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Résumé

In the last twenty years, interest in geological fractured rocks has been renewed by a variety

of energy-related applications, such as carbonate oil reservoir exploitation, geothermal energy

production, geological storage of high level nuclear waste, and geological sequestration of CO2.

Fractures are highly permeable pathways within a less pervious but more porous medium ge-

nerally called the rock matrix. Whatever the application or the details of the involved physical

and chemical processes, the relative spatial organization of the fracture and matrix phases has

a strong in�uence on exchanges between them. To date most models for �ow in fractured me-

dia have relied on the separate homogenization of the fracture and matrix phases taken in a

second step as two interacting continua. This so-called double-porosity approach has been mo-

tivated by the lack of extensive data on the fracture locations, by its conceptual simplicity and

by the possibility of using existing developments on the more classical single porosity models.

Important limitations of the double porosity approach have however recently come to light. An

alternative approach is the discrete modeling of fractures. This approach encounters at least two

challenging numerical issues. First, the fracture and matrix phases have very di�erent hydraulic

properties. Permeability is at least two orders of magnitude higher in the fractures than in the

matrix. Speci�c numerical methods have to be used to cope e�ciently with these highly locali-

zed discontinuities. Second, the complexity of the fracture structure creates intricate geometrical

con�gurations which are di�cult to mesh. We propose to address these issues by developing new

numerical methods adapted to sharp discontinuities. The proposed methods should be highly

robust and computationally e�cient for handling upscaling problems in a stochastic modeling

framework. They will be used in the last stage of this project for determining the upscaling

laws in the most commonly encountered fracture formations. The numerical methods will be

implemented in the H2OLab development platform used for modeling hydraulic processes in

heterogeneous fractured reservoirs.

1 Participants

Our project is by nature multidisciplinary. For the sake of clarity, we identify four scienti�c domains :
numerical analysis (more precisely numerical modeling for Partial Di�erential Equations), mesh
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generation for solving PDEs, high performance computing (more precisely development of numerical
parallel algorithms with implementation on distributed memory and grid architectures), geophysics
(more precisely hydrogeology). Four partners contribute to the project : the team Estime (a new
team, called Pomdapi, is submitted) of INRIA in Rocquencourt, the team Gamma3 of INRIA
in Rocquencourt, the team Sage of INRIA in Rennes, the team hydrogeological transfers of the
Geosciences department at the University of Rennes 1. The project is coordinated by Sage.

1.1 Participants and skills

Participants of ESTIME : J. Ja�ré (DR), M. Kern (CR), J. Roberts (DR)

Skills of ESTIME : models of fractured media, Mixed Finite Element methods, domain decomposi-
tion methods.

Participants of GAMMA3 : P-L. George (DR), F. Alauzet (CR).

Skills of GAMMA3 : mesh generation, 3D mesh, surface mesh

Participants of SAGE : J. Erhel (DR), G. Pichot (CR), B. Poirriez (PhD), N. Soualem (engineer).

Skills of SAGE : Mixed Finite Element methods, large sparse linear solvers, high performance
computing, software engineering.

Participants of Geosciences Rennes : P. Davy (DR CNRS), J-R. de Dreuzy(CR CNRS), T. Le Borgne
(physicien CNAP). J-R. de Dreuzy is currently and for two years at UPC, Barcelona, Spain.

Skills of Geosciences Rennes : characterization of fracture networks and their in�uence on �ow and
transport properties, determination of upscaling laws.

1.2 Interactions between teams

The long-lasting collaboration between Sage and Geosciences Rennes existing since 1997 yields a
common ground and way of working for this multidisciplinary project, ensuring good interactions
between partners of di�erent scienti�c �elds. Theses two teams are currently involved in the project
MICAS, funded by ANR and coordinated by Sage, and in the thematic network RISC-E, mana-
ged by OSUR (Observatoire des Sciences de l'Univers de Rennes), which is related to the national
network RNSC (Réseau National des Systèmes Complexes). Moreover, Sage and Estime have been
collaborating for several years. They are both involved in the MoMaS GNR and in projects of this
group related to reactive transport and they frequently organize mini-symposia at the SIAM inter-
national conference on Geosciences. The three teams Geosciences, Sage and Estime were partners of
the project HYDROGRID, coordinated by Estime. Recently, Sage, Geosciences Rennes and Estime
contributed to public dissemination, with a paper in La Recherche (May 2009).

