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Abstract Mesh generation has been widely used in engineering computing, but
seems to be relatively “new” for geoscience community. This paper firstly lists
such relevant progresses of mesh generation for the engineering computing and
then discusses the possibility for applying/extending them to geoscience comput-
ing (i.e. geocomputing). For geoscience, the available input data are normally a
large quantity of point data in the 3D space rather than the defined shapes and di-
mensions with reasonable tolerances provided by the industrial designers, thus
quite different from the engineering cases. To deal with such geoscience data,
this paper briefly introduces the relevant progresses on geometrical modeling,
hexahedral and tetrahedral shaped mesh generation, and then focuses on the apply-
ing and/or extending the related methods to generate all hexahedral/tetrahedral
shaped meshes in 3D for geoscience purposes, which is described through the
different practical application examples, such as the all-hexahedral shaped mesh
generation for a fracture dominated reservoir system, the South Australia interact-
ing fault system and the entire earth model without or with the simplified/practical
plate boundaries; and all-tetrahedral shaped mesh generation for a multi-layer un-
derground geological model, and visualizing and meshing with the microseismici-
ty data recorded during a hydraulic stimulation process in a geothermal reservoir.
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1 Introduction

With the rapid development of supercomputers, high-performance comput-
ing based simulation is internationally recognized as paradigm shift that
offers an outstanding opportunity for advancement to better understand
and quantify the earth systems science, materials science and engineering
etc. Especially for the geoscience, short-term idealized experiments and
field site observations have helped people to understand the relevant phe-
nomena, while the prediction and risk assessment of complex earth sys-
tems may be better to be achieved numerically, that includes the finite
element method (FEM), the finite difference method (FDM). FDM nor-
mally requires the simplified regular square/cubic mesh (even with over-
lap), which is much easier to deal with. Therefore, the mesh generation for
FEM analysis is focused here. Several commercial FEM software pack-
ages are available and widely used in the practical for industrial engineer-
ing design and analysis, such as ABAQUS, ANSYS, ADINA, MSC Soft-
ware and LS-Dyna3D. Following the above successful stories in the
mechanical and civil engineering computing, the finite element based nu-
merical modeling of the geoscience offers an outstanding opportunity to
gain an understanding of those dynamics and complex system behaviour,
and to develop the scientific underpinning for geoscience, such as ground
motion, geodynamics, interacting fault system, and earthquake and tsu-
nami forecasting.

Mesh generation is a critical step before finite element analysis could be
carried out, which is defined as a process of dividing a continuous physical
domain into a grids (elements) for the further numerical solution. Mesh
generation and optimization process may be achieved by numerous in-
house and/or commercial software programs, and many researchers are
still working on it. The Sandia National Laboratories’ 16th International
Meshing Roundtable (http://www.imr.sandia.gov/16imr/main.html) and
the 6th Symposium on Trends in Unstructured Mesh Generation
(http://www.andrew.cmu.edu/user/sowen/meshtrends6/index.html) was
just held in 2007, which reflects the related research history, current out-
comes and problems. Robert Schneiders maintains a website to provide in-
formation on mesh and grid generation: people working in the field, re-
search groups, books and conferences (http://www-users.informatik.rwth-
aachen.de/~roberts/meshgeneration.html); Owen also maintains a meshing
research corner (see http:// www.andrew.cmu.edu/user/sowen/mesh.html)
and did a survey of unstructured mesh generation technology used in both
in-house and commercial software (see http://www.andrew.cmu.edu/user/
sowen/survey/index.html); Xing and Mora (2003) did a similar survey but
focused on the technologies mostly relevant to mesh generation of crustal
fault systems. Based on these surveys, surface domains may be subdivided
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into triangle or quadrilateral shaped mesh and volumes may be subdivided
primarily into tetrahedral or hexahedral shaped mesh by using various of
software, where the following algorithms are mostly used: Octree (e.g.
Frey et al. 1994; Schneiders and Bunten 1995, 1996; Schneiders 1996,
1997; Shephard and Marcel 1991, 1992; Tu and O’Hallaron 2004; Yerry
and Shephard 1984), Delaunay (e.g. Baker 1989; Borouchaki and Lo 1995;
Borouchaki et al. 1996; Borouchaki and George 1997; Borouchaki and
Frey1998; Borouchaki et al. 2000; Du and Wang 2003; George et al. 1991;
George and Seveno 1994; Georgel1997; Joe 1991a, b, c, 1995; Lee and
Schacter 1980; Shewchuk 2002; Weatherill and Hassan 1994; Wright and
Alan 1994), advanced front algorithm (e.g. Lau and Lo, 1996; Lee and Lo
1994; Lee and Hobbs 1999; Lee 2003; Lee and Lee 2002, 2003; Lo 1991a,
b, 1992; Lohner 19964, b, c; Lohner and Cebral 2000; Lohner and Eugenio
1998; Owen et al. 1999; Owen and Saigal 2000; Yamakawa and Shimada
2003), and sweeping/mapping method (e.g. Cheng and Li 1996; Knupp
1998, 1999; Lai et al. 2000; Scott et al. 2005; Staten et al. 1998, 2005). A
brief summary is listed in Table 1. Automatic generation of triangle and
quadrilateral shaped mesh in 2D and tetrahedral shaped mesh in 3D for a
normal continuous domain is already quite mature, but for a high quality
hexahedral shaped mesh, the automatic mesh generation of a general 3D
physical domain is still not available, which is mainly achieved through
the case-by-case trial-and-error techniques. Moreover, for a discontinuous
complex domain, further research for automatic mesh generation of tetra-
hedron/hexahedron shaped meshes is still required.

