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Nomenclature

a a depth of a semi-elliptical surface t a plate thickness
crack Q a shape factor for a semi-elliptical
c a half length of a semi-elliptical sur- surface crack
face crack ¢ a parametric angle of the ellipse
d 2522?5:6135:‘”6“ two semi-elliptical a an applied uniform tensile stress
K the stress intensity factor(SIF) for a E gg;ﬁ;sﬂ?ﬁgm
Mode I crack X, v,z Cartesian coordinates

W a half width of a plate with cracks
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1. Introduction

3D cracks such as surface or embedded cracks
are more common flaws being found in practical
structures. Analyses of the 3D cracks are desir-
able in structural integrity studies of practical
structures. The SIFs for an elliptical or a semi-
elliptical crack have been obtained by the finite
element method (FEM)“®. However, there are
still some problems to be solved. The main con-
cern for the FEM is a relatively higher computa-
tion cost. especially when dealing with 3D crack
problems. To overcome this, several techniques
such as the direct method®, the virtual crack
extension method™, the superposition method®
and the special singular element method®’® have
been proposed in conjunction with the FEM. It
should be also noted here that the data prepara-
tion for 3D crack analyses require special element
arrangement near the crack front, and that much
efforts are necessary to generate such spécial
meshes. Dramatic progress in computer technolo-
gy now shortens computation time. However in
reality. labour intensive tasks to prepare a FE
model of a structural component with 3D cracks
are still a bottle neck. The author hag proposed
an automatic FE mesh generation method for 3D
structures consisting free—form surfaces™. In the
present study. by integrating this mesh genera-
tor. one of commercial FE analysis codes and
some additional techniques to calculate the SIF, a
new automated system for analyzing the SIFs of
3D cracks was developed.

To examine accuracy and efficiency of the pre-
sent system, the SIF for a semi-elliptical surface
crack in a plate subjected to uniform tension is
calculated and compared with Raju-Newman s
solutions® ™. Then the system is applied to ana-
lyze interaction effects of twin semi-elliptical sur-
face cracks in a plate subjected to uniform ten-
31011,
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2. Fundamental Principle and Algorithms

The biggest advantage of the present analysis
system is a very simple operation to analyze com-
plex structures such as a plate with twin semi-
elliptical surface eracks. A flow of analyses using
the present system is shown in Fig. 1. Each sub-
process will be described below. The details of the
mesh generation part can be found .

Definition of Geometry Model
Using DESIGNBASE

Attachment of Material Properties and Boundary Conditions
& Node Density Disibutions to Geometry Model

!

Calculation of Global Nede Density Distribution

Node Generation
Based on Bucketing Method

y

Element Generation
Based on Delaunay Triangulation

!

Atachment of Material Properties and Boundary Conditions 10 Mesh

I

Finite Element Stress Analysis
Using MARC

i

Caleulation of Stress Intensity Factor

[:] : [nteractive process
E : Fully automatic process

Fig.1 Flow of analysis

2.1 Definition of Geometry Mode|

A whole analysis domain is defined using one of
commercial geometry modelers. DESIGNBASE®?
which has abundant libraries which enable us to eas-
ily operate, modify and apply to a solid model. Any
information related to a geometry model can be easily
retrieved by the libraries of DESIGNBASE.



2.2 Attachment of Material Properties and
Boundary Conditions to Geometry
Model

Material properties and boundary conditions are
directly attached onto the geometry model by
clicking the loops or edges that are parts of the
geometric model using a mouse, and then by
inputting values. The present system deals with
displacement as well as force boundary condi-
tions.

2.3 Designation of Node Density Distributions

A node density distribution over a whole geome-
try model is constructed as follows. The present
system stores several local node patterns such as
the pattern suitable to well capture stress concen-
tration, the pattern to subdivide a finite and
whole domain uniformly. A user selects some of
those local node patterns and designates where to
locate them. Then a global distribution of node
density over the whole analysis domain is auto-
matically calculated through their superposition

using the fuzzy knowledge processing “*.