This collaborative research project is an opportunity to enhance the partnership between the three
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teams Sage, Estime and Geosciences. Their skills are complementary and are required to complete
successfully this project. Moreover, a major di�culty will be the generation of the mesh. Therefore,
the expertise of the team gamma3 is also essential to this project.

2 Context and objectives

In the last twenty years, interest in geological fractured rocks has been rekindled by a variety of
energy-related applications. Fractures are highly permeable pathways within a less pervious but
more porous medium generally called the rock matrix. Di�erences in permeability and in porosity
span one to several orders of magnitude [10]. Schematically, most of the �uids and contaminants
are in the matrix but move primarily within the fracture network. For carbonate oil reservoirs, oil
is located in the matrix but is drained to the production wells by the fractures [7]. For geothermal
energy production, heat is di�used from the matrix to the fractures where it is advected by the
�owing water to the well [35, 58]. For the geological storage of high level nuclear wastes in crystal-
line rocks, radionuclides are slowed down by trapping mechanisms in the matrix [44, 50]. For the
geological sequestration of CO2, long-term mineralization of CO2 is conditioned by the extension
of the interface between the fracture and matrix phases [54]. Whatever the application or the par-
ticular physical and chemical processes involved, the relative spatial organization of the fracture
and matrix phases determines to a large extent the �uid exchanges between the two phases [33].
Intensity of exchanges critically depends not only on the dimension of the fracture matrix interface
but also on the unfractured block size distribution. Typical trapping drainage times are determined
by the "depth of the trap" taken here as the size of the block [38]. Drainage e�ciency is conditioned
by the structure of the drainage network (the fractures) within the area to be drained (the matrix).

2.1 State of the art

Most models have relied so far on the separate homogenization of the fracture and matrix phases
taken in a second step as two interacting continua [4, 5, 57]. This so-called double-porosity approach
was motivated by the lack of extensive data on the fracture locations, by its conceptual simplicity and
by the possibility of using the existing developments for the more classical single porosity models.
However important limitations of the double porosity approach have recently been recognized.

First, fracture structures cannot be easily homogenized at the scale of interest, i.e. the reservoir scale
or the con�nement scale [15]. This is fundamentally due to the absence of a characteristic scale in
the fracture length distribution and in the correlations between their positions [6]. Deterministic
in�uences of long fractures and of long-range correlation patterns cannot be a priori statistically
homogenized in an equivalent continuous phase [19, 20]. The direct consequence of the broad range
of fracture structures and correlations is the segmentation of the matrix into a large variety of
blocks of di�erent sizes, shapes and connectivity with other blocks [11, 12]. The possible existence
of an equivalent double-porosity model as well as its e�ective determination requires preliminary
numerical simulations based on the relevant degree of geometric and hydraulic complexity mimicking
those of the natural fractured media.

3



Second, new developments in geophysical and hydraulic �eld prospection methods give precise in-
formation about some of the main hydraulically active fractures [36, 55]. In that sense, it motivates
the former development of approximate discrete double-porosity model which consists in keeping
in a discrete fracture network approach all the main fractures while homogenizing all smaller frac-
tures in an equivalent continuous heterogeneous porous approach (PhD of Delphine Roubinet at
Geosciences Rennes, 2008-2010). The interest of this approach is to retain the main geometrical
in�uence of fractures on �ow and to yield a relatively inexpensive simulation method. The deter-
mination of the local-scale continuous permeabilities and of the exchange coe�cients is performed
on preliminary simulations with simpli�ed boundary conditions [51]. This method is inspired from
multi-scale �nite element methods [22]. Modeling deterministically the fractures identi�ed close
to wells and man-made facilities is of great practical importance for enhancing the relevance of
the "close-�eld" models. It however precludes the use of homogenization approaches and requires
again the development of alternative discrete fracture models phenomenologically closer to the �eld
settings.