Table 1 Various algorithms used in mesh generation and their advantages/
disadvantages

Indirect/
Quadtree/ Sweeping/
Delaunay AFT Ociree Mapped
Meshing
Triangle/ Triangle/
Supported Triangle/ Tetrahedron/ Tetrahedron/
Element Hexahedron
Tyoe Tetrahedron  Quadrangle/ Quadrangle/
yp Hexahedron Hexahedron
Algorithm
Efficiency O(Nlog(N))  O(Nlog(N)) O(Nlog(N))
Element Normally Normally Good except lljl?trrrfﬁlg \g;)osd,
Quality good good boundary achievable y

(Continued)
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Table 1 (Continued)

Indirect/
Quadtree/ Sweeping/
Delaunay AFT Octree Mapped
Meshing
Adaptivity Yes Yes Yes Case by case
Automz}tlc Yes Yes Yes Case by case
generation
Boundary
Known recovery/ Convergence Boundary Sometimes
problems Sliver De- problem fitting not achivable
composition
. . ¢ ANSYS/
Commecial ANSSbKS / ANSYS/GIDY ICEM EFD/ GID/
Software/ Qhull’/ Hypermesh® MEGA?/  Hypermesh/
Public Code  Triangle® yp MESH'/QMG' CI}}%ITJ-

‘see http://www.ansys.com for more information.

*see http://www.qghull.org for more information.

‘see http://www.cs.cmu.edu/~quake/triangle.html for more information.

‘see http://gid.cimne.upc.es for more information.

‘see http://www.altair.com/software/hw_hm.htm for more information.

'see http://www.icemcfd.com/ for more information.

*see http://www.scorec.rpi.edu/ for more information.

"see http://www.synopsys.com/products/tcad/mesh_ds.html for more information.
'see http://simon.cs.cornell.edu/Info/People/vavasis/qmg-home.html for more in-
formation.

'see http://cubit.sandia.gov for more information.

The existing commercial and industrial strength in-house graphics soft-
ware as above are, on the whole, designed for the mechanical and civil en-
gineering industry (such as the automobile industry). In these industries,
the domain normally has defined shapes and dimensions with reasonable
tolerances provided by the designers. Many applications use a “bottom-up”
approach to mesh generation. Vertices are firstly meshed, followed by
curves, then surfaces and finally solids. The input for the subsequent mesh-
ing operation is the result of the previous lower dimension meshing opera-
tion. For an example, nodes are firstly placed at all vertices of the geome-
try. Nodes are then distributed along the geometric curves. The result of
the curve meshing process provides input of a surface meshing algorithm,
where a set of curves define a closed set of surface boundaries. Decompos-
ing the surface into well-shaped triangles or quadrilaterals is the next stage
of the meshing process. Finally, if a solid model is provided as the geomet-
ric domain, a set of meshed surfaces defining a closed volume is provided
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as input of a volume mesher for automatic generation of tetrahedra, hexa-
hedra or mixed element types (see Owen’s survey as indicated above).

However, difficulties have been encountered by using the existing
commercial graphics packages (including the industrial strength in-house
software) to construct a computational model of a certain geoscience case,
such as an interacting fault system. Specifically, it is very difficult and
time-consuming to use the existing engineering-focused software to con-
struct practical 3D models with complex fault geometries, which are given
by the converted fault data from digital images or a serial of point sets.
This is mainly because the existing commercial graphics software are, on
the whole, designed for the mechanical and civil engineering industry
(such as the automobile industry) as described above. In these industries,
the domain normally has defined shapes and dimensions with reasonable
tolerances provided by the designers, whereas, in the cases of geoscience,
these are usually specified by a large quantity of point data, such as the
fault data. Therefore, special techniques are required for treatment of the
different cases from the geoscience community. In addition, mesh genera-
tion seems to be quite “new” for the geoscience community despite it is
widely used in the engineering computing. To follow the successful stories
in the mechanical/civil engineering computing etc., a preliminary introduc-
tion/training is necessary to ensure such successful engineering-focused
mesh generation procedures and relevant software be helpful and applica-
ble to the geoscience filed.

Automatic generation of triangle and quadrilateral shaped mesh in 2D is
already quite mature, thus the 3D cases are focused here. To generate
meshes containing faults (discontinuity) described by a large amount of
point data set (including digital images) in 3D space, tetrahedral shaped
elements seem to be more easily achieved automatically by using the De-
launay algorithm (the mostly common one) and the advancing front tech-
nique (AFT). While the conventional Delaunay algorithm is not ideal
since it is difficult to guarantee that nodal points are exactly located at
the fault/boundary interfaces specified by the input point data. The AFT
may generate a mesh with nodes located exactly at fault interfaces, al-
though very few codes are available with this algorithm for automatic
mesh generation due to a few of its limitations. Hexahedral shaped ele-
ments provide an alternative to tetrahedral shaped meshes. So far, there is
no software tool available to automatically generate a high quality hexa-
hedral mesh for a general 3D physical domain including the fault system,
despite a lot of outcomes have been achieved, such as CUBIT
(http://sass1693.sandia.gov/cubit/).

