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Abstract We present G23FM, a mesh generation tool
for discretizing two- and three-dimensional complex
fractured geological media. G23FM includes different
techniques to generate finite element grids that main-
tain the geometric integrity of input surfaces, and ge-
ologic data and produce optimal triangular/tetrahedral
grids for flow and transport simulations. G23FM gener-
ates grid for two-dimensional cross-sections, represents
faults and fractures, for three-dimensional fractured
media, and has the capability of including finer grids.
Different examples are presented to illustrate some of
the main features of G23FM.

Keywords Mesh generation - Fractured media -
2D/3D complex geometry - Mesh and geometry
adaptations

1 Introduction

Given the spatial heterogeneity of geological media
and interrelation of effective flow properties, numer-
ical modeling is an important contribution to the
understanding and forecasting of flow behavior, and
management of groundwater. In addition, numerical
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modeling assists with the integration of multi-scale geo-
logical heterogeneity, simulates the hydraulic flow and
transport phenomena, and quantifies uncertainty due
to the availability of sparse data. Geological fractured
media contain highly complex geologic configurations
and are multi-scale heterogeneous [1-5, 12, 14-17, 19,
20]. The existence of a large number of fractures with
strong variations in geometric and physical proprieties
is the origin of the complexity. A significant effect on
multiphase flow and solute transport may be caused
by fractures in rock formations [6, 11-13]. An efficient
and accurate discretization of these fractures within the
matrix is required to account for the natural complexity
of fractured media and the physics of matrix—fracture
interaction.

Figure 1 represents a fracture network generated sto-
chastically using real data. The network is very complex
as shown in the configurations of both the network
(Fig. 1, left) and the fracture (Fig. 1, right). Meshing
these complex structures is a real challenge.

Fracture disctretization or mesh generation refers to
generating solid finite element meshes representing the
heterogeneous media; those are used to solve various
engineering problems based on finite element methods.
Moreover, generating a quality mesh is equally impor-
tant as generating a mesh for multiphase flow problem
simulations [16-18].

The motivations to this work come from different
points: (1) develop a flexible and easy to use mesh
generator fully controlled by the users, (2) handle com-
plex media, and (3) optimizing the mesh by modifying
slightly complex and critical configurations.

The last point is realized by introducing different
techniques to analyze the major complexities at the
fracture as at the network scale. Various methods
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Fig. 1 Example of fracture
network (left) which contains
500 fractures and a fracture is
extracted on the right

are developed in the literature to simplify complex
configurations created by randomly generated frac-
tures. A simplification procedure using 2D/3D struc-
tured grid is used by [14, 15]. A global projection over a
2D/3D unstructured grid is discussed in [9, 16]; recently,
a novel method based on a local transformation of the
fractures is developed for 2D problems in [16], and
extended to 3D problems in [17]. These methods will
briefly be presented in this paper; however, for more
details and validations, we refer to [16, 17] and the
references therein.

This paper presents G23FM or “Grid generator for
2D/3D Fractured Media” which is a tool for automati-
cally producing unstructured finite element grids tuned
to the special needs of geologic and geo-engineering
applications. G23FM (1) includes different options
based on the methods discussed above and they can
be used for flow and transport simulations in porous
and fractured media; (2) produces two-dimensional
grid for each fracture using triangles, and these two-
dimensional grids are connected to have a complete
mesh for the 3D fractured network; (3) has the ca-
pability to adapt the grid generation for complex
geometries; (4) is modular, allowing for flexibility and
consistency; (5) can easily incorporate input constraints
change into the computational mesh, (6) can also be
used to produce coarsened grids for preliminary cal-
culations and refined grids for final, high resolution
calculations; and (7) is very flexible, can be used by
any numerical algorithm that can utilize unstructured
grids and is not specific to any particular computational
code.

The paper is organized as follow: Section 2 discusses
different procedures for simplifying complex fractured
media. G23FM description, input file parameters, and
different options of the program are given in Section 3.
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Fractured domain

Fractured

Section 4 illustrates different examples. Conclusions
follow.