2.4 Node Generation

Node generation is one of time consuming
processes in automatic mesh generation. In the
present study, the bucketing method™ is adopted
to generate nodes which satisfy the distribution of
node density over a whole analysis domain. Fig. 2
shows its fundamental principle, taking the previ-
ous two-dimensional mesh generation as an
example without any loss of generality. Let us
assume that the distribution of node density over
a whole analysis domain is already given as
shown in Fig. 2(a). At first. a super—rectangle

enveloping the analysis domain is defined as .

shown in Fig. 2(b). In the 3D solid case, a super
hexahedron is utilized to envelop an analysis
domain. Next, the super-rectangle is divided into
a number of small sub-rectangles, each of which
is named “Bucket’ Nodes are generated bucket by
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(b) Example of bucket decomposition
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(¢) Node generation in one of buckets

Fig.2 Node generation based on bucketing method

bucket..

At first, a number of candidate nodes with uni-
form spacing are prepared in one of buckets as
shown in Fig. 2(c). The distance of two neighbor-
ing candidate nodes is set to be smaller than the
minimum distance of nodes to be generated in the
relevant bucket. Next, candidate nodes are pick
up one by one, starting from the left-bottom cor-
ner of the bucket, and are put into the bucket. A
candidate node is adopted as one of the final
nodes when it satisfies the following two criteria :
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(a) The candidate node is inside the analysis
domain (IN/OUT check).

(b) The distance between the candidate node and
the nearest node already generated in the
bucket satisfles the node density at the point
to some extent.

Practically, the criterion (a) is first examined buck-~
et by bucket. As for buckets lying across the domain
boundary, the criterion (a) is examined node by
node. It should be noted here that the nodes already
generated in the neighboring buckets have to be
examined for the criterion (b) as well when a candi-
date node is possibly generated near the border of
the relevant bucket. In the bucketing method, the
number of examinations of the criterion (b) can be
reduced significantly, and then a node generation
speed is remained to be proportional to the total
number of nodes. As for 3D solid\geometries, nodes
are generated in the following order : vertices, edges,
surfaces and domain. ‘

2.5 Element Generation

The Delaunay triangulation metho
to generate tetrahedral elements from numerous
nodes produced within a geometry. When the
Delaunay triangulation method is utilized to gen-

4" is used

erate elements in a geometry with cracks, mis-
match elements across surface crack front tend to
occur as shown in Fig. 3(a). To avoid the mis-

E

@ Adding node F o

Q Triangles to be generated

Fig.3 Technique of avoiding mis—match elements

Crack front

Mis-match element
Triangles to be removed
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match elements, node densities on the crack front
are automatically controlled to be slightly higher
than those near the crack as shown in Fig. 3(b).

2.6 Automatic Attachment of Material
Properties and Boundary Condiions to
FE Mesh
Through the interactive operations mentioned in
section 2.2, a user designates material properties
and boundary conditions onto the geometry
model. Then these are automatically attached on
nodes, edges, faces and volume of elements. Such
automatic conversion can be performed owing to
the special data structure of FEs such that each
part of element-knows which geometry part it
belongs to. Finally, a complete FE model consist-
ing of mesh, material properties and boundary
conditions is obtained. The current version of the
system produces FEs compatible to quadratic
tetrahedral elements implemented in one of the
commercial FE codes, MARC.

3. Calculation of SIF

The FE model generated is automatically ana-
lyzed using-MARC, and then displacements,
strains and stresses are calculated. To obtain the
SIFs accurately as well as automatically, some
techniques are employed.

3.1 Singular Element

When ordinary quadratic tetrahedral elements
are employed to calculate the SIF, a very fine
mesh is required near crack front to capture -/r
variation in displacements and 1/ ./r variation in
stresses where r denotes the distance from crack |
front. To relax this situation, singular elements
as shown in Fig. 4 are adopted®™. In the singu-
lar element, the mid-point nodes near a crack
front are shifted to the quarter-points. This con-
version of ordinary tetrahedral elements along a
front of 3D ecrack to the singular elements is auto-



crack front

Fig.4 Conversion of ordinary quadratic tetrahedral elements
along crack front into singular elements

matically performed in the last stage of the cre-
ation of a FE model.