In summary, mesh generation is well developed and widely used in the
engineering field as above, but it seems to be quite “new” for the geoscien-
tists, thus the successful experiences and outcomes in the other field would
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be quite helpful and useful for the geoscience community. Here, we focus
on applying and/or extending such relevant successful experiences and
methods to generate all hexahedral/tetrahedral shaped mesh in 3D for
the geoscience purposes through several different practical application
examples.

2 Geometrical Modeling

With the rapid development of advanced digital image technology and its
application in the earth sciences, more and more image information of the
Earth is available and may be used to build computational models and
even to validate numerical results. However, the available input data for
geoscience are quite different from the engineering case as described
above; it is a large quantity of point data (including digital images) rather
than defined shapes and dimensions with reasonable tolerances provided
by the industrial designers. Thus there are a number of challenges that
must be overcome, such as how to obtain and use geological point data set
to construct the computational model and in particular generate usable
meshes (elements) for the further finite element analysis. Such a pre-
processing normally includes geometrical modeling and mesh generation.
Here geometrical modeling aims to construct and manage the related geo-
logical data, and it can also be applied to reconstruct the tectonic evolution
of the whole Earth, or a specified region such as the western Mediterra-
nean since the Oligocene (e.g. Rosenbaum et al. 2002). The task of geo-
metrical modeling here concentrates on the geological model construction,
which aims at editing and managing the tectonic data, and constructing 2D
or 3D geological surface/solid model involving faults and/or plate bounda-
ries. A specially-purposed tectonic CAD/Database module was developed
within the CHIKAKU system (Kanai et al. 2000; Xing et al. 2001), which
aims to manage the data and construct a computational model for an inter-
acting fault system. It is composed of two subsystems: tectonic database
and CAD. The main purpose is to construct 2D and/or 3D solid models in-
cluding faults and plate boundaries and to output the solid model of the
specified region directly for the CHIKAKU Mesh (Xing et al. 2001,
2007a) and/or in the standard IGES data format for easily interfacing with
other software packages (such as I-DEAS and Patran) for further mesh
generation. The developed geometrical modeling module includes the fol-
lowing three aspects: (1) Data input: The data may include (a) the under-
ground structural data of stratum boundary point, stratum borderline, stra-
tum and plate/fault, which could be available through the natural and/or
man-made earthquake data inversion, drilling well and advanced digital
image etc.; (b) observational data: hypocentral distribution and distribution
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of the distortion and (c¢) reference data for coastlines, the administration
field, rivers, the Earth’s surface and the ocean floor. (2) Data management
and editing: conversion of digital images and other data to the necessary
formats for constructing the fault and plate models, visualization and edit-
ing of the above data; (3) Geometrical modeling: construction and editing
of the lines and curves defining faults and plate boundaries, construction of
the parametric surfaces using the above curves, construction and editing of
the solid models using the generated surfaces, editing and output of a solid
model of a specified region. The above function may be also partly or to-
tally achieved by other in-house or commercial software such as those
specified in the above surveys with the similar procedure. Upon comple-
tion of the geometrical modeling, the mesh generation and optimization are
carried out together with the specification of loading, boundary conditions
and material properties and so on.

3 Hexahedral Mesh Generation

3.1 Introduction

There is the often-held position that quadrilateral and hexahedral shaped
elements have superior performance over tetrahedral shaped elements
when comparing an equivalent number of degrees of freedom, and also
more suitable for nonlinear finite element analysis in some cases. For finite
element analysis of incompressible or nearly incompressible nonlinear be-
havior, such as the large deformation of the Earth in 3D, it seems to be
necessary to use a hexahedral mesh rather than a tetrahedral mesh to obtain
sufficiently accurate results. The hexahedral shaped mesh generation is
crucial for the finite element community, but the automatic generation of
such a high quality all-hexahedral mesh for a general three-dimension do-
main is still not available, especially for meshing a large scale complex
geometry containing faults (discontinuities).