2 Numerical model

Stochastically generated fractures [1-4, 14-17] lead to
very complex geometrical structures. The complexity
mainly arises from the large number of fractures con-
tained in a fractured media, and the corresponding
critical configurations generated.

For the reason of simplicity, two fractures are pre-
sented in Fig. 2; the angle between the two fractures is
22° and can be close to 0° for other cases. Discretizing
Fig. 2 with a reasonable number of triangles may lead
to degenerate triangles between fractures. Then, small
grids may be included to improve the quality of the tri-
angles; however, this solution is computationally costly.
Reducing the complexity of the problem by treating the
critical configurations is another solution; this section
presents three different methods to simplify slightly
the geometry of the fractures instead of generating an
adaptive grid. A brief description of each method, for
representing the fractures in Fig. 2, is given next.

Fig.2 An example of a
critical configuration
generated by two fractures
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Fig. 3 Representation of the fractures configuration shown in
Fig. 2 by the square centers using the simplification procedure
SP1

2.1 Simplification procedure 1 using 2D/3D
structured grid

Based on a two-dimensional grid, the fractures in Fig. 2
are approximated by some square centers as shown in
Fig. 3. In 3D, the fracture boundaries (i.e., the contour
and the fracture intersections) are approximated by
some cube centers of a regular three-dimensional grid
as shown in Fig. 4.

Using this method, (1) most of the degenerate tri-
angles are removed, and (2) the connectivity of the
network is respected by the fact that two intersections
of fractures are intersected if and only if they have
a joint cube. Also, this method ensures a minimal
distance and angles between two successive cubes be-
longing to the discretized object. The method makes
the grid optimal in the sense that no mesh refinement
procedure is needed to improve the quality because
all complex configurations are analyzed. However, the

Fig. 4 Two-fracture
configuration in 3D (left); the
projection of the boundaries
of the fractures and their
intersections on a
three-dimensional regular
grid (right) using
simplification procedure SP1

fractures approximations or the flow paths are longer
than the original paths. This may influence the results
by, for example, underestimating of solute concentra-
tions [9, 16]. Moreover, the mesh cannot be refined at
a given location because the transformation made is
global and based on only one general structured grid.
For more details, we refer to [14-16].

2.2 Simplification procedure 2 using 2D/3D
unstructured grid

In references [9] and [16], a discretization method
of irregular fractures in 3D for flow and transport
simulations is discussed. The technique presented is
based on the approximation of the fractures using two-
dimensional (for 2D problems) and three-dimensional
(for 3D problems) finite element grids that utilize tri-
angles and hexahedral elements, respectively. For a
better understanding of this method, the 2D version of
the simplification procedure 2 (SP2) is summarized as
follow:

—_

Discretize a fracture by a series of segments.

2. Generate a 2D finite elements grid using triangular
elements.

3. Find intersections of all fracture segments with the
triangular element edges.

4. Move the element edge intersections to closet
nodes. These nodes become the fracture nodes.

5. Reconstruct the fracture using the corresponding

fracture nodes found in 4.

Using the simplification procedure SP2, the fractures
in Fig. 2 are transformed as shown in Fig. 5. Both sim-
plification procedures simplification procedure 1 (SP1)
and SP2 provide identical results for flow problems in
2D/3D as shown in [9, 16]; however, the simplification
procedure SP2 is better than the simplification proce-
dure SP1 for 2D/3D transport simulations.
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Fig. 5 Representation of the fractures configuration shown in
Fig. 2 by the pecked lines using the simplification procedure SP2

A major drawback of the simplification procedure
SP2 is that it does not allow for the inclusion of a
refinement procedure to locally adapt the mesh [16]
because, as explained for the simplification procedure
SP1, a global transformation of the fractures is used.
Computationally and numerically, this may have big
effects for large-scale problems and when the fracture
sizes vary strongly. In addition, existence of clusters
of fractures inside a large domain may only require
finer grids in these clusters and coarse grids away.
Furthermore and depending on the fractures proper-
ties, i.e., size, aperture, or orientation, a fracture may
need to have finer grids than others, and in conclusion,
the simplification procedure SP2 may not offer these
opportunities.

