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Simple Algorithm for Adaptive Refinement of Three-Dimensional
Finite Element Tetrahedral Meshes

S. N. Muthukrishnan,* P. S. Shiakolas,’ R. V. Nambiar,* and K. L. Lawrence$
University of Texas at Arlington, Arlington, Texas 76019

A simple strategy to adaptively refine three-dimensional tetrahedral meshes has been implemented. The pro-
cedure adaptively refines a crude initial mesh using solution error indicators or other suitable measures. In this
paper example problems were remeshed using a refinement ratio determined from an a posteriori error indicator
obtained from the finite element solution of the problem. The resulting finite element meshes are found to have
a smooth gradient in element size. Aspect ratios are calculated to determine the quality of each element, and a
smoothing procedure is employed to improve the element aspect ratio. Example meshes are included to show the
adaptive nature of the remesher when applied over several solution cycles.

Introduction

N the current work a simple strategy to adaptively refine

three-dimensional tetrahedral meshes is described. The three-
dimensional strategy is similar to the two-dimensional refinement
discussed in Nambiar et al.! The extension to three dimensions, how-
ever, adds considerable difficulty.? Although several initial mesh
generation methods are discussed in the literature,’~7 few three-
dimensional refinement techniques have been published. A three-
dimensional refinement scheme for tetrahedral elements has been
presented by Rivara and Levin® in which an algorithm which subdi-
vides elements by bisecting the longest edge is discussed. However,
in the process, nonconforming elements-are formed, and a second
procedure to identify nonconforming elements and proceed with
further subdivision is presented.®

In the current method, element division is also based on the
longest edge, but nonconforming elements are not generated, and
unlike the process described in Ref. 8 where a local refinement is
performed, the method of the present paper is applied globally and,
thus, produces a smooth transition in element size over the entire
mesh. The list of elements to be refined is first sorted in ascending
order based on the longest edge length of each element. Thus, the
last element of the sorted listis guaranteed to be the element with the
longest edge of those requiring subdivision. On subdivision, the list
is updated, and the refinement ratios are proportionally distributed
to each child element. This procedure guarantees that nonconform-
ing elements will not be generated, and it has been observed that
the poorest aspect ratio of elements generated by this subdivision
is very close to the worst aspect ratio of the initial mesh. Results
discussed by Rivara and Levin® also confirm this observation.

Quantitative measures of the quality of tetrahedral elements are
discussed by Cavendish et al.,> Buratynski,” and Johnston and
Sullivan.!® For comparison purposes, the values presented by the
authors in Refs. 3, 9, and 10 were normalized for the present work
by assuming that the best tetrahedron, an equilateral, has a quality
number of 1.0. Cavendish et al.> reported meshes with up to 10% of
the elements with aspect ratios below 0.01 (0.03 on the normalized
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scale used in our comparisons). Buratynski® reported average aspect
ratios of 0:224 and 0.225 for two examples with a lowest aspect ra-
tio of 0.03 (0.09 on the normalized scale). Johnston and Sullivan!®
reported that less than 0.2-1.2% of the elements in three different
meshes have aspect ratios less than 0.01 (0.03 on the normalized
scale). Johnston and Sullivan'? also state that elements with aspect
ratio less than 0.01 (0.03 on the normalized scale) are considered
degenerate.

Refinement Procedure
Refinement Density and Refinement Ratio
‘The mesh refinement procedure presented in this paper is based
on the error estimator and refinement ratio presented in Ref. 11.
If j{&2]| is the energy norm calculated for the entire finite element
model, and |le[} is the error in energy norm, the corrected energy
norm Jju|| is

el = al? + lle))?

If -is the maximum permissible relative error requested for the
finite element solution, a mean permissible error for an element can

be calculated from
€m = T/ ull2/m

where m is the number of elements.
The refinement ratio &; for each element is then defined by

& = lleill/ém

where ¢; is the solution error estimate associated with the ith ele-
ment. An element with a refinement ratio greater than 1.0 must be
subdivided in proportion to the magnitude of &; and the analysis
repeated. That is, an element with & = 3 must be divided into three
elements. Although it is ideal to achieve a refinement ratio of 1.0
for all of the elements, it is impossible to obtain a value of exactly
1.0 for all of elements in a practical problem unless elements are
resized by adjusting nodal locations.!?