Due to difficulties in automatic generation of such a high quality all-
hexahedral mesh, several methods on special classes of geometry have
been proposed and become the easier ways to go, such as (1) the Octree
method (e.g. Schneiders et al. 1996; Loic 2001), which generates small
cubes inside the geometric model and generates a mesh by mapping the
surfaces of the boundary cubes onto the surfaces of the geometric model;
Normally, it is difficult to fit the boundary well, thus its application is quite
limited; (2) the mapped method, which firstly decomposes the whole ge-
ometry to one or several meshable blocks before meshing (Shin and Sakurai
1996; Taghavi 2000; Calvo and Idelsohm 2000); In addition, a shape rec-
ognition and boundary fitting based method is also proposed (Takahashi
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and Shimizu 1991; Chiba et al. 1998), which employs a unique shape-
recognition technique to change a geometric model into an approximate
one consisting of straight lines. Boundary fitting maps small cubes that are
generated by dividing the approximate model, onto the geometric and gen-
erate hexahedral meshes. However, this sometimes can not be always suc-
cessfully applied in case of some complicated models, such as (a) If the
geometric model contains surfaces which has three or fewer edges, a rec-
ognition model that is topologically equal to the geometric model cannot
be generated; and (b) If the assigned edge directions are not correct, a rec-
ognition model cannot be generated even if the geometric model is topo-
logically correct. This method has then been improved by automating the
model-editing task using feature line extraction (Hariya et al. 2006), but it
still just works case-by-case; (3) sweeping method (e.g. Scott et al. 2005).
To ensure that the geometry be meshed with all-hexahedral finite elements,
sweeping requires that the geometry should be 2.5D or decomposable into
2.5D sub-geometries. It includes the following two ways: One-to-One
sweeping and Many-to-One or Many-to-Many Sweeping. As for One-to-
One Sweeping (Scott et al. 2005), sweeping of “One-to-One” geometry
begins by identifying “source”, “target”, and connected ‘“guiding”
curves/surfaces. The source surface is then usually meshed with quadrilat-
erals using an unstructured scheme such as paving (Blacker and Stephen-
son 1991). Each guiding curves/surfaces must also be meshed with a
mapped or sub-mapped mesh. The surface mesh on the source is then
swept or extruded one layer at a time along the mapped mesh on the guid-
ing curves/surfaces toward the target mesh. This type of sweep is termed
as “One-to-One” because of the One-to-One correspondence between the
source and target surface. Due to the One-to-One sweeping’s strict re-
quirements, few geometry satisfy the topological constraints required to
generate a swept mesh. The Many-to-One or Many-to-Many Sweeping
methods have been proposed to decompose more complex geometry into
2.5D sweep “blocks” or “barrels” which then be sweepable (e.g. Lai et al.
2000; Shepherd et al. 2000; Knupp 1998; White et al. 2004). Sweepable
geometries or geometries that may be decomposed into sweepable parts
can be detected automatically with a fair amount of success (White et al.
2000); (4) converting from the tetrahedral shaped mesh. Normally, the tet-
rahedron mesh is much easier to be generated and can be converted to the
hexahedron mesh, but such a kind of hexahedron mesh is normally in poor
shape quality and with dramatically increased node and element numbers,
thus not always acceptable for further finite element analysis. Related ef-
forts have been attempted to re-generate the domain occupied by tetrahe-
dral shaped mesh to the hexahedron mesh with high quality, but not always
achievable (e.g. Owen et al. 1997, 2000).
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The above methods are applied here to mesh the following practical
geoscience problems. It is important to note that geometry decomposition
is widely used as above for the hexahedral shaped mesh generation. For a
continuous geometry, the actual decomposition of the geometry does not
occur, only an internal characterization of sweep/mapped blocks; but for a
discontinuous geometry containing faults, the discontinuous boundaries
(faults) will be used as a constraint for the geometry decomposition for
further mesh generation.

3.2 Fracture Dominated Reservoir System

Figure 1 shows a fault system in a certain fracture dominated gas reservoir.
The faults at the upper surface are depicted as 19 curves, and the fault
surfaces are straight along the vertical direction. Therefore, the sweeping
method can be applied to generate the hexahedral shaped mesh for such a
2.5 dimension case. Normally, one may use all the faults at the upper
surface as the constrained curves to generate the quadrilateral shaped mesh
without additional geometrical operation, and then generate the hexahedral
shaped mesh using the sweeping method, i.e. take the quadrilateral shaped
surface mesh as front and then advance inward. It may work well for a
normal continuous domain. However, for such a complicated fracture
dominated reservoir system, this will make all the meshes continuous
without taking all the faults as the real discontinuous boundaries
(curves/surfaces) for the quadrilateral/hexahedral shaped mesh in 2D/3D,
and the meshing result even fails when the constrained curves are
complicated and interacted with each other, as shown in Fig. 2 with the
current fault system. Therefore, the whole geometry is firstly decomposed
into a number of simple meshable shaped geometries (i.e. triangular or/and
quadrilateral shape) with the constraint of the fault curves as shown in Fig.
3 and put into different groups; secondly, the quadrilateral shaped mesh is
generated as above but sharing the same mesh seed at the common edges
(curves) between the neighbour groups; thirdly, the hexahedral shaped
mesh is generated using the sweeping method for the different groups;
finally, the above hexahedral meshes are assembled together with
“welding” operation (i.e. node equivalent), while keeping the meshes
along the faults being discontinuous, which are taken as the frictional
contact interfaces in the further finite element analysis. More regular and
fine meshes are used around the faults, while coarse meshes are used in the
other regions. The current model consists of about 46,000 hexahedron
elements with 65,000 nodes and all the 19 faults (see Fig. 4).
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Fig. 1 The geometry and distribution of 19 faults in a certain fracture dominated
gas reservoir
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Fig. 2 A failed example of the quadrilateral shaped mesh generation on the fop
surface using all the 19 complicated faults as the constrained curves, because only
the faults marking with black triangular are really involved for such an automatic
operation
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Fig. 3 The fop surface of the above fault system is decomposed into the 2D
meshable geometries for the quadrilateral shaped mesh generation with the con-
straint of all the 19 fault curves
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Fig. 4 The hexahedral shaped mesh generated using the sweeping method (a) the
whole mesh and (b) magnification of the central part of (a)