2.3 Simplification procedure 3 using
local transformation

A novel simplification procedure, SP3, using a local
transformation of the fractures F, and F, in Fig. 2
is introduced in [16, 17]. The method SP3 can solve
the problems arising from the simplification procedures
SP1 and SP2 for very complex problems. The concept
used by the simplification procedure SP3 is based on re-
ducing locally the critical and complex configurations,
as much as possible, by remaining part of the fracture
network unchangeable. The method developed is real-
ized in three steps:

1. Step 1: The boundaries of the domain and the
fractures are discretized into set of discrete points.
2. Step 2: The discretized points obtained in Step 1
are analyzed by scanning the original image with
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a square of size A’. This procedure starts with the
square centered at the lower left corner of the
domain.

By default 4’ = h where 4 is the mesh step. In this
case, the minimal distance allowed between two
discrete points will be A’

3. Steps 3: The scanning starts with the square defined
in Step 2. The square displays horizontally and
vertically until scanning the entire domain. At each
time, we search the discrete points, obtained from
Step 1, that are within the current square. Different
cases are distinguished:

a. No points are inside the square; then move to
another square.

b. Only one point from Step 1 is inside the square;
then, this point is not changed as for example
the border’s points.

c. More than one point from Step 1 are inside
the elementary square; then, all the points in-
side the square are moved to the center of the
square. Note that the remaining points are not
moved.

The simplification described above may change slightly
the orientations and lengths of few segments. Conse-
quently, fractures lengths will be changed slightly. This
simplification is followed by triangulating the domain
using a constrained Delaunay triangulation method
[16]. Based on the discrete points resulting from Step 3,
a Delaunay algorithm is implemented to generate the
internal points as shown in Fig. 6. For more details
about triangulations, we refer to [8, 16]. Finally, we note
that the algorithm developed is flexible and allows for

Fig. 6 Representation of the fractures configuration shown in
Fig. 2 by the dotted lines using the simplification procedure SP3
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scanning the image using different geometric shapes,
such as triangles or polygons, and not only the squares
used here.

The approach developed is extended to 3D in [17].
Complex 3D fracture configurations are simplified to
facilitate the generation of a mesh quality without a

refinement procedure to improve the mesh quality of
complex fractured configurations. In that work, the 3D
geometry of the fracture network is adapted instead of
the 3D mesh. The simplified procedure (SP3) delivered
an optimal solution in terms of solution precision, mesh
quality, and computational cost.

2: rectangle.

% Geom: ellipsoid or a rectangle. 1: ellipsoid;

% Geom

2

% (x0,z0) coordinates (m) of the left bottom point of the
% rectangular domain (reference point).

% x0,z0

0. 0.

o° o

oo

positive to the right.

Lx : length(m) of the rectangular domain in the x-direction

% Lz : height(m) or width(m) of the rectangular domain in the
% z-direction positive upward or y-direction positive uptward.
% Lx, Lz

8. 8.

oe

oe

Nx : number of subdivisions in the x-direction.

% Nz : number of subdivisions in the z-direction.
% Nx, Nz
8. 8.

oe

oe

nf : number of fractures in the domain.

% nf

2

% fi: fracture index (number).

% (x1,y1), (x2,y2) coordinates (m) of the fracture element ends.
% N i : number a priori of nodes on the fracture number i.

% fi, x1, yl, x2, y2, N_fi for i =1, nf

111666

244,17 25

o° oo oe

oe

scp

oe

oe

small triangular elements.

d° o d° oe

oe

mod, ssi, pni
0.2 0.2

oo

o°

nbmax
000

o° o d° d° OY o

oe

add, htf, hap
00

o

%<method> <param>

%method: the method used to treat the fractures.

