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Abstract— In this paper, we developed a system that can
perform automated analysis using an element decomposition
system, which is a preprocessing step for 3D crack analysis,
and easily perform J-integral calculations. In particular, we
made it possible for users to select and apply a finite element
decomposition system using a knowledge processing technique
in various ways. That is, users can select Delaunay Triangular
technique, bubble meshing technique, etc. After a geometry
model, i.e., a solid containing one or more 3D cracks, is
defined, and when the node density by region is selected, the
elements are automatically generated and linked to the
analysis code. Stress analysis is performed using the
constructed finite element model. In this system, a 3D crack is
introduced, and fracture mechanics parameters can be
selected depending on the analyst. This paper explains the
methodology for realizing this function, and also demonstrates
the utility of the system.
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I. INTRODUCTION

Natural cracks commonly found in structures usually
appear as cracks with three-dimensional characteristics
called surface cracks. In order to predict the growth rate
and fracture strength of surface cracks, an accurate analysis
of the stress intensity factor K of surface cracks is required.
When applying the finite element method to fracture
mechanics analysis, it has not reached a level that can be
applied to everyday design due to the difficulty of
numerical analysis and the complexity of experimental
variables, considering the importance of practical
problems. The mesh generation technology of the past,
which had to be dependent on manual work, has been
recently developed by several researchers[1-3]. However, it
has been reported that various technologies related to the
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existing mesh generation method have many limitations
when applied to actual problems, and especially, they do
not provide adequate support when applying the three-
dimensional crack problem of structures[4].

In 3D crack analysis, large-scale analysis is easy and
requires enormous computing power. In addition, since
special element division is required near the crack tip,
which is a stress singularity, a lot of time and effort are
required for element division and input data creation for 3D
analysis. Therefore, an algorithm that automatically and
quickly creates a large-scale finite element model with
minimal manipulation is required. The author has
developed an automatic element generation system using
fuzzy theory from the information after inputting the shape
definition, load, and boundary conditions of the structure
using a 3D solid modeler with the main goal of improving
the efficiency of large-scale analysis[5,6]. In addition, an
automatic K-analysis system for 3D cracks in structures
was developed by developing a system that automatically
creates and analyzes input files of a general-purpose finite
element analysis code[7].

However, the conventional system had a large
limitation on the shape of the analysis model because it
targeted a symmetrically existing crack in the structure. In
addition, it was a system built only targeting the K value as
a fracture mechanics parameter. Therefore, in this study,
even in the case where a three-dimensional crack exists at
an arbitrary location other than the plane of symmetry, a
finite element model was automatically generated with
minimal manipulation, and then the calculation of the J-
integral, a nonlinear fracture mechanics parameter of the
crack, was made possible.
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Il. OUTLINE OF THE SYSTEM

Even in complex-shaped real structural devices, it is
possible to completely automatically generate large-scale
finite element models with tens or hundreds of thousands of
nodes with controlled element sizes by performing simple
and easy manipulations on geometric models. The
processing of this system consists of (a) definition of shape
(geometric model), (b) definition and registration of crack
shape, (c) specification of boundary conditions and
material properties for geometric models, (d) specification
of node density information, (e) node generation, (f)
element generation and smoothing, (g) addition of
boundary conditions and material properties to elements, (h)
FE analysis, and (i) calculation of fracture mechanics
parameters (J-integral calculation). Among these, (a) to (d)
are interactive tasks that the user directly performs on the
geometric model, and the rest are all tasks that are
processed automatically.

A. Definition of geometry model

The geometric model was created using the geometric
model definition function of Designbase[8], a general-
purpose CAD system that can express free-form surfaces
such as rational Bezier surfaces and rational Gregory
patches, and has abundant library functions for shape
processing. In  subsequent processing, necessary
information about shape data can be obtained by using the
library functions.

B. Definition of 3D crack and registration

In order to define a 3D crack shape at an arbitrary
location, the user needs to input the following information.
(1) Center coordinates of the ellipsoid representing the 3D
crack (X, Y, z)

(2) Radius of the ellipsoid (rx, ry, rz)

(3) Parameters required when creating an ellipse from an
ellipsoid

Enter the number of cracks you want to define, such as the
above information.

