, is applied to a 14-cavity field. There is a reasonable agreement between in situ data and numerical results.

INTRODUCTION

The search for a good characterization of long term behavior of leached rock salt cavities is justified by the need to minimize eventual damages resulting from subsidence on the surface.

In two locations in France, Tersanne and Etrez, subsidence control has been performed during more than ten years. Simulation by numerical methods allows to perform some predictions on future evolution, and also to test specific numerical procedures. The issue is to obtain a good accuracy in the far field region, e.g. the surface subsidence. The data from Tersanne site have been already s. ubject to numerical analyses (Nguyen-Minh et al, 1993, 1994), where a two step finite element procedure was used, by taking advantage of the two-layered medium and the elastic response of the cover-layer. Herein, such procedure in not needed as the far field region can be efficiently disqetized with boundary elements and specific infinite elements [START_REF] Bettess | Infinite Elements[END_REF]. A special procedure is used to speed up numerical calculations [START_REF] Menezes | Incompressible numerical modelling for long term convergence evaluation of underground works in salt[END_REF].

TERSANNE FIELD DAT A AND CAVITY ARRAYS

At Tersanne• and Etrez, in France, subsidence has been measured periodically for more than ten years [START_REF] Durup | Surface subsidence measurements on Tersanne cavern field[END_REF][START_REF] Durup | Relationship between subsidence and cavern convergence at Tersanne (France)[END_REF]. The distribution of cavities is shown in Figure I. Etrez Cavities are more regularly spaced than in Tersanne and distance between cavities is larger.

A quasi axisymmetric subsidence pattern can be observed at the surface at Tersanne (Figure 2). The volume loss at the surface to the total caverns volume loss shows a 60% ratio. As rock salt is believed to behave as an incompressible material, one can suspect a possible dilatancy inside the rock. mass, which could affect its tightness. The observation zone (Figure 3) covers an area of 15 1cm2, where cavities are leached 1500 m depth, in a thick 650 m bedded salt layer and located 150 m beneath the clay cover. Beyond 2000 m depth there is a rigid sandstone base. There are fourteen cavities spaced 600 m in a hexagonal arrangement, with an equivalent volume of 268 OOO m3. We will assume that all the cavities are leached at the same time and that they have the regular distribution as seen in Figure 3. Comparing with the real pattern distribution of cavities (Figure 1), this hypothesis is not far from reality in Etrez case. The numerical analysis of the subsidence phenomena of a layered unbounded field problem is easier to accomplish if one uses a mixed method. The infinite domain is divided in two or more layers, with linear and elastoviscoplastic mechanical behavior. Boundary elements provide the conditions to represent a large surface line where one needs to compute displacements over quite a large distance from the axis of symmetry. Finite elements are easier to deal with non linear materials (salt). The discretization in finite elements makes easier the computation of stresses inside the salt layer needed in every time step.

The boundary element region is treated as a larger finite element. For the FE region the finite element matrices are KU=F, where K is the stiffness matrix, F the equivalent nodal forces and U represents the displacements. The boundary elements matrices are different: HU=GP, where U also represents the displacements and P the surface traction's (Figure 4.a). To combine the two equations one must reduce the BE expression to a finite element form: G-1HU=P. Then the traction values must be converted by means of the distribution matrix M, that is F=MP. Finally the BE equation will be M(G-IH)U=MP=F' or K'U=F'. The two matrices of BE and FE regions can now be assembled to form the global stiffness matrix [START_REF] Brebbia | Boundary Element Techniques[END_REF]Pantle, 1990).

A layered rock mass model was chosen with an high behaviour contrast: the cover layer, consisting of non viscous material, and the viscous rock salt layer. There were also different primary states of stress in each layer: isotropic initial state in the salt strata and anisotropic above in the clay strata. Figure 4.b shows the discretization of a single isolated cavity.

To simulate the infinite conditions, characteristic to this kind of problems, the border elements are replaced by mapped infinite elements (Figure 4.b). These elements have particular shape functions in the infinite direction. They provide good results in the far field region if they remain inside a non plastic yielding zone (Zienkiewicz, 198 1;[START_REF] Bettess | Infinite Elements[END_REF].

Constitutive models for rock salt Two alternative models are used herein : the Norton-Hoff (N-H), and Lemaitre Menzel-Schreiner (L-M-S) laws. N-H law considers the existence of a secondary or steady state creep [START_REF] Langer | The rheological behavior of rock salt[END_REF], while L-M-S law supposes a continuously strain rate decreasing creep (Vouille et al, 19843). These creep laws can be described by the same formula:
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These parameters were obtained by both laboratory and in situ observations [START_REF] Fauveau | Progres recents de la• connaissance du comportement mecanique des cavites salines[END_REF]. The equivalent N-H model for Tersanne salt was determined on the basis of a same volume loss for a single cavity at 1500 m depth, with an inner pressure of 16.5 MPa, during 10 years (Nguyen-Minh et al, 1993). For the moment, such procedure was not followed with Etrez case. Initially, the same 60% ratio surface/cavity volume loss is obtained, but subsidence volume variation becomes progressively larger than cavern volume loss probably due to numerical errors as no geometry change is considered here. For the 14-cavities storage array (Figure 3), a plain superposition of the single cavity solution (Figure 6) is performed. Theoretically, this should not be valid as non Iinear deformations are involved. But for an infinite array, and for the spacing under concern (600 m), the superposition method has been checked to be accurate when compared to a direct calculation of a unit axisymmetric cell. Thus, the method can be applied with confidence to any array of finite number of cavities (Nguyen-Minh et all, 1993).

The resulting subsidence for the 14 cavity array was determined along its two axes of symmetry The difference between these two subsidence values is very small, thus showing that on the surface the subsidence is approximately axisymmetric with a radius of 3000 m. The subsidence values along the vertical axis of symmetry of the 14-group cavity are represented on Figure 7. After a period of 50 years there would be a subsidence of more than 22 cm in the centre of the array. However, by N-H law, such prevision should be rather pessimistic.

•

There is a good agreement between the subsidence values corresponding to 5 and 10 years interval time. The vertical lines in Figure 8 are proportional to the subsidence in situ for periods of 5 and 10 years. The figures correspond to a superposition of surface deformations from the real arrays (Figure 1) and the model array (Figure 3). It must be emphasised that the numerical mc:idel used herein admits that all 14 cavities have the same age.

Subsidence at Etrez is extremely small. As Figure l .b shows, cavities are more largely spaced than in Tersanne which leads to a bigger zone of influence, but the main reason is due to the different viscous nature of Etrez salt. Numerical calculations for the Etrez case are more intricate than in Tersanne. There are four layers, which results in two BE domains, and besides, cavities are closer to the interface between salt and elastic (clay) layer. This particular situation has not been analysed in detail until now.

• CONCLUSIONS Subsidence and volume losses obtained depend on the choice of constitutive models. With Norton-Hoff law larger values (50% plus) are obtained after 50 years, as this model describes a stationary creep, while the Lemaitre-Menzel-Schreiner is a continuous decaying creep rate model.

The mixed method used to analyse the subsidence problem exposed herein appears to be quite efficient. Compared to a plain Finite Element approach, the discretization process is much simpler, as large elastic domains are represented by boundary elements, and the results are obtained more rapidly, with a similar or better accuracy.

For large periods of time, a regular change in structure geometry must be done in order to take account of finite displacements, leading to a final closure of the cavity. 
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