$method=0:
$method=1:
$method=2:
$method=3:

scp : scaling parameter (less then 1) for the plotting.
The unit of the axis that supports the larger of Lx and Lz
is multiplied by scp. If scp = 1, then no scaling is done.

mod : option to modify the fractures configurations to avoid very

They are two parameters used in the modification: ssi and pni.

If mod = 0, there is no modification and the parameters ssi and pni are not used.
ssi : maximum length (m) for a fracture to be removed.

pni : maximum length (m) to be added to a fracture.

nbmax: maximum number of mesh nodes in the domain.

add: option to generate nodes close to the fractures: 1 = yes , 0 = no.

When add = 0, no nodes are added and the parameters hap and htf are not used.

htf: the ratio of the height (ht) of a triangle to the fracture mesh element (Lb).
hap: radius of the circle with center at the added node.

Different methods are used:

no treatment of the fractures; here param is a mot used.

SP1 is used; then param is the size of the regular grid block (Figure 13).

SP2 is used; here param is the mesh step i.e. h (Figure 14).

SP3 is used; then param is the size of the square in 2D or the cube in 3D used to

%scan the discrete points obtained from Step 1 of the simplification procedure SP3.

00

Fig. 7 Example of a two-dimensional input data file to generate Fig. 6
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3 G23FM general algorithm

G23FM reads only one input file “name_file.in” written
with a slight difference with respect to the dimension
of the problem, the geometry of the domain, and the
methods used. G23FM generates one output file that
contains the mesh information.

The source code is written in standard Fortran 90
using modules (classes). G23FM can be compiled us-
ing nmake command in Windows operating machine,
and contains three modules: (1) mod_initialization;
(2) mod_g23dm, and (3) mod_visualisation. They are
described by the following.

3.1 mod_initialization

In this module, we provide the data to define the
geometry. The data are stored in input data file
“name_file.in”. This file provides data necessary to
create the mesh. The format of this file and relevant
illustrations are presented in the following examples
and Figs. 7, 8,9, 10, 11, 12, and 13.

3.1.1 Two-dimensional problem

For two-dimensional problems, the format of the input
file and relevant illustrations are presented in the fol-
lowing example and Fig. 7. It contains:

e  Geom: the two-dimensional domain is an ellipsoid
or a rectangle. 1: ellipsoid; 2: rectangle.

If “rectangle”:
° <X9> <Yo>

o (xg,y0): coordinates (m) of the left bottom point
of the rectangular domain (reference point).

Fig. 8 Ellipsoid parameters illustration

@ Springer

o <Lx> <Ly>

o Lx:length (m) of the rectangular domain in the
x-direction positive to the east.

o Ly: width (m) or height (m) of the rectangular
domain in the y-direction positive to the north
or the z-direction positive upward.

¢ <Nx> <Ny>

o Nx: number of subdivisions in the x-direction.
o Ny: number of subdivisions in the y- or z-
direction.

If “ellipsoid™:
° <X9> <Yo>

o (x9,y0): coordinates (m) of the ellipsoid center
(reference point).

o <a> <b> <¢>

o a, b and ¢: ellipsoid parameters as shown in
Fig. 8.

o <Ne>

o Ne: number of subdivisions of the ellipsoid’s
border.

The following parameters are the same for both
geometries:

o <nf>
o nf:number of fractures in the domain.
o <fi> <x;> <y;> <x2> <yz> <Ny;i>

o fi:fracture index (number).

o (x1,1), (x2,y2): coordinates (m) of the fracture
element ends.

o Ny;:number of nodes in the fracture number fi.

°*  <scp>

o scp: scaling parameter (less then 1) for the
plotting. The unit of the axis that supports the
larger of Lx and Ly or Lz is multiplied by scp.
If sep = 1, then no scaling is performed.

o <nbmax>

o nbmax: maximum number of nodes in the
domain.