The sweeping method used here is limited that the number, size, and
orientation of the quadrilateral faces on opposing fronts direction should
match, thus it is rarely able to resolve the unmeshed voids and real general
3D problems. Once the opposing fronts collide, the algorithm frequently
has deficiencies. Many creative attempts have been made to resolve this
unmeshed void left behind by plastering. For examples, since arbitrary 3D
voids can be robustly filled with tetrahedral meshes, the idea of plastering
in a few layers, followed by tetrahedron-meshing the remaining void was
attempted (Dewhirst et al. 1995; Ray et al. 1998); Transitions between the
tetrahedral and the hexahedral meshes were done with Pyramids (Owen
etal. 1997) and multi-point constraints; The Geode-Template (Leland
et al. 1998) provided a method of generating an all-hexahedral mesh by re-
fining both the tetrahedral and the hexahedral meshes. However, this re-
quires an additional refinement of the entire mesh, which resulting in
node/element numbers much larger than required. In addition, the Geode-
Template was unable to provide reasonable mesh quality (Staten et al.
2005).
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3.3 Meshing Interacting Fault System of South Australia with
Mapped Block Method

The South Australian interacting fault system was chosen as a representa-
tive intraplate fault system. This choice was based on South Australia be-
ing reasonably representative of an active fault system in Australia and the
availability of sufficient data and geological expertise for this region to
enable a mesh be constructed. With detailed fault data based on ad-
vanced digital images (e.g. Fig. 5a) and geological knowledge of the
region, provided by Professor Mike Sandiford of Melbourne University,
a few of faults along the vertical direction are not straight along the
vertical direction, it is a real 3D case, thus the mapped block method
rather than the sweeping method is applied here. A 3D fault geometry
model within a block with dimensions of about 530 x 350 x 60 km’
(Fig. 5b) was firstly constructed. This involved editing and smoothing the
related curves/surfaces defining the faults. In order to easily generate the
hexahedral mesh and specify the conditions necessary for the finite ele-
ment simulation (i.e. boundary conditions and information about faults),
the entire geometric model of faults was firstly divided into several differ-
ent geometrical components/blocks representing components of the solid
model (e.g. Fig. 6a, b, c, d, e, and f). All of them are meshable using the
mapped block meshing method, and a few of them can also be meshed by
sweeping method (such as that in Fig. 6¢ and 7c); and these blocks were
then used to generate finite element meshes (e.g. see Fig. 7a, b, c, d, e and f).
Finally, the hexahedral meshes generated for the different components
were assembled together with “welding” operation (i.e. node equivalent),
or our stick contact algorithm after meshing (Xing et al. 2007a) (see Fig. 8).
As shown in Fig. 8, more regular and fine meshes are used around the
faults, while coarse meshes are used in the other regions. This approach
enables more accurate computational results be obtained with reasonable
finite computational resources. The discretised model after optimization
currently includes 504,471 nodes and 464,620 8-node hexahedron ele-
ments together with 9 contact interfaces (i.e. faults). It was further ana-
lyzed by using our finite element code (Xing and Mora 2006).
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Fig. 5 The South Australian interacting fault system (a) Image of the region of
South Australia being considered; (b) 3-D fault model to be analyzed
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Fig. 6 The entire geometric model of SA fault system is decomposed into several

different geometrical components/blocks and shown in the XY plane
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3.4 All Hexahedron Mesh Generation for a Whole-Earth Model

Mesh generation for a certain region in the reservoir and the fault system
scale is described above, but sometimes the whole-earth model is highly
required, such as for the tide deformation/stress analysis, deformable
whole-earth rotation, the whole-earth system analysis and the interaction
of a planetary system with the earth. Geophysical earth-models have
advanced from the simplest Guttenburg-Bullen Model to the more
complex Preliminary Reference Earth Model (PREM) (Dziewonski and
Anderson 1981) and current 3D models including plate/fault boundaries.
This provides more opportunities for the further analysis with a more
accurate earth model, while it is a great challenge for the mesh generation
before the finite element analysis could be carried out. Yin-Yang grid
(Kagayama et al. 2004) used in the mantle convection simulation of the
whole-earth, which is easily generated, but the meshes with Yin-Yang
method are partly overlapped and not suitable for the finite element
modeling. Our efforts on all-hexahedral shaped mesh generation of the
whole-earth of model without/with considering the real plate boundaries
are introduced here.