C. Enter boundary conditions and material properties for
the geometric model
Specify the vertices, edges, and loops that make up the
geometric model by clicking them with the mouse. Also,
enter the type and value of the boundary conditions added
to the components of the specified geometric model.

D. Designation of node density information
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The node density is prepared in advance as multiple
node density distribution functions within the system, such
as a) a distribution corresponding to local stress
concentration, b) a distribution that divides a finite area
evenly, and c) a distribution that divides the entire area
evenly. As a result, when the user selects these according to
the analysis target and designates their location, the node
density distribution over the entire area of the geometric
model is automatically calculated by the Fuzzy theory[9].

E. Node and element generation

The After obtaining the node density distribution of the
entire interpretation domain above, the bucket method[10],
which is one of the computational geometric methods, is
used to automatically generate nodes. Since this process
generates nodes on the surface and inside of the geometric
model, it uses the shape calculation library of Designbase.
The generated nodes are quickly generated as tetrahedral
elements using the well-known Delaunay triangulation
method[11]. When using this Delaunay method, elements
are generated outside the shape of the concave geometric
model, so the elements generated outside are removed by
checking the inside/outside judgment with the center of the
element. In addition, since distorted elements are
sometimes generated near the joints and boundaries of the
node pattern, the Laplacian smoothing[12] method is
introduced to modify the element shape.

F. Adding boundary conditions and material properties to
elements and element generation

In this system, the data structure preserves the original
shape elements (vertices, edges, and surfaces) to which the
generated elements and nodes each belong as information.
Therefore, the boundary conditions and material properties
directly assigned to the shape model by the user in the work
of section 2.3 are automatically assigned to the vertices
(nodes), edges, surfaces, and interiors of the elements
immediately after the elements are generated. As a result,
the finite element model (element + material properties +
boundary conditions), which is the input file of the finite
element analysis code, is automatically generated.

This automatic analysis system can be applied to any FE
analysis system in principle, but the current version is
designed to output data corresponding to the tetrahedral 1st
and 2nd elements used in the general analysis code
ANSYS[13].
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I11. INTRODUCTION OF 3D CRACK

Assuming that the three-dimensional crack surface is a
semi-elliptical shape parallel to the x-y plane, this system

uses the Delaunay method as an element generation method.

However, since the Delaunay method randomly divides the
elements by the node distribution from which they are
generated, it is necessary to adjust the node distribution in
advance so as not to connect the nodes located above and
below the crack surface. Therefore, we propose a crack
introduction method that carves out an ellipsoid based on
the similarity of the crack topology to an ellipsoid.
Specifically, when defining the shape of a structure, the
upper and lower surfaces of the crack are not connected by
cutting out an ellipsoid at the location where you want to
insert a crack. After the elements are generated, the crack
part is expressed by crushing the ellipsoid whose node

coordinates are moved in the z direction, as shown in Fig. 1.

Here, rx is the semi-major axis of the crack, ry is the depth
of the crack, and rz is the radius of the ellipsoid in the z
direction. Also, when creating an ellipse from the ellipsoid
entered in section 2.2, h is a parameter that indicates the
range of movement of the nodes. When defining a shape
using Designbase, the user can express the desired crack by
only entering the location of the crack center and the rx, ry,
rz, and h above.

Figure 1 Mapping of an ellipsoid

After entering the parameters, the crack is automatically
generated, but the following three processes are performed
in this automatic analysis system. First, there are cases
where points on the surface of the ellipsoid are combined
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into inappropriate elements as shown in Fig. 2. As
explained in Section 2.5, this is because the element center
is judged inside and outside, and the elements on the
outside are eliminated, but Fig. 2 shows a state where the
element center is on the inside of the model, so it remains
asitis.