* <mod> <ssi> <pni>

o mod: option to modify the fractures
configurations to avoid very small triangular
elements (Fig. 9). There are two parameters
used in the modification: ssi and pni. If
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Fig. 9 a A domain with two
intersecting fractures; b mod

from the mesh

removed; see (b)

shown in (b)

(a)

(b)

(©

= 0. Mesh with two flat 4
triangles around D; ¢ mod =
1. Remove the flat triangles
8m / 7
v
Fig. 10 Two intersecting
fractures. The small segment (a) (b)
in the circle on the left (a) is
5
_—
Fig. 11 When the fractures
become close (a), one is (a) (b)
replaced by the configuration
-
(a) (b)
. Lb L
Fracture
® < ZX]Q‘?D o o p
[ ] %EI o

Nodes added close to the fracture

Fig. 12 aadd = 0;b and ¢ add = 1. Nodes are added around the fracture

Fig. 13 nf =1,Nx =38,
Nz=6,mod =0.aN| =5,
add =0,nn =76;b N; = 50,
add =0,nn = 643;¢ N =5,
add =1,nn =77

(a)

6 m

(b) (c)

o T T Y U |

8 m
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Fig. 14 nf =4, Nx =12,
Ny =9,mod = 1. The N (a) ; (b) : i ©)
corresponding data listed in |
Table 1 ' I \
e i o
< ]
6 m II'\I .._.r"' I I'll
[ y ' _ |
I\
| {
vl J L A ’ J
8m 8m 8m

mod = 0, there is no modification and the
parameters ssi and pni are not used.

o ssi: maximum length (m) for a fracture to be
removed (Fig. 10).

o pni: maximum length (m) to be added to a
fracture (Fig. 11).

e <add> <htf> <hap>

o add: option to generate nodes close to the frac-
tures (Fig. 12): 1 = yes, 0 = no.
— If add =0, no nodes are added and the
parameters hap and htf are not used.
— If add = 1, we add the nodes in two steps.
In first step, we add nodes around the
fractures (Fig. 12b) and in second step we
create the other nodes of the mesh. The
nodes added in the second step must be
outside the circles with centers the nodes
added in first step (Fig. 12¢). For example,
in Fig. 12c, A is unacceptable added node
and B is acceptable. The nodes are added in
second step using a Delaunay method [§].
o  hif: the ratio of the height (ht) of a triangle to
the fracture mesh element (Lb) (Fig. 12b).
o hap:radius of the circle with center at the added
node in first step of mesh generation nodes
(Fig. 12c¢).

These options are very useful in some applications
like, for example, the use of the cross-flow equilibrium
concept [10]. This concept combines the fractures cells
and two adjacent triangles in a volume control cell.
This procedure needs a finer grid close to the fracture.
Using these options, the program generates small tri-

Table 1 The corresponding data used for the generation of
Fig. 14

N1 N2 N3 N4 add nn
a 8 4 6 5 0 152
b 56 28 42 35 0 3,208
c 8 4 6 5 1 182

@ Springer

angles close to the fractures without need to call for
a refinement procedure. Thus, the number of triangles
does not increase and approximately the same triangles
are deformed to have this characteristic.

e <method> <param>

o method: the method used to treat the fractures.

Different methods are used:

— method = 0: no treatment of the fractures;
here param is a not used.

— method = 1: SP1 is used; then param is the
size of the regular grid block (Fig. 13).

— method = 2: SP2 is used; here param is the
mesh step, i.e., & (Fig. 14).

— method = 3: SP3 is used; then param is the
size of the square in 2D or the cube in 3D
used to scan the discrete points obtained
from Step 1 of the simplification procedure
SP3.

Note that if method # 0, then parameters <mod>,
<ssi>, <pni>, <add>, <htf>, and <hap> are not
used.