Third, interest in fractured media has shifted from production applications to risk assessment studies
especially for energy waste storage involving the determination of modeling uncertainties for highly
complex phenomena [17, 26]. Homogenization approaches cannot be trusted in this context.

The alternative approach is the discrete modeling of fractures [39]. The teams Sage and Geosciences
have developed a model where the matrix is considered impervious [24, 46, 47, 48]. The team
Geosciences has analyzed the interactions between the matrix and the fractures in 2D complex
geometries [51, 52] and has derived upscaling rules for lattice fractured networks [21]. On the other
hand, the team Estime has developed a mathematical model of these interactions. The resulting
model was studied and analyzed in [1] and an extension to the transport equation was given. The
model described above was proposed and analyzed for the case of a single fracture in [40]. Numerical
experiments were carried out in the 2D case. The case of intersecting fractures and a simple 3D
experiment may be found in [2]. More complex 3D case will require the construction of three-
dimensional meshes, as the ones developed by the team gamma3 [27]. The case of nonconforming
grids can be found in [29] and an analysis and 2D numerical study is given in [28].

This approach comes with at least four numerical challenges. The fracture and matrix phases have
very di�erent hydraulic properties, with permeability which is at least two orders of magnitude larger
in the fractures than in the matrix. Moreover, many fractures intersect each other, so that it is quite
di�cult to handle the exchange terms. Speci�c numerical models have to be used to cope e�ciently
with these highly localized discontinuities and highly complex topologies [45]. The complexity of
the fracture structure generates intricate geometrical con�gurations which are really hard to mesh.
Automatic mesh generation exists only for the fracture phase [24, 56]. Realistic computational
domains composed of the matrix coupled with a network of fractures have never been automatically
meshed [32]. In 3D, the linear system is large and sparse, with particular properties due to the
model, so that some iterative linear solvers can fail.

2.2 Objectives

We propose to address these limitations by developing new numerical methods adapted for sharp
discontinuities and stochastic fracture networks. We will focus on single-phase hydraulic processes.
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Figure 1 � An example of 3D fractured porous media.

It is the basic process required for handling more advanced transport processes. It is also a necessary
�rst step before solving multiphase �ows. We will consider transient �ow, since time plays a major
role in exchanges between the fractures and the matrix. For steady-state �ow, we could consider an
impervious matrix. The proposed methods should be highly robust and computationally e�cient for
handling upscaling issues in a stochastic modeling framework. They will be used in the last phase of
this project for determining the upscaling laws in the most commonly encountered fracture organiza-
tions [16]. The numerical methods will be implemented in the H2OLAB development platform used
for modeling hydraulic processes in heterogeneous fractured reservoirs [23] (http ://h2olab.inria.fr/).

The project will be organized in three phases : the design of numerical models handling sharp dis-
continuities, the development and the implementation of numerical methods using advanced mesh
generation and high performance computing, and the application of the method to determine upsca-
ling rules. The natural organization of tasks is sequential. The �rst two tasks should be successfully
ful�lled to determine the upscaling rules in typical fractured media. Rather than following this se-
quential organization of tasks with non-negligible risks of failure due to stumbling blocks at di�erent
stages, we propose to partially separate the di�erent tasks by using a series of fracture networks of
evolving complexity. The series will be made up of simple 2D fracture networks, 3D fracture net-
works with fully crossing fractures, 3D fracture networks with broad distribution of fracture lengths
and complex fracture orientations. An example of a 3D fractured porous media is given in Figure
1. This kind of network is the challenging target of the project. For example, the two �rst types
of fracture networks present standard block con�gurations easy to mesh. They however contain a
su�cient level of complexity for testing the numerical methods with sharp discontinuities on a large
number of interfaces both in 2D and 3D.

