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The spectral domain decomposition method GenEO as a robust
preconditioner for single-phase flow in fractured porous media
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The Discrete Fracture Matrix (DFM) approach is a model for single-phase flow in fractured porous
media in which fractures are explicitly represented as planar surfaces. The equations of the problem
are the mass conservation and Darcy’s law in the 3D rock matrix and in the 2D fracture network,
coupled by a term modeling the exchange between the rock matrix and the fractures, and continuity
equations at the intersection between the fractures. Discretizing this problem with the lowest order
mixed-hybrid finite element method yields a sparse and symmetric positive definite linear system [4].

Most flow simulations in fractured porous media in the literature involve at most a few thousand
fractures. When the number of fractures reaches tens of thousands, the linear systems become very
large and are also highly ill-conditioned due to both the presence of poor quality elements in the mesh
and, even more so, when there are strong conductivity contrasts between the rock matrix and the
fractures. Direct solvers are then no longer suitable. Iterative solvers, preconditioned by algebraic
multigrid methods and one-level domain decomposition (DD) methods such as Additive Schwarz
(ASM) or Restricted Additive Schwarz (RAS), may take days to converge, or even stall under strong
hydraulic conductivity contrasts [5].

Solving such linear systems efficiently, when they arise from models with a very large number of
fractures, therefore requires a more sophisticated preconditioner. In this talk, we focus on the two-level
DD method GenEO (Generalized Eigenvalue problem on the Overlap) [1], equipped with a spectral
coarse space and combined at the fine level with either ASM or RAS. To apply GenEO to DFM flow
problems, we propose a decomposition strategy tailored to the mixed-dimensional geometry of DFMs,
which enables the construction of the Neumann matrices and mappings required by the method. The
resulting GenEO-based preconditioner, with its HPDDM implementation in PETSc [3], consistently
outperforms the methods mentioned above in both iteration count and wall-clock time [2]. In the
largest case, involving 697k fractures, a maximum heterogeneity ratio close to 107 and 243M degrees
of freedom, GMRES preconditioned with GenEO converges in 51 iterations in less than four minutes
on 6825 MPI processes.
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