3.1.2 Three-dimensional problem

In the case of a three-dimensional problem, the domain
is a parallelepiped (for example, the fracture network
in Fig. 1) and the input data file is described as follows:

L4 <X9> <Yo><Z0o>

o (x9,Y0,20): coordinates (m) of the left bottom
point of the of the parallelepiped domain (ref-
erence point).

o <ILx> <Ly><Lz>

o Lx:length (m) of the rectangular domain in the
x-direction positive to the east.

o Ly: width (m) of the parallelepiped domain in
y-direction positive to the north.

o Lz height (m) of the rectangular domain in the
z-direction positive upward.
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Fig. 15 nf = 10, Nx = 12,
Ny =9, mod = 1. The N (a) . (b) (C)
corresponding data listed in | 4 ay [ s 5 [ |
Table 2 7 ’ e 4 I
; i : \ /I_f' 5 | A
6m IRVAVAY.¥Zi [ - \“:- o g { | 4 "I':' ¥iiw AL 4
X | A : | i A
N [ ok _ 5
1 | ' | |
8m 8m Em
e <nf> tion is moved, prolonged, or shortened then, the same

o nf:number of fractures in the domain.

o <fi> <x fi> <y fi> <z fi> <a_fi> <b_fi>

operation has to make in the corresponding intersected
fractures.

<¢_fi> <¥_fi> <0_fi><hs;> 3.2 Mod_g23dm

o fi: fracture index (number).

(x_fiyy fiz_fi): coordinates (m) of the frac-
ture’s (i.e., the ellipsoid) center.

o a_fiand b_fi: large and small axis of the ellip-
soid as shown in Fig. 8.

o ¢_fi, ¥_fi, and @_fi: Euler angles (phi, psi, and
theta) in degree used for the ellipsoid orien-
tation. If these angles are set to zero, then
fracture is in x—y plane and oriented as shown
in Fig. 8b.

o hy;: mesh step used to discretize the fractures’
border and intersections. Note that the mesh of
the network is a conforming mesh and the mesh
step is the same to disctretize all the intersec-
tions between the fractures of the network.

o <nbmax>

o nbmax: maximum number of nodes in the do-
main. Note that the number of nodes in the
mesh of a given fracture can be estimated by
calculating the ratio of the fracture’s area to the
size of an equilateral triangle with an edge size
equal to Ay;.

e <method> <param>

o Same as for 2D problems with extension of the
simplification procedures to 3D.

Note that the options <mod>, <ssi>, <pni>, <add>,
<htf>, and <hap> are not used because if an intersec-

Table 2 The corresponding data used for the generation of Fig. 15

This module contains three main subroutines:

Jractures_intersections: after reading the fractures
characteristics, this subroutine calculates the inter-
sections between the fractures. These intersections
are segments for three-dimensional problems (i.e.,
the black lines in the fracture in Fig. 1 (right)) and
are points for two-dimensional problems (i.e., two
lines intersect by a point).

network_discretization: this subroutine discretizes
the fractures into points. This global discretization
provides a similar discretization of a given inter-
section in all the fractures containing it. Then, the
fractures meshes communicate together through
the similar discretized intersections to form a
global conforming mesh for the whole domain.
Here, the results are a set of nodes, connected by
edges.

g23dm: this subroutine uses the set of points and
edges from the previous subroutine to generate
the internal nodes and the final mesh. In two-
dimension, the Delaunay algorithm is applied to
generate one triangulation based on the previous
set of points and edges. In three-dimension, this
algorithm is applied to each fracture given its dis-
cretized points and edges. The internal nodes and
edges in the resulting mesh are numbered locally
and the intersections nodes and edges have local
and global numbers. When the triangulations of all

N] Nz N3 N4 N5 N(, N7 Ng N9 N10 add nn
a 4 6 9 6 5 6 3 8 4 5 0 158
b 28 42 63 42 35 42 21 56 28 35 0 2,628
c 4 6 9 6 5 6 3 8 4 5 1 275
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Fig. 16 nf =15, Nx =12, (a)
Ny =9, mod = 1. The i

(b) ()

corresponding data listed in
Table 3

LA
Y
v
A
v

fractures are obtained, a renumbering procedure is
called to provide global numbers to all the internal
nodes and edges of the fractures’ triangulations.