3 Research program

For sake of clarity, the research program is described in three tasks but, again, these three tasks will
be highly interconnected, with feedback from each other. The milestones are given in the post-doc
program.
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3.1 Numerical model of fractured porous media

The objective is to consider a porous fractured media where water can �ow in both the matrix
(the rock) and the fractures, with permeabilities spanning several orders of magnitude and with
a stochastic network of fractures. The project will start from the results obtained by Estime. To
model transient �ow in a porous fractured medium with an interaction between the fractures and
the matrix we consider the following model : we identify the porous medium with a domain Ω in
R3. We suppose that the fractures may be identi�ed with a set of planar surfaces γi,j whose closures
γi,j separate Ω into a �nite collection of subdomains Ωi where γi,j = Ωi ∩ Ωj . (Thus if Ωi ∩ Ωj is
empty or is one dimensional then γi,j is the empty set. We also de�ne γi,i to be the empty set.)
We make the simplifying assumption that for each fracture γi,j , ∂γi,j ⊂ ∪k, 6̀=i,j∂γk,` ∪ ∂Ω. Let
γ = ∪i∂Ωi \ ∂Ω = ∪i,jγi,j ∩ Ω. Let σ = ∪i,j∂γi,j \ ∂Ω.

We suppose here that the �uid is a single phase, incompressible �uid, and for simplicity we ignore
the e�ects of gravity. This type of model has been considered in a vertex centered �nite volume
scheme in [49]. Another possibility is to consider Forchheimer �ow in the fractures. Such a model
has been presented in [29] and analysed in [34].

Up to now, we dealt with a steady-state �ow. A �rst task will be to generalize to the transient case
the steady-state model which is described below. In each subdomain we suppose that Darcy's law
as well as the law of mass conservation is satis�ed :

ui = −Ki∇pi, in Ωi

divui = fi, in Ωi,
(1)

where pi,ui,Ki, and fi are respectively the �uid pressure, the Darcy velocity, the permeability
tensor, and the source term in Ωi.

In each fracture we suppose that the �ow is governed by Poiseuille's law and the law of mass
conservation. Averaging the tangential components of Darcy's law and the law of mass conservation
across a transverse cross section of the physical fracture represented by γi,j , one obtains

ui,j = −Ki,j∇τpi,j , in γi,j
divτui,j = fi,j + (ui · ni + uj · nj), in γi,j ,

(2)

where as before pi,j ,ui,j , and fi,j are respectively the �uid pressure, the Darcy velocity, and the
source term in γi,j . The e�ective transmissivity Ki,j in γi,j is the tangential component of the
fracture transmissivity, Kτ,i,j , multiplied by the fracture width function, di,j : Ki,j = di,jKτ,i,j . The
operators divτ and ∇τ are the tangential divergence and tangential gradient operators respectively.
The vectors ni and nj are the unit exterior normal vectors on Ωi and Ωj , respectively so that
(ui ·ni + uj ·nj) represents a source term due to the di�erence in what �ows into the fracture from
one side and what �ows out of the fracture into the other side.

Boundary conditions for each subdomain Ωi must be speci�ed. On ∂Ωi ∩ ∂Ω we suppose that
appropriate boundary conditions have been speci�ed. On γi,j the condition, obtained by averaging
the normal component of Darcy's law across the fracture, is

pi = pi,j + κ−1
i,j (ξui + ξ̄uj) · ni, (3)
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where κi,j is the normal component of the permeability, Kν,i,j , divided by half the width : κi,j =
Kν,i,j/(di,j/2), ξ > 1/2 is a quadrature parameter and ξ̄ = 1− ξ.

The boundary conditions on ∂γi,j ∩∂Ω are again determined by the given data for the problem, (by
averaging in the case of a Dirichlet condition or by integrating in the case of a Neumann condition).
Transmission conditions are given on σ′ = ∂γi,j ∩ σ ∩k,` ∂γk,` by

pi,j = pσ, on σ′

ui,j · ni,j = −
∑
k,`

uk,` · nk,`, on σ′. (4)

We have supposed that ∂γi,j \ ∂Ω ⊂ ∪k, 6̀=i,j∂γk,`. This is not a major restriction as we can always
extend fractures or add "fractures" that have the same characteristics as the surrounding medium.
However other possibilities have been proposed in [3] and [41]. In the case of very thin fractures and
large normal permeability (when κi,j is very large) the condition given in (3) may be replaced by
the continuous pressure condition

pi = pi,j . (5)

In the model described above, at the intersection of two (or more) fractures, we have assumed the
continuity of the pressure and the conservation of the �ux across the intersection. Another possibility
would be to suppose that the �uid may also �ow along the intersection of the fractures in a 1D
medium which is more permeable than the intersecting fractures.