Each refinement ratio §; is converted into a refinement density
which enables the refinement ratio to be distributed in terms of
the volume of each element on a material-by-material basis. The
refinement density of an element is calculated as '

) refinement ratio
refinement density = ————-——
element volume
The element refinement densities are then assigned to each node
of the mesh by averaging the refinement densities of the elements
which share a node.

nodal refinement density

X (surrounding element refinement densities)
- number of surrounding elements
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The nodal distribution may be used to interpolate for refinement den-
sities of nodes that are created in the subdivision process discussed
next.

Subdivision Procedure

The elements with refinement ratios. greater than 1.0 are sorted
based on the longest edge length of the elements in the error list.
The last element in the sorted list is the element with the longest
edge length and is the first candidate for subdivision. To avoid the
generation of nonconforming elements, it is essential to divide all
of the elements that surround the longest edge of the element which
has been selected for subdivision. This situation is shown in Fig. 1.

We determine if all surrounding elements are already included in
the list of elements to be subdivided. If an adjacent element does not
appear in the list, this element must be inserted into the list at a posi-
tion based on its longest edge length. This situation is shown in Fig.
2. This process is carried out recursively until it is ensured that each
element sharing the longest edge of the element targeted for subdi-
vision is included in the list. The subdivision process itself is then
begun. Figure 3 showsa flowchart of the meshrefinement procedure.

The subdivision starts with the identification of the edge to be
divided. If the edge is in the interior of the object, a new node is
inserted at its midpoint. If the edge happens to be a boundary edge,
the inserted node is'moved to a location based on the geometry of
the boundary surface on which the edge lies. The new node is given
the average of the nodal refinement densities of the two parent nodes
which defined the edge before bisection. Next, two new elements are
created, and their refinement densities are calculated as the average
of the nodal refinement densities of the four nodes of the element.
The nodal refinement densities are converted to refinement ratios,
and any child element whose refinementratiois greater than 1.0is in-
serted into the sorted refinement list based on its longest edge length.
The process of subdivision is continued until the refinement ratio
list contains all of the elements with ratios less than or'equal to 1.0.

Postsubdivision Procedure—Local Smoothing

The mesh may then be smoothed by considering the polyhedron
that encloses a newly generated internal node. A Laplacian smooth-
ing, the movement of the newly created node to the centroid of the
surrounding polyhedron, is carried out if the new node is in the inte-
rior. The element aspect ratio (quality number) is calculated as the
ratio of the radius of the circumscribed sphere to inscribed sphere,
and these values are normalized so that an equilateral tetrahedron

5 Surrounding Elements
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i-g-b—; The longest edge, 1-2
-2-C- shared by surrounding

1-2-d-e elements :

1-2-e-a

Fig. 1 Edge division, case 1.

Element with the highest refinement
density to be divided. The longest
edge of this element, c-d, is not the
longest edge of all elements that
surround c-d

Edge 1-d and 1 -g are the longest
edges in elements 1-c-d-e and
1-d-f-g respectively. But 1-d and
1-g are not the common longest
edges of all their surrounding
elements

Edge 1-2 of element 1-2-g-j is the
common longest edge of all its
surrounding elements and is also
nearest to edge c-d. Finding c-d
ensares a smooth transition in
element size

Fig.2 Edge division, case 2.
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Fig. 3 Flowchart for the adaptive refinement procedure.

will have aspect ratio of 1.0, and a sliver-like tetrahedron will have
an aspect ratio approaching 0.0. The aspect ratio is calculated as
aspect ratio = quality number

radius of circumscribed sphere

radius of inscribed sphere

where, K = % is the normalizing constant defined by the equilateral
tetrahedron.