3.3 Mod_visualization

This module contains one subroutine to write the out-
put datain a file (“name_file.mesh”); it can be used with
the finite element method, and can be visualized using
Medit software [7].

4 Numerical examples

We present several examples with different level of
complexity to illustrate the main features of G23FM.
From sample configurations of one fracture to more
complex configurations with thousands of fractures are
meshed. All runs were performed on a 3.2 Ghz Intel(R)
Xeon (TM) PC with 2 GB of RAM.

4.1 Example 1: a demonstration of G23FM
performances

Denote by nn the number of nodes in the mesh of the
two- and three-dimensional domains. Figures 12 to 15
present the meshing for different number of fractures.
For example, in Fig. 12, we have a discrete fractured
media with one fracture (nf = 1).

The fracture and the domain’s boundaries are dis-
cretized by the same mesh step, and the mesh around
the fractures is not refined. The mesh obtained is of

Table 3 The corresponding data used for the generation of Fig. 16

good quality. Also, GFM offers an option to refine the
grid close to the fractures as shown, for example, in
Fig. 12b. For another application, we may need finer
grids near the fractures, and coarser grids far from the
fractures. The solution to this is presented in Fig. 12c.
Such mesh helps to improve the precision of the so-
lution (using for example the cross-flow-equilibrium
concept [10] and to reduce the memory capacity and
the CPU time).

In Figs. 14 to 16, we present three examples of
fractured media with, respectively, 4, 10, and 15 frac-
tures. For the figures, we chose the following input
parameters:

o  Geom =2;(x9,y9) = (0,0); Lx =8 mand Ly = 6 m;
scp = 1; if mod # 0, then ssi = 0.00001 m, pni =
0.00001 m; nbmax = 6,000; if add # 0, then htf =
10 m and hap = 0.5 m; method = 0.

In Fig. 9, we present a simple example for modification
of fractures configuration. The following input has been
chosen:

o Geom =2;(x9,y9) = (0,0); Lx =8m and Ly = 8 m;
nf=2;Nx=8 Ny=8;N, =7,N, =6;scp = 1; if
mod # 0, then ssi = 0.2 m, pni = 0.2 m; nbmax =
6000; add = 0; method = 0.

Figure 9a shows the initial domain. The point D is close
to the fracture AB. First, the mesh of the domain with
an option mod = 0 is generated as shown in Fig. 6b.
Two flat triangular elements are generated around D.
These triangles are removed on in Fig. 6c when the

N N> N3 Ny Ns Ns N7 Ng Ny

Nio N1 Nio Ni3 Nia Nis add  nn

b 28 42 63 42 35 42 21 56 28

5 5 10 4 9 6 0 167
35 35 70 28 63 42 0 3,611
5 5 10 4 9 6 1 355
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Fig. 17 Scaling for plotting. ( a)
nn =1,510. ascp = 1; S B
b scp = 0.5; ¢ scp = 0.2 100 m IL e T

100 m NI =

100 m

}

3000 m

modification option is activated, i.e., mod = 1. Note  sented. For this example, we have only changed scp and
that, any of the simplification procedures is used in the ~ we selected the following data:
examples for the reason of simplicity.

Figure 17 shows the usability of the scaling option. e Geom = 2; (x9,y9) = (0,0); Lx = 3000 m and Ly

Different examples, for various values of scp, are pre- = 100 m; nf = 3; Nx = 100; Ny = 5; N; = 50; N,
(a) (b)

Lx =9808m

Ly =15570m

Lz =1476m

it NF = 57 000 fractures

- Aperture x 10
0.13mm, 0.25 rrm|
0.25mm, 0.3 |
10.35em, 0.45 mer{
'p.m‘o.sam
[0:56mem, 0,63 rm|

y

Fig. 18 a A fracture network contains 57,000 fractures generated (z=0and y > 0) from (a); d and e are cross-section at x = 0 and
in a parallelepiped of (9,808 m) x (15,570 m) x (1,475 m); b a its mesh, respectively
cross-section (x = 0) of the network; ¢ the mesh of the zone

@ Springer



396

Comput Geosci (2011) 15:385-397

= 50; N3 = 10; mod = 1; ssi = 0.00001 m; pni =
0.00001 m; nbmax = 6,000; add = 0; method = 0.