Now, the research program is to use this model for complex 3D geometries, where many fractures
intersect each other. Several di�culties have been handled with such fracture networks in the case of
an impervious matrix. The challenge is here to simulate the exchanges between the matrix and the
fractures. The model specifying these exchanges as well as the �ow at the intersections of fractures
will be adapted as the research will progress. We will progressively increase the complexity of the
geometry. This modeling task will involve the three teams Estime, Sage and Geosciences.

3.2 Numerical methods and algorithms

Numerical discretization will be carried out with mixed �nite element methods (MFE). In general,
�nite element methods allow one to deal with complex geometries and to use locally re�ned meshes.
In a mixed �nite element method, the unknowns are hydraulic head and velocity ; thus the velocity
�eld is a good approximation, and useful for subsequent transport problems. Also this method
guarantees both local and global mass conservation ; therefore, MFE methods and hybrid variants
are very well-suited for solving �ow problems [30], [31]. They have been successfully applied to
complex fracture networks and to simple fractured media.

The �rst step is to de�ne the mesh of the computational domain. In 2D, both teams Sage and
Estime can provide the mesh. In 3D, we will use the mesh generator of fracture networks already
available [24]. Then we will have to generate a mesh of the matrix and to combine both grids.
This task will rely on the expertise of the team gamma3 in the construction of three-dimensional
meshes for the numerical solution of partial di�erential equations [27]. Due to the complexity of the
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geometry we plan to use tetrahedral meshes. The basic technique for constructing these meshes uses
Delaunay triangulation algorithms which are modi�ed in order to not mesh a set of points, but to
mesh domains de�ned by a mesh of their boundary. Thus the data is a triangular mesh of a closed
surface. It is also possible to have open surfaces inside the domain : in our problem they will be
the fractures. The result depends both on the quality of the data (aspect ratio) and on the density
of these data. The software which produces these meshes is GHS3D, developed by the gamma3
team. An alternative to this method of meshing would be to construct nonconforming meshes where
meshes in the fractures do not match meshes on the two faces of the fractures. This is allowed in
the proposed numerical model. In order to deal with these nonconforming grids, we will rely on
previous work, using either the numerical method de�ned in [29] or the mortar-like method de�ned
in [47, 48]. This �rst step will involve the three teams gamma3, Estime and Sage.

Since the problem is linear, the main computational task is to solve a large sparse linear system,
or a series of linear systems in the case of transient �ow. This is the topic of the second step.
Direct sparse solvers are very e�cient but require too much memory for the large 3D cases consi-
dered. Therefore, we will have to deal with either iterative or semi-iterative methods. Clearly, a
multilevel method is required here, in order to increase the size of the system without inordinately
increasing the number of iterations. This multilevel approach can be used in domain decomposition
methods such as Schur combined with Neumann-Neumann for example or as a preconditioner in
PCG (Preconditioned Conjugate Gradient). We will �rst investigate a multigrid preconditioner then
a Schwarz preconditioner [9]. For both Schur and Schwarz approaches, global preconditioners such
as coarse grid correction or de�ation are required [9, 42, 43, 53, 25]. In particular, we will investi-
gate how domain decomposition and de�ation methods can be adapted to these speci�c geometries.
Indeed, the geometry is naturally decomposed into blocks, yielding many ways of substructuring
the computational domain. However, it is not clear how to assemble these blocks in order to get
a relatively small number of subdomains. Another challenge is to deal with the exchange terms,
which are not at all classical and yield a linear system with speci�c properties. High performance
computing is mandatory to deal with large computational domains. A challenge will be to design
a parallel version of domain decomposition methods. Indeed, the geometry is very complex and we
aim at using nonconforming grids. This second step will involve the three teams Sage, Estime and
Geosciences.