3.4.1 The PREM whole-Earth model

The PREM model (Dziewonski and Anderson 1981) is a widely applied
whole-earth model. It is composed of the inner core, the outer core, the
mantle, the transition zone and the crust. For simplicity, we simplify it to a
four-layered geophysical earth-model: the inner core, the outer core, the
mantle and the crust (including the transition zone), as shown in Fig. 9. For
convenience, the mapped block technique is applied here to decompose the
whole spherical earth to different meshable blocks (groups). Each layer of
the above whole-Earth model consists of 6 groups, thus 24 groups are gen-
erated in the whole-Earth model (Fig. 9), the model construction and mesh
generation are thus much more simplified. The whole-Earth is discretised
into 44,602 nodes and 43,008 hexahedron elements for the continuous
case. For simplicity, both the same and the different material parameters
can be assigned in each layer (but varying amongst the different layers) for
the further finite element analysis.

For a certain case for simply analyzing the fault effects, such as the tidal
deformation of the entire earth with a discontinuous outer layer (Xing et al.
2007b), a simplified fault (i.e. a discontinuous seismogenic interface) is
enough, which can be assumed to exist in the outer layer between the
groups g_1 and g_1_3 as shown in Fig. 9. But the practical plate bounda-
ries with the detailed geometry and fault properties (i.e. frictional contact
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parameters along the plate boundaries) are necessary for such as

quake dynamics analysis.

Top groups
1

g

g2 s

g * —— Invisible group
a4+

Non-continuum Interface
betweeng_1and g 1 3%

Lef

earth-

Fig. 9 The entire geophysical Earth-model to be analysed. It is composed of four
layers (from the inside to the outside): the inner code, the outer core, the mantle

and outer layer (crust), and each layer consists of 6 groups

3.4.2 The Whole-Earth Crust with Plate Boundaries

As described above, various earth models are available now. Here, the
plate boundary data from the Plates Project at Texas University is ap-
plied to construct the whole-earth discontinuous crustal model (Fig. 10.
See the detailed data at http://www.ig.utexas.edu/research/projects/plates/
index.htm). It seems to be impossible to mesh the crustal layer with such
complicated plate boundary geometries by directly using the above mesh-

ing methods.
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For simplification, we firstly construct and edit the fault data in the lon-
gitude-latitude plane coordinate system (i.e. with the map Mercator projec-
tion), and create the curves with the input point data of the plate bounda-
ries, then divide it into three following domains respectively: Domain A,
ranging for the longitude [-180°, 180°] and the latitude [-90°, —85°]; Do-
main B: longitude [-180°, 180°] and latitude [85°, 90°]; and Domain C:
longitude [-180°, 180°] and latitude [-85°, 85°]. The former two domains
A and B are similar and the corresponding zone can be easily meshed, but
the latter domain C are much more complicated due to the discontinuity
from all the plate boundaries. Due to shortage of the dip angle data of the
plate boundaries, we take all the faults are straight along the radial direc-
tion of the earth. The following procedure is then applied to generate the
hexahedral shaped mesh of the whole model including the above plate
boundaries: (1) The geometrical domain C is decomposed to several
meshable sub-domains with the constraints of the plate boundaries as
shown in Figs. 10 and 11a; (2) It is further grouped into different groups,
and each group is meshed to the quadrilateral shaped mesh using pav-
ing/mapped mesh method and then transformed to an independent location
for easy depiction, see Fig. 11b, c, d, e and f; (3) The above quadrilateral
shaped mesh in Fig. 11b, c, d, e and f are respectively used as seed (fronts)
to advance inward for the hexahedral shaped mesh generation with the
sweeping method and then projected back to the 3D spherical space from
the above projected plane coordinate system, as correspondingly shown in
Fig. 12a, b, c, d and e. Here the crustal thickness is taken as 60 km; (4)
Once the domain C is meshed, the blocks relevant with domains A and B
can be easily meshed with the mapped method as described above but with
the compatibility to the existing mesh/mesh seed along the common sur-
faces/edges shared with domain A and B, as denoted by A in Fig. 13a and
b; (5) The hexahedral shaped meshes generated for the different
groups/domains are assembled together with “welding” operation (i.e.
node equivalent) except the nodes along the current plate boundaries and
potential faults (that is treated as sticking frictional state when simulated
using our finite element code (Xing et al. 2007a)), Figs. 13a, b and c. The
generated meshes are optimized, and then the fault information could be
extracted as shown in Fig. 14.
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Fig. 10 The major plate boundaries of the entire Earth to be analyzed (courtesy of
the U.S. Geological Survey)

Fig. 11 The whole earth is divided into 3 domains A, B and C (a) The geometrical
domain C here is decomposed to several meshable sub-domains (groups) with the
constraints of the plate boundaries; (b, ¢, d, e and f) The quadrilateral shaped
mesh generated with each group within the geometrical domain C (transformation
is applied to each group in the figures for easy depiction)
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Fig. 12 (a, b, ¢, d and e) The hexahedral shaped mesh is generated using the
sweeping method with the above quadrilateral shaped mesh respectively in (b, c,
d, e and f) as seed (fronts) and then transferred to the 3D XYZ space from the
above projected longitude-latitude plane
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Fig. 13 The hexahedral shaped mesh generated after assembling all the
components together in the whole domain (A, B and C) and viewed in the
following coordinate systems (a) XY plane, (b) ZXY space and (c) XYZ space. A
in (a) and (b) shows the meshes generated in the subdomain A or B after
assembling with the meshes generated in the domain C
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Fig. 14 The geometry and shape of the discontinuous surfaces (including the plate
boundaries) in the hexahedral shaped mesh generated