3.2 Calculation of SIFs

SIFs are computed using the displacement
extrapolation method”?®. Nodal displacements cal-
culated along the crack face are substituted in the
following crack tip displacement equation :

E’ w
= =27 lim——,
4 r—0 -\/;

(for plane strain)

E' ={1-?
E

)

(for plane stress)

where w is a nodal displacement, and E’ is
equal to E in the plane stress condition or
Ell-v)in the plane strain condition. Only posi-
tions of free surface intersection are regarded as
in the plane stress condition, while other posi-
tions are in the plane strain condition. Although
there is no clear boundary between the plane
strain region and the plane stress region, the
point on the free surface, i.e.® =0, is in plane
stress. Radial lines for the semi-elliptical surface
crack front and those of the semi-circular one are
defined as in Fig. 5.

(a) Half semi - circular surface crack(a = c)

y

(b) Half semi - elliptical surface crack

Fig.5 Definition of radial lines to calculate the stress
intengity factors

For each radial line with an elliptic angle ¢ ,
the nodal displacements resulting from an FE cal-
culation are inserted in the well-known equation
(1) for the displacements near the crack tip. By
this means, SIF values K for each radial line may
be computed from the displacements of the nodes
at distance r from the crack face. The first seg-
ment of the K curve where K depends linearly on
r is extrapolated to 7 = 0. The intersection with
the K-axis yields the desired value for the SIF.
The procedure is rather tedious and a distinct lin-
ear segment cannot be recognized in every load
case. Therefore, the least square method is
applied to evaluate the SIF. In this least square
operation, the K value evaluated at the shifted
quarter point is neglected. This displacement
extrapolation method is popularly used to calcu-
late the SIF. In the present study, this process is
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fully automated. When a crack is designated by a
user in the definition process of a geometry model,
radial lines for the crack front are automatically
determined. After the stress analysis using MARC,
displacement distributions are interpolated along the
radial lines, on each of which the SIF is calculated by
the least square method.

4. Results and Discussion

4.1 Analysis of Single Surface Crack
In order to examine efficiency and accuracy of
the present system, a surface cracked plate of
width 2b, thickness t and height Zh subjected to
uniform tension as shown in Fig. 6 was analyzed.
A semi-elliptical surface crack is assumed here.
PFig. 7 shows a typical FE mesh of a quarter

2b

2h

)

Sectlon A - A

()

@)

Fig.6 A plate with a semi-elliptical surface crack
subjected to uniform tension

portion of a plate with a semi-elliptical surface
crack generated by the present system. The mesh
consists of 2,982 quadratic tetrahedral elements
and 5,842 nodes. Nodes and elements are gener-
ated in about 90 seconds and in about 25 sec-
onds, respectively. This is measured on a popular
engineering workstation (EWS), SUN SparcSta-
tion 10. To complete this mesh, the following
three node patterns are utilized : (a) the base
node pattern in which nodes are generated with
uniform spacing over a whole analysis domain,
(b) a special node pattern for the semi-elliptical

Fig.7 A typical mesh of a quarter portion of a plate with a
semielliptical surface crack(2,982 elements, 5,842
nodes)

surface crack, and (¢) a special node pattern in
which node density is getting coarser departing
from the bottom face including the surface crack
and the ligament section.

The analyses were performed for three aspect
ratios of 4/c = 0.4, 0.6 and 1.0, and two crack
depths of a/t = 0.2 and 0.4. Young s modulus
E and Poisson s ratio were assumed to be
205,800MPa and 0.3, respectively. Figs. 8(a), (b)

16 T T
=—== Newman -Raju Eq.
«=®&=-  FE Solutions of Raju-Newman
tr, 14 --@- Present (with singular elements,
L 5,842 nodes)
| =&~ Present (without singular elements,
1.2 5,842 nodes)
[ =
10¥ il 1
L e ]
0e A ]

20/

(@) alc=0.6, 2/t=04

Fig.8 Comparison of present S.1.F. with Newman-Raju
solutions
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Fig.8 Comparison of present S8.I.F. with Newman-Raju
solutions

and (¢) show the comparison between the present
solutions and Newman-Raju s solutions®'? for
single crack configuration. The SIF K for this
crack configuration can be often expressed as :

K = o.Jm/Q F(a/c, o, a/t) (2)

where Q is the squared complete elliptical inte-
gral of the second kind. and its approximate form
is given as :

70

1.65
Q=1+ 1.464(%} 3)

It can be seen from the figures that the present
results using the singular elements agree well
with Raju-Newman s solutions within 2 to 3%
difference.