3.3 Upscaling �ow in typical fracture con�guration cases

The objective is to determine the in�uence of small scale fracture organization on larger scale
exchanges between fracture and matrix. Results will be expressed in the form of the exchange
coe�cients also called shape factor in the double-porosity framework [37]. Although the �nal results
can only be obtained at the completion of the previous tasks, we plan to estimate the upscaling rules
on increasingly complex fracture structures all along the project. At the beginning of the project,
we will use approximated discrete double-porosity model presented in section 2.1 to determine the
large-scale exchange coe�cients on 2D fracture networks. The method heavily relies on this smaller
scale fracture network simulations basically performed with the superposition of a regular grid. We
will �rst use the existing simulation methodology to estimate the upscaling rules in 2D fracture
structures. We will especially focus on highly di�erentiated structures where block distributions are
fractal like in fragmentation and Sierpinski lattice models [8, 18]. These existing methods would
greatly bene�t from the methods developed in the �rst tasks of this project. The smaller scale
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methods will be performed with the newly developed more accurate numerical methods. A broader
range of 2D fracture structures will be tested including the Universal Fracture Model recently
proposed by Davy et al. [16]. This more realistic model relies on simple excluded volume rules for
the generation of the fracture network. It has been positively evaluated on the well-documented
Swedish sites studied for nuclear waste disposals [13, 14]. Depending on the state of completion
of the previous tasks, full 3D network structures will be studied. We will focus �rst on strongly
correlated large scale fracture structures easier to mesh. As in 2D, we will study the outcome of
upscaling for a 3D Sierpinski lattice. The objective is to �nd and understand the di�erences between
2D and 3D upscaling rules. This research task will involve the three teams Geosciences, Estime and
Sage.

4 Results and perspectives

We plan to contribute to the improvement of the simulation capacities for fracture/matrix geolo-
gical systems and to the determination and understanding of upscaling laws and potential scale
dependence of fracture/matrix exchanges [59]. We list here three projected results of this project :

1. A methodology for simulating �ow in complex fracture/matrix systems. This result will take
the form of a series of scienti�c publications in applied mathematics and computational jour-
nals like SIAM or JCP.

2. A software prototype for fracture/matrix �ow simulations. This software will be developed
in the hydrogeological simulation platform H2OLab. It will be built on the competences and
developments assimilated through this project. It will be made up of the 3D matrix mesh
generator, spatial and temporal discretization schemes, adapted system solvers and visualiza-
tion tools. It will be fully designed for parallel computations. Depending on its �nal state of
completion, this software may be licensed under LGPL.

3. Upscaling rules for 2D and simple 3D network structures. Results will be published in geos-
ciences journals like Advances in Water Resources or SPE (Society of Petroleum Engineers).

In a longer term, we plan �rst to develop the fracture/matrix interacting models for simulating
more complex multiphase �ow models. Multiphase �ow is more complex both in terms of numerical
methods and geological applications. The side objective is to get closer to oil and CO2 sequestration
applications. The second objective is to use the developed methods as a basis for handling the inverse
problem (identi�cation of geological structures from remote hydraulic data). The simulation model
will be used as the direct model within the inverse approach. The teams Geosciences Rennes and Sage
are increasingly involved in inverse problem studies both from the �eld perspective (O. Bour, T. Le
Borgne, PhD of Maria Klepikova 2010-2012) and from the development of e�cient parametrization
and inversion methods (PhD of Romain Le Goc 2005-2009, PhD of Sinda Khalfallah 2010-2012 in
collaboration with A. Ben Abda (LAMSIN, Tunis)).

This project is a natural continuation of the current ANR project MICAS 2008-2011 and a preli-
minary step towards the submission of a new ANR project (young researcher, led by G. Pichot).
We will also submit a european project (COST program), involving mainly the teams from UPC,
Barcelona (Spain) where J-R. de Dreuzy is working now, the team from UFZ, Leipzig (Germany)
where G. Pichot spent three months in 2010, Switzerland and Great Britain.