4 Tetrahedral Mesh Generation

4.1 Introduction

Besides the hexahedral mesh as above, the tetrahedron is also very popular
for mesh generation in 3D. All the above methods for all-hexahedral mesh
generation could be directly used for the tetrahedral mesh generation, be-
cause a hexahedral mesh can be easily divided into tetrahedral meshes.
The great advantage of tetrahedral shaped mesh generation over the above
hexahedron is that it could be much easier to be automatically generated
for a general physical domain using the Delaunay algorithm and advancing
front technique et al. (see Table 1). The Delaunay algorithm (Delaunay
1934) is most widely used and has two following important properties: (1)
the empty circle (or empty sphere) criterion, which means no node should
be contained in the circumcircle (or circumsphere) of any triangle (or tet-
rahedral) element; (2) the maximum-minimum angle criterion, which
means the smallest angle in the Delaunay triangular mesh is the largest one
in all possible triangular mesh of a given node set. Such criteria were used
and extended in mesh generation by Bowyer-Watson (Watson 1981),
Baker (1989), Weatherill (1994) and George (1991) et al. For more details,
please refer to the related surveys as above.
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Tetrahedral shaped mesh generation has a wide variety of geological
applications for accurate representation of complex geological structure

and stratigraphy for the further numerical modeling of such as groundwa-
ter resource development, gas/oil reservoir system, waste disposal in a
geologic repository. Besides those listed above, LaGriT is such a special-
purposed software tool for importing and automatically producing unstruc-
tured tetrahedral mesh tuned to the special needs of geological and geo-
engineering applications developed at Los Alamos national laboratory (see
http://meshing.lanl.gov/). Here, we focus on meshing a geological domain
based on the available point data set with the regular or irregular meshes
using our mesh generation code.

4.2 Automatic Tetrahedral Mesh Generation for the
Stratigraphy Point Set

With the advanced measurement technique, the stratigraphy information in
a certain geological domain is widely available, which may be described
by a huge amount of point data. Therefore, the boundary/material surfaces
can be extracted and defined by the relevant point data, which can be
further described as triangular irregular networks (TINS). Figure 15a
shows an example for a certain given domain to be analysed, which is
composed of 3 different materials as denoted by different colours. The top
surface and the setting of the different surfaces are shown in Fig. 15b and
c, respectively. For a single stratigraphy, besides the above surfaces (i.e.
the top and bottom surfaces), the other surfaces (the user defined normal
regular plane to define the range of the above domain, i.e. the four vertical
surfaces of this example) can be more easily described by triangular
meshes which matching with the existing neighbour edges of the top and
bottom surfaces), thus all these triangular surfaces could form a closed
volume/representation of this single stratigraphy. And then a node
distribution inside the closed volume domain is applied according to the
prescribed characters, such as the material properties. Finally it is meshed
into tetrahedral shaped meshes by using the Delaunay algorithm and
further optimization. Here, assuming the material interfaces and the middle
layer need to be specially addressed and thus the finer meshes generated
around those areas correspondingly, Fig. 16a and b.
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Fig. 15 Stratigraphy model for a certain given range of the region to be analysed
(a) A solid model with 3 different materials as denoted using different colours; (b)
the top surface and (c) the setting of the different surfaces of stratigraphy model
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Fig. 16 The tetrahedral shaped mesh generated (a) in the whole domain and (b)
the specified domain to show the internal mesh distribution

4.3 Visualizing and Meshing with the Microseismicity Data

Microseismicity is widely used in the mining industry including the hot
dry/fractured rocks (HDR/HFR) geothermal exploitation to monitor and
determine where and how the underground rupture proceeds during a cer-
tain processing, such as the widely applied hydraulic stimulation. The re-
corded microseismicity data provides the detailed location where an event
(i.e. underground dynamic rupture) occurs at a certain time. During a hy-
draulic stimulation process, hundreds and thousands of microsesimic
events are recorded. With all the recorded data (i.e. an event location and
its occurrence time), we take every event as an independent node/point
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with its location in 3D space as recorded and colour it with its occurrence
time, thus we can directly know where the underground dynamic rupture
locates and how it proceeds with the time from the above information.
Fig. 17a, b, c, d, e, f and g show an example within a certain range, which
includes 11,724 events over 52 days recorded during the hydraulic sti-
mulation process by the Geodynamics Limited (see Movie 1 for more de-
tails).

Time(days)

l 52.600

18.150

Time(days): 10.417

Qo oicT e ! ) ool

>

Movie 1 Visualization of the micro-seismicity proceeding with time in a hydraulic
stimulation process (available on accompanying DVD)

Moreover, we want to generate the mesh using the recorded data for
determining the solid domain of the ruptured zone and the further
numerical analysis. The Delaunay algorithm may be the most suitable
mesh generation method for such a point set and thus is applied here.
However, the recorded data are not suitable to be directly used for mesh
generation, because there may be lots of coincided points (including those
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located too close) as well as some points which are far away from the main
body data. A preprocess before mesh generation is taken as follows.