Figure 2 Example of mis-match elements

In this case, a node addition algorithm[9] is introduced
to eliminate this combination before the ellipsoid is crushed.
Second, there are cases where the element is deformed
along with the node movement, and the volume becomes
close to 0 or negative. In this case, after converting the
ellipsoid to an ellipse, one node is added above and below
to restore the volume so that it does not deviate from the
crack shape. Finally, Barsoum's singular element[14] is
placed on the crack tip. That is, the location of the middle
node is moved 1/4 toward the crack tip as shown in Fig. 3.

crack front

Figure 3 Conversion of quadratic tetrahedral elements along
crack front into singular elements
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By introducing the above treatment, it is now possible to
analyze 3D cracks symmetrically or not on the plane of
symmetry. This method can be applied to the cracks on the
plane of symmetry that were analyzed in the previous

system, and it is also possible to analyze the inherent cracks.

Fig. 4 shows an example of element generation for surface
crack in a cylindrical pressure tube. Fig. 5 shows an
example of element division for a 1/4 model of a semi-
elliptical surface crack that exists symmetrically on a flat
plate. In addition, Fig. 6 shows an example of element
division for a flat plate with three surface cracks.
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Figure 4 A typical mesh with a semi-elliptical surface crack in
pressure tube

Figure 5 A typical mesh with a semi-elliptical surface crack
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Figure 6 A typical mesh of plate with semi-elliptical cracks

IV. EVALUATION OF J-INTEGRAL AND
VERIFICATION OF THE SYSTEM

This system can use the virtual crack propagation
method and the Lorenzi method, which is an extended J-
integral calculation method that can be analyzed in ANSYS
as a calculation method for the J-integral. The user selects
the J-integral calculation method and angle @ for multiple
cracks. @ is the angle defined in Fig. 7, and when
calculating the J-integral, the crack is virtually propagated
in the normal direction to the point p4 line. Therefore, it
can be seen that the J-integral is a function of ®. In addition,
the user inputs the parameters r, h1, h2, and h3 as shown in
the figure. Here, r is the ratio of the crack depth to the
distance from pl to the path. The effect due to the stiffness
change can be achieved by moving the nodes in a certain
area. Therefore, the system calculates the change in strain
energy that occurs by moving the nodes in the rectangular
solid specified in this way by a small distance, and
calculates the J-integral value by dividing it by the crack
propagation area expressed by the moving distance. The
input work of these parameters is performed when defining
the shape using Designbase. However, care must be taken
because the number of nodes moving in the crack section
changes depending on the h3 value. This is because the
amount of change in strain energy and the area of crack
propagation change greatly. It is expected that it will be
better if two or more nodes are moved than if one node is
moved, but if too many nodes are moved, there are cases
where the J integral of the specified position cannot be
obtained correctly because of the angle dependence.
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Figure 7 Evaluation of J-integral value

To verify the effectiveness of the system, an analysis
was performed on a case where a semi-elliptical surface
crack with a shape ratio of a/c=0.6 and a/t=0.2 of the crack
depth (a) and the surface semi-length (c) on a tensile plate
exists. The finite element model used here is as shown in
Fig. 5, with 3,120 elements and 5,980 nodes. Since the J
integral can be related to K in elastic analysis, it was
compared with the non-dimensional value obtained by
Raju-Newman's equation[15]. The calculation was
performed for the movement of one node (narrow pass) and
the movement of two or more nodes (broad pass), changing
the node movement respectively. Fig. 8 shows the analysis
results, and it can be seen that the values of the narrow pass
and broad pass are similar.
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Figure 8 Comparison of present stress intensity factor with Raju-
Newman equation

V. CONCLUSIONS

In this paper, we developed a system that allows the
analyst to easily obtain the J integral value for a three-
dimensional crack with minimal interactive manipulation.
In particular, by adding the introduction function and
analysis function of a three-dimensional crack existing at
an arbitrary location, we developed an automatic system
that performs a series of inputs to outputs for nonlinear
analysis. In addition, to verify the effectiveness of this
system, we performed an analysis on a flat plate with a
semi-elliptical surface crack and compared the results with
those of the Raju-Newman equation, and found good
agreement.
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