9



Table 1 � Projected budget 2011-2012 of GEOFRAC project (in �).

Type of cost 2011 2012

travel expenses in France 6000 6000

travel expenses from Spain 3000 3000

Post-doc stays in Paris 2000 2000

Post-doc stays in Barcelona 3000 3000

sta� cost (post-doc) 24 000 48 000

computer 2000

total 40 000 62 000

5 Budget

Costs of the project include travel expenses, both in France and in Spain. We ask for a post-doctoral
position during 18 months in order to design the numerical method and to develop the software
prototype described above (the post-doctoral subject is detailed below). We ask also for a laptop.
The post-doctoral researcher will be a member of team Sage and will work in close relation with
Geosciences Rennes. We plan several stays at INRIA Rocquencourt in order to collaborate with
Estime and gamma3 teams. We plan also several stays at UPC, Barcelona, in order to collaborate
with J-R. de Dreuzy and the team there.

Travel expenses in France and from Spain are computed on the basis of 3 meetings each year in
Rennes, or Paris, with 4 persons moving in France and one person moving from Spain, thus 12
national journeys per year at 500 � each and 3 international journeys per year at 1000 � each.

Travel expenses also include stays for the post-doctoral fellowship. More precisely, they include two
stays at Rocquencourt of 5 days each year, at 1000 � each ; and one stay at UPC of 12 days each
year, at 3000 � each.

Sta� cost (post-doctoral position) is evaluated at 24 000 � for six months.

5.1 Post-doctoral subject

The objective of the 18 months-postdoctoral position is to study in detail the numerical models
and methods for simulating �ow in fractured porous media. The post-doctoral researcher will work
with all the teams, mainly on the two �rst phases described above. Several numerical tools need
to be developed : mesh generation ; spatial discretization with conforming or nonconforming grids ;
temporal discretization for sti� systems ; domain decomposition methods adapted for fractured
media ; sparse linear solvers ; scalable parallel algorithms.

As we said in section 2.2, rather than performing the task sequentially, the post-doctoral fellow
will study networks of increasing complexity. During the �rst 6 months of the project, before the
arrival of the post-doctoral fellow, we will adapt the mathematical model to the transient case and
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to fracture networks with many fractures intersecting each other. We will �rst develop a Matlab
prototype with some simple 2D con�gurations and the steady-state case. We will also continue to
work on sparse linear solvers for the steady-state case, considering networks of fractures and an
impervious matrix. This preliminary step will provide su�cient material to start the post-doctoral
program. Three work packages have been de�ned and scheduled :

� The �rst 6 months period (2011) is devoted to the 2D porous fractured case for which both
the teams Sage and Estime are able to provide a mesh with intersecting fractures. The main
objective of this �rst step is to generalize the model developed by Estime (section 3.1) for a
stochastic generation of fractures and to study numerical convergence of temporal and spatial
discretizations. This model will be implemented in a Matlab prototype, in order to understand the
numerical behaviour as well as some physical properties by varying the constrast of permeability
between the matrix and the fractures.

� During the next 6 months (2012), the second step is to work on 3D fractured porous media. At this
stage, the expertise of the team gamma3 will be essential for the challenging mesh generation.
At �rst, a limited number of fractures will be considered with simple crossing con�gurations.
The objective is to rewrite the model and its mathematical formulation in 3D. Once the linear
system (or the series of linear systems in case of transient �ow) is set up, the next challenge is to
solve the problem using domain decomposition methods. The main outcome should be a software
prototype, integrated in the platform H2OLab.

� The last stage (2012) will consist in increasing the number of fractures and the complexity of
their geometry and orientation. The challenge is the mesh generation as well as the writing of the
exchange terms between the fractures and the matrix when fractures are highly intricate. With
the increase of the size of the linear system, the development of parallel domain decomposition
methods is mandatory. The main di�culty is to deal with a large number of subdomains and
interfaces. Depending on the issues, we may think of using a non conforming mesh generation.
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