Data Structure for Remeshing
The remeshing procedure is efficiently implemented by main-
taining an appropriate data structure. Structures are maintained for
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nodes, elements, surfaces, boundary edges, and surface loads. The
structures used for storing the finite element model are discussed
in the Appendix. When a node is created, its coordinates and re-
finement density are generated. The boundary conditions of newly
created nodes are obtained from the boundary conditions of the par-
ent nodes. The element structure is updated for each new element
created. The longest edge length and refinement density informa-
tion are also updated in the element structure. The boundary edge
structure carries the data describing the surface type and the nodes
that make up the boundary edge. The surface structure is essential
to maintain information about the bounding faces and surfaces of
the model. :

Example Problems

Two example problems illustrate the ideas just discussed. The re-
sults for these problems were obtained using a finite element method
(FEM) solver, an a posteriori error estimator, and the tetrahedral el-
ement refinement procedure. Linear strain elements described in
Refs. 13 and 14 were used in the solver procedure. The solution
process is described as follows.

1) Develop a simple initial mesh.

2) Obtain the FEM solution and error estimate.

3)Ifall&; < 1and the global error estimate goal has been reached,
quit. \

4) Else, refine the mesh and repeat the solution.

Figure 4 shows the first problem, a thin plate with a hole under ax-
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Fig. 4 Thin plate with a circular hole under axial pressure.

Fig. 5 Initial and adaptive mesh for the plate with a hole prbblem.
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Fig. 6 Element quality numbers for initial and adaptive mesh of plate
with a hole.
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Fig. 7 Element quality numbers for adaptive and uniform mesh of
plate with a hole. '
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Fig.8 Problem of thick walled cylinder subjected to internal pressure.

Fig. 9 Initial and adaptive mesh for thick cylinder.
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Fig. 10 Element quality numbers for initial and adaptive mesh of thick
cylinder.

ial pressure, which is solved iteratively to reach an estimated global
error level of less than 5%. The initial mesh and the final mesh us-
ing linear strain tetrahedral (LST) elements are shown in Fig. 5. The
histogram plots of element quality obtained from adaptive mesh re-
finement are shown in Fig. 6. The distribution of the aspect ratios
in the initial mesh for this problem is also shown in Fig. 6. A com-
parison of the distribution of element aspect ratios in the thin plate
with a hole after adaptive and uniform mesh refinement is shown in
Fig. 7. :

The second problem, a thick walled cylinder under internal pres-
sure is defined in Fig. 8. The problem was solved and remeshed
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Table 1 Comparison of quality number, strain energy, and
estimated global error: thin plate with a hole

Mesh, LST elements

Item Initial Final
Number of elements in mesh 10 1095
Number of refinements 12
Degrees of freedom 96 5157
Bandwidth 17 1857

. Best 0.361 0.977
Quality number Worst  0.083 0.033
Strain energy 5.886 7.012
Estimated global error,? % 12.13 195

3Requested error was 5%.

Table 2 Comparison of quality number, strain energy, and
estimated global error: thick wall cylinder

Mesh, LST elements

Item Initial Final
Number of elements in mesh 10 1625
Number of refinements 9
Degrees of freedom 105 7539
Banwidth 17 2687

. Best 0.879 0.978
Quality number Worst 0.484 0.179
Strain energy 1203.6 1735.5
Estimated global error,? % 14.2 4.1

3Requested error was 5%.
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Fig. 11 Element quality numbers for adaptive and uniform mesh of
thick cylinder. i

several cycles to reach an estimated global error level below 5%.
The initial mesh and the final mesh for the thick walled cylinder are
shown in Fig. 9. The distribution of the element aspect ratios within
the thick walled cylinder model subsequent to adaptive and uniform
mesh refinement are shown in Figs. 10 and 11, respectively. A sum-
mary of the results of analysis by adaptive refinement is presented
in Tables 1 and 2.

Results and Conclusion

A method for automatically refining a tetrahedral element mesh
has been described and examples of its use are presented. An impor-
tant feature of this process is that no nonconforming elements are
produced, and thus when applied, a globally smooth mesh results.

An examination of the computed results shows that the distribu-
tion of aspect ratios of the elements in the thick walled cylinder are
skewed toward -+1.0 by adaptive refinement. Because the ratios of
length to thickness and width to thickness are inherently poor for
the thin plate with a hole problem, the distribution of aspect ratios
is central. However, the aspect ratio distribution for the final mesh
shifts toward +1.0 with refinement as shown in Figs. 6 and 7. In
the final plate with a hole model, the percentage of elements which
have aspect ratios less than 0.1 is about 1.28%, and about 7% of the
elements have aspect ratio less than 0.2.