Fig. 9 shows the measured processing time of a
whole process plotted against the total number of
nodes. These are also measured on a popular
engineering workstation, SUN SparcStation 10.
Among a whole process, the interactive operations
to be done by a user, i.e. the definition of a geom-
etry model. the designation of local node patterns
and the assignment of material properties and
boundary conditions are performed in about 2
minutes. The other processes are fully automati-
cally performed.

Defimtion of geomery model

Attachment of matenal properues and boundary conditions &
Designation of node density distributions 1o geometry model

Geperanon of nodes & elements

S® OO0

Amachment of material properties and
boundary condittons 1o mesh

200 - B Finte clement siress analysis
M Calculauon of stress mtensity lactor
)
g 600-
0
E -
g Fully
- automatic
a operations
._ Interactive
operations
0 T T T T =
1.996 3,637 4489 5842
Number of nodes

Fig.9 Processing time vs. number of nodes for the analysis
of a plate with a semi-elliptical surface crack

4.2 Analyses of Two ldentical Surface Cracks
in Plate

Next, the present system is applied to solve the

SIFs of two identical surface cracks located closely
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in a plate subjected to uniform tension. Fig. 10
shows a typical FE mesh with 5,160 elements
and 9,236 nodes. In this problem. the same three
node patterns as in the previous problem were
used. Only the special node pattern for a semi-
elliptical surface crack is slightly shifted in the
width direction of the plate. The mesh in Fig. 10
can be easily created through the same interac-
tive operations as in the previous problem. Nodes
and elements are generated in about 2 minutes
and in about 40 seconds, respectively, in the com—
puter environment previously mentioned.

To examine interaction effects of two identical
surface cracks, the FE analyses are performed for
the following crack configurations :

k «éiii
| !

i
Bt Hfﬁiii[
e L m’ﬁi
I ‘ii’*” ilﬁ"‘
ﬂ,,mn n L ﬁ%!!ziﬁ%;';{;-»

}E liiiﬁg ‘{}

Fig.10 A typical mesh of a quarter portion of a plate with
two identical surface cracks(5,160 elements, 9,236

nodes)
bic=hlic=6.0
alt=04,06

d/c=023, 03 1.0

Fig. 11(a) and (b) show the distributions of the
SIF along crack front for different aspect ratios
and crack distances. For the purpose of compari-
son. the analysis results for d/c = 0.25 and 0.5
using the line-spring method of ABAQUS program
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Fig 11 Stress intensity factor for two identical surface cracks
in a plate
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Fig.11 Stress intensity factor for two identical surface cracks
in a plate

are shown in Fig. 11(a). It can be seen from Fig.
11(a) that the present solutions agree with those
by the line-spring method within 5% difference.
The figures clearly show that no significant inter-
action effects are observed when d/c ratio reaches
1, and that the SIF increases significantly near
the inner tips of the surface crack when both
cracks approach. It should be also noted here that



interaction effects on the SIF at the deepest point
are negligible even though d/c is 0.25. In ASME
Boiler and Pressure Vessel Code, Section XI,
Appendix A " two adjacent cracks are simply
regarded as a single large crack whose depth is
the same as that of the deeper original crack, i.e.
o and whosge length is the same as the distance
between the outer tips of the two original cracks,
i.e. (4c + d). The SIF for the simplified large
crack at the deepest point is shown in Fig. 11(a)
and (b) for the purpose of comparison. It can be
clearly seen from the figures that the ASME code
gives a conservative result for two adjacent cracks
problems. These phenomena are in good agree-
ment with those obtained by the body force
method™ and the line spring method®.

5. Conclusions

A novel automated system for analyzing the
SIFs of 3D cracks was developed in the present
study. The automatic FE mesh generation tech-
nique based on the fuzzy knowledge processing
and the computational geometry techniques were
integrated in the system, together with one of
commercial FE programs. Here interactive opera-
tions to be done by a user can be performed in a
few minutes even for complicated problems. The
other processes are fully automated being able to
be performed in several minutes in a popular
engineering workstation environment. The results
clearly show that when the cracks approach to
each other, the 3IF at the inner tips of the sur-
face crack significantly increages, but that at the
deepest point it does not change so much. Such
interaction effects appear more significantly in
the smaller crack. ASME Boiler and Pressure
Vessel Code, Section XI, Appendix A gives a con-~
servative SIF for two identical surface cracks.
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