Define the recorded microseismicity data as the following scattered
point set in 3D,

N={(x,y,2)[x,y,ze R} (D
Given a point p,(x;,¥;,z,)€ N and a tolerance £ € R, the neighbor-
hood point set o( P.,€) is defined as follows:

8(p,€) = {(6,,2) | (%, ,2)€ Ny (x=x,)2 +(y—1,)> +(z—z,)* < €} 2)

Given the minimum and maximum tolerance, which are represented by
£, and £ . For every point p,(x,,y,,z;)€ N, find the minimum

min

neighborhood d(p,,€,,,,) and the maximum neighborhood O(p,,€,,.) -

If d(p,,€,,,) is not empty, all other points except p,(x;,y;,z;) in
o(p,,€,;,) will be deleted. Given an integer number Ae ", if
| 0(p;s € ) IK A, Pi(X;,¥,;,2;) will be deleted.

Once the above preprocessing procedure is finished, the Delaunay algo-
rithm is used to form the convex hull using these point data, and the out-
side surface of the convex hull is then extracted. Furthermore, a certain in-
ternal node distribution (such as the variable mesh size control according
to the outside surface) is determined and carried out. Finally, the Delaunay
algorithm is applied to generate the tetrahedral shaped meshes. Figure 18a,
b, c and d are the generated meshes with the above data at the different hy-
draulic stimulation stages (see Movie 2 for more details), which clearly
show the solid domain which the ruptured zone roughly occupies with the
microseismicity rupture proceeding and can also be used for the further fi-

nite element analysis. Here, the related parameters are set as: £, =10,

e =100, A=1log(|N|).
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10 1500

Time(days)10.417
e —r )
Clolocl el o )

Movie 2 Visualization of the solid domain of the micro-seismicity rupture zone
proceeding with time in a hydraulic stimulation process (available on
accompanying DVD)

Time(days) Timetdays)
52.600 (a) 42600, (b)
I N I ™
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Time(days):9.917 Time(days):16.417
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Time(days) Time(days)

e

Time(days):31.758 : Time(days):34.25

Time(days)
52.600

6.667

Time(days):46.917

Time(days)

Iszm

Time(days):52.6

Fig. 17 Visualization of the micro-seismicity data in a hydraulic stimulation
process at the different time (days): (a) 9.917, (b) 16.417, (¢) 31.758, (d) 34.25,
(e) 37.254, (f) 46.917 and (g) 52.60

Time(days)9.917 Time(days)16.417
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Time(days)37.254 Time(days)46.917

Time(days)52.6

Fig. 18 Visualization of the solid domain of the rupture zone occupied in a
hydraulic stimulation process at the different time (days): (a) 9.917, (b) 16.417,
(c) 31.758, (d) 34.25, (e) 37.254, (f) 46.917 and (g) 52.60

Furthermore, the whole domain shown in Figs. 17 and 18 is chosen as
the range to be analyzed. Following the similar procedure as above, the
tetrahedral meshes generated using Delaunay algorithm are shown in Fig.
19a, b and c. Here, the mesh size on the 6 outer surfaces is taken as the
same, but the nodal positions inside (i.e. mesh size) are controlled by the
above microseismic data. Therefore, the inside mesh is quite
heterogeneously distributed and its mesh size appears much smaller around
the microseismicity concentrated zone, see Figs. 19 b and c.
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Fig. 19 The tetrahedral shaped mesh generated (a) in the full domain; (b) and (c)

the internal mesh distribution seeing through a cross-

space and the YZ plane respectively
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5 Conclusions

Mesh generation is widely and successfully applied in the engineering
computing, but it is relatively “new” for the geoscience community. This
paper briefly introduces the relevant progresses and then discusses the pos-
sibility for applying and extending the above successful stories in engi-
neering computing to geo-computing. For geoscience, the available input
data are normally a large quantity of point data in the 3D space rather than
the defined shapes and dimensions with reasonable tolerances provided by
the industrial designers, thus quite different from the engineering cases. To
deal with such geoscience data, this paper focuses on applying and/or ex-
tending the related methods to generate all hexahedral or tetrahedral
shaped mesh in 3D for the different practical geoscience application ex-
amples based on the relevant progresses on geometrical modeling and
hexahedral/tetrahedral shaped mesh generation. That includes all-
hexahedral shaped mesh generation for a fracture dominated reservoir sys-
tem, the South Australia interacting fault system and the entire earth mod-
els with the simplified/practical plate boundaries, and all-tetrahedral
shaped mesh generation for a multi-layer underground geological model,
and meshing with the microseismicity data recorded during a hydraulic
stimulation process in a geothermal reservoir. It lays the foundation for the
future research on such as the adaptive meshing and remeshing, parallel
mesh generation as required from various different application cases.

Acknowledgements Support is gratefully acknowledged by the Australian
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DP0666203, AuScope, the Queensland State Government, The University of
Queensland, and SGI. The authors are grateful to Dr Doone Wyborn from the
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