Figures 7 and 11 show that the uniform and adaptive meshing
produce comparable element quality distribution. However, by uni-
form refinement a much greater number of elements are required to
reach an estimated global error level of less than 5% as compared to
the adaptive refinement procedure. This is because the element dis-
tribution in the uniformly refined model does not follow any stress
or strain gradient as it does with an adaptive mesh.

In a two-dimensional triangular mesh it is possible to determine
in advance the worst aspect ratio that will result from the subdivision
of an initial mesh by bisection of the longest edge of the element.'3
No such proof is known to exist when this procedure is extended
to a three-dimensional tetrahedral mesh. But a comparison of the
aspect ratio of elements obtained by the tetrahedral mesh refine-
ment procedure discussed in this paper with previously published
results®*1° indicates the effectiveness of the present procedure in
producing good quality elements.

We have found that Laplacian smoothing marginally improves
the aspect ratio of the tetrahedra in the model. This has also been
reported by Lo.’ For problems solved thus far using the current
procedure, no degenerate elements were formed.

A major advantage of the adaptive refinement procedure dis-
cussed here is that a simple initial mesh is sufficient, and noncon-
forming elements are not generated during refinement. In addition,
our results indicate that the aspect ratio of the element does not
significantly deteriorate when using this algorithm for mesh refine-
ment. Thus this procedure, when used with linear strain or higher
order elements, provides an effective approach to the efficient so-
Iution of three-dimensional models. Although the results presented
in this paper were developed using an A-type refinement process,
the method described can be used in conjunction with Ap-type and
s-type'? mesh refinements as well.

Appendix: Data Structures

typedef struct mesh3d_tet_nodes {
integer bc_x, be_y, bc_z;
integer parent_node_1, parent_node_2;
double x, v, z; :
double temperature;
double nod_ref_dens, mult_fac;

} TYP_.TET_NODES;

typedef srtuct mesh3d_tet_elements {

integer long_edge.id;

integer nodes{4];

integer material;

integer type;

integer quality;

double volume, err.ratio;

double long_edge len;

double circumsphere_vol, insphere_vol;
} TYP_.TET_ELEMENTS;

typedef struct mesh3d_tet_force {
integer node;
double mag_x, mag.y, mag_z;
} TYP_TET FORCE;

typedef struct mesh3d_tet_pressure {
integer element;
integer face_node[3];
double mag_press;

} TYP_TET_PRESSURE;

typedef struct mesh3d._tet_shear {

integer element;

integer face_node[3];

double mag_shear;

double shear_vec_x, shear_vec_y, shear_vec_z;
} TYP.TET_SHEAR;

typedef struct mesh3d.tet_enforced_displacement {
integer node;
double displ_x, displ.y, displ.z;

} TYP_TET_DISPLACEMENT;
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typedef struct mesh3d._tet_surface_param {
integer type;
double x[2], y[2], z[2];
double radius[2];

} TYP_TET_SURFACE;

typedef struct mesh3d.tet_boundary_edge {
integer node[2];
integer surface{2];
integer wing_edge[4];

} TYP_.TET_.BOUND_EDGE;

Acknowledgments

The authors wish to thank the reviewers for their helpful com-
ments.

References

INambiar, R. V., Valera, R., Lawrence, K. L., Morgan, R. B., and Amil,
D., “An Algorithm for Adaptive Refinement of Triangular Finite Element
Meshes,” International Journal of Numerical Methods in Engineering, Vol.
36, 1993, pp. 499-509.

2Joshi, V. S., Nambiar, R. V., Lawrence, K. L., and Shiakolas, S. P, “An
Algorithm for Adaptive Refinement of Tetrahedral Finite Element Meshes,”
Proceedings the 33rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics and Materials Conference, Pt.1, Structures I, AIAA, Washington,
DC, 1992, pp. 490-493.

3Cavendish, J. C., Field, D. A., and Frey, W. H., “An Approach to Auto-
matic Three Dimensional Finite Element Mesh Generation,” International
Journal of Numerical Methods in Engineering, Vol. 21, 1985, pp. 329-347.