4.2 Example 2: meshing a real complex
fractured media

An example of meshing real complex geometry is
shown in Fig. 18. Figure 18a consists of a complex
fractured media that contains 57,000 fractures, stochas-
tically generated. A cross-section at x = (0 is presented
in Fig. 18b and d. The two-dimensional sections of
the network show some clusters of fractures. G23FM
adapts the mesh in a consistent and economic way
as shown in Fig. 18c and e. These figures show the
ability of controlling the grids size to generate different
gridding resolutions depending of the position of each
cluster. Note that the simplification procedure SP3 is
used in this example.

An elementary criterion has been adopted and con-
sists of the evaluation of the element quality with re-
spect to the equilateral simplex (as the best possible ele-

ment). For a triangular element, the quality is expressed
as [8, 16, 17]

A

STt e @

q
where A is the area of the triangle, a, b, and c are
the lengths of its sides and is a normalizing coefficient
which justifies the quality of an equilateral triangle to
1. Figure 19 shows the mesh quality plots for both the
original domain mesh and the mesh after using the
simplification procedure SP3. This figure shows clearly
how the degenerate triangles in the original domain

100
—<—— With SP3
| ———— Without SP3
751
g
a\ [
S 50F
5 “H,
o
g |
o L
25
g =
0 02 04 06 08 1

I Quality I

Fig. 19 Comparison between the mesh quality of the fractured
domain before and after using the simplification procedure SP3

@ Springer

gridding are removed from the gridding after using SP3.
Most of the triangles obtained using the simplification
procedure SP3 are of high quality, in contrary to the
original mesh as shown by the important number of
degenerate triangles in the range [0,0.6] of Fig. 19.

4.3 Conclusions

A mesh generation tool, G23FM, is presented in this
paper. Different simplification procedures (i.e., SP1,
SP2, and SP3) of complex fractured media are dis-
cussed. The simplification procedure SP1 is a simple
concept based on an approximation of the fractures
using a regular grid; this concept is mostly suitable
for flow problems. For transport problems, the sim-
plification procedure SP2 performs better than the sim-
plification procedure SP1, and is based on a global
transformation of the fractures using an unstructured
grid. Note that for orthogonal fractures, SP1 is bet-
ter than SP2 because the fractures coincide with the
regular grid used. For complex fractured media, an
efficient simplification procedure, SP3, is presented;
SP3 uses a local transformation to make the minimal
needed modifications. This transformation is decided
by scanning the original domain and defining the crit-
ical configurations based on given criteria. The sim-
plification procedure SP3

e removes the degenerate triangles and provides a
good mesh quality

e maintains approximately the geometric integrity
of the input surfaces and geological data; conse-
quently, very close configurations are obtained af-
ter removing the critical complexities

e allows the inclusion of a refinement procedure,
for example, to locally adapt the mesh of complex
configurations of fractured clusters

e s typical in the sense that the solution obtained
is exactly the “perfect solution”, when no critical
configurations are found

G23FM is a flexible tool and contains various options
like adding points, refinement, controlling triangles’
sizes, scaling, and other useful options. G23FM is fully
controlled by the users as shown in different exam-
ples. Complex three-dimensional networks have been
meshed and the mesh obtained after using the sim-
plification procedure SP3 is shown to be much better
the mesh before using simplification procedure SP3.
Complex real fracture networks are mesh in this paper.
Finally, the grids produced by G23FM are widely ap-
plicable and can be used by any numerical algorithm
that can utilize unstructured grids.
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