4Lo, S. H., “Volume Discretization into Tetrahedra—I. Verification and
Orientation of Boundary Surfaces,” Computers and Structures, Vol. 39, No.
5, 1991, pp. 493-500.

FINITE ELEMENT TETRAHEDRAL MESHES

5Lo, S. H., “Volume Discretization into Tetrahedra—II. 3-D Triangulation
by Advancing Front Approach,” Computers and Structures, Vol. 39, No. 5,
1991, pp. 501-511.

6Nguyen, V. P, “Automatic Mesh Generation with Tetrahedral Elements,”
International Journal of Numerical Methods in Engineering, Vol. 18, 1982,
Pp. 273-289.

7Yelrry, M. A., and Sheppard, M. S., “Automatic Three Dimensional Mesh
Generation by the Modified Octree Technique,” International Journal of
Numerical Methods in Engineering, Vol. 20, 1984, pp. 1965-1990.

8Rivara, M. C., and Levin, C., “A 3-D Refinement Algorithm Suitable for
Adaptive and Multi-grid Techniques,” Communications in Applied Numer-
ical Methods, Vol. 8, 1992, pp. 281-290.

9Buratynski, E. K., “A Fully Automatic Three Dimensional Mesh Gener-
ator for Complex Geometries,” International Journal of Numerical Methods
in Engineering, Vol. 30, 1990, pp. 931-952.

105ohnston, B. P, and Sullivan, J. M., “A Normal Offsetting Technique for
Automatic Mesh Generation in Three Dimensions,” International Journal
of Numerical Methods in Engineering, Vol. 36, 1993, pp. 1717-1734.

Zjenkiewicz, 0. C., and Zhu, J. Z., “A Simple Error Estimator and Adap-
tive Procedure for Practical Engineering Analysis,” International Journal of
Numerical Methods in Engineering, Vol. 24, 1987, pp. 337-357.

2Figh, J., “The s-version of the Finite Element Method,” Computers and
Structures, Vol. 43, 1992, pp. 539-547.

13Ghiakolas, P. S., Nambiar, R. V., and Lawrence, K. L., “Closed-form
Stiffness Matrices for the Linear Strain and Quadratic Strain Tetrahedron
Finite Elements,” Computers and Structures, Vol. 45, 1992, pp. 237-242.

Wghiakolas, P. S., Lawrence, K. L., and Nambiar, R. V., “Closed-
form Error Estimators for the Linear Strain and Quadratic Strain Tetra-
hedron Finite Elements,” Computers and Structures, Vol. 47, 1993,
pp. 907-915.

5Rosenberg, 1. G., and Stegner, F.,, “A Lower Bound on the Angles of
Triangles Constructed by Bisecting the Longest Edge,” Mathematics of Com-
putation, Vol. 29, 1975, pp. 390-395.

EDITION

Anthony R. Curtis, Editor

Place your order today! Call 1-800/682-A1AA

GJAIAA.

American Institute of A tics and Ast

FAX 301/843-0159 Phone 1-800/682-2422 8 a.m. - 5 p.m. Eastern

The second edition of the
Space Almanac, published

by Gulf Publishing Company
and distributed by ATAA, is
the most complete, up-to-date
almanac of space exploration,
with thousands of facts,
figures, names, dates, and
places that cover space,

from Earth to the edge of

the universe! The Space
Almanac provides the most
detailed history available

and all the latest news of
importance from and about

Publications Customer Service, 9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604

space. Itis a book designed
to be user-friendly, a book
you’ll pick-up and use easily,
with plenty of reference tables,
charts, maps, histograms, and
quick look-up lists. A must
for anyone interested in the
“final frontier.”

1992, 746 pp, illus, Paperback
ISBN 0-88415-030-5

ATAA Members $24.95
Nonmembers $24.95

Order #: 30-5

Sales Tax: CAresidents, 8.25%; DC, 8%. For shipping and handling add $4.75 for 1-4 books (call
for rates for higher quantities). Orders under $100.00 must be prepaid. Foreign orders must be
prepaid and include a $25.00 postal surcharge. Please allow 4 wegks for delivery. Prices are
subject to change without notice. Returns will be accepted within 30 days. Non-U.S. residents
are responsible for payrient of any taxes required by their government.




