3D FINITE ELEMENT ANALYSIS OF

A COMPACT TENSION SHEAR—

SPECIMEN UNDER IN—-PLANE MIXED-MODE LOADING

F.—G. Buchholz *, P. Diekmann

A 3D fracture analysis

gCTS)-specimen is presented, achieved by
(FEMzl

virtual crack closure— and t

method. It is shown that by

nite element method

** H.A. Richard *, H. Grebner **

of a compact tension shear
the aid of the
and the generalized modified
e equivalent domain integral

in—plane mixed—mode loading

conditions of the CTS—specimen variable mixed—mode I, II

and III crack tip

found that the
adjacent to the
and the additionally
increasing values there.

conditions are created along the straight
crack front through the i
energy release rate G decreases
free surface of the specimen, whereas G

thickness of the specimen. It is
distinctly
show

induced G remarkably

INTRODUCTION

LIN LIV 2 e S

Mixed—mode fracture is an important subject
fracture conditions do_occur

and loadin
of combined in—plane tension

mixed— mode
various geometrical—

in fracture mechanics because
in engineering practice under
conditions. In order to cover the full range
in experimental fracture

mechanics the compact tension shear (CTS)—specimen and the special loading

device (Fig. 1) has
element— and fracture analysis
CTS—specimen under

been designed

different in—plane tension/shear

by

RICHARD /1/. In this paper finite
results are presented

for 3D—models of the
loadings. The detailed

investigation will show that by in—plane mixed—mode loading conditions

additional 3D—
finite thickness of the
fracture behavior can

Equivalent Domain

linear elastic material behavior.

*
**  Gesellschaft fiir

Universitit—GH—Paderborn,

and out of plane effects arise at the crack front due to the
specimen gt
be analyse

highly effective Modified Virtual Crack
Integral
simultaneously the separated energy release rates Gi (a, z/t), 1 =

— 10-20mm). This kind of complex 3D
by 3D generalizations of the numerically
Closure Integral (MVCCI)— and the
(EDI)—method, which both  provide
I, 11, 1T for

D—4790 Paderborn, FRG

Reaktorsicherheit (GRS), D—5000 Kéln, FRG

795



ECF 9 RELIABILITY AND STRUCTURAL INTEGRITY OF ADVANCED MATERIALS

3D MVCC— AND EDI-METHOD

Generalizations of the straight forward and numerically _effective
VCCI-methods from 9D- to 3D—problems have been given by BUCHHOLZ
et al /2,3 and SHIVAKUMAR et al [4/ with slightly different approaches.
The successful applications cover various 3D—problems including surface
cracks in different structures and debonding processes in 3D fibre/matrix
composite cylinders, where all fracture modes 1, IT and IIT are created along
interface crack fronts. For the present analysis of the 3D CTS—specimen the
3D MVCCI-method is used as formulated for 20-node volume elements by
SHIVAKUMAR /4/. For details of the method reference has to be given to

141

The same holds for the EDI-method given by NIKISHKOV and
ATLURI in /5/. The EDI-method for 3D—problems is & numerically highly
efficient extension of the 3D virtual crack extension (VCE)—method by
DELORENZI /6/. In combination with the decomposition of the stress,
strain and displacement fields into mode 1, I and III components /4] the
energy release rates Gi (a2, z[t), 1 = I, I, III can be computed for general
mixed—mode cases in 3D and furthermoré for nonlinear and elastic—plastic
material behavior. A FE—postprocessor programmed by DIEKMANN /7 | on
the basis of /5,6/ has been used to achieve the EDI-tesults for the 3D
CTS—specimen.

S_SPECIMEN AND 3D FE-MODEL

CT

In Fig. 1 the CTS—specimen and the loading device are displayed as
mounted together in a standard tensile testing'machine.By aid of the special
loading device various in—plane loading conditions can be created, reachin:

from pure tension (=0 deg.) via in—plane tension/shear (0 < @ < 90 degg

to pure in—plane shear loading (& = 90 deg.)-

Figure 2 shows the 3D FE—model of the CTS—specimen which has 6966
degrees of freedom and is assembled from 404 20-node volume elements.
Away from the crack front the model contains one element through the
thickness (0 € z/t € 0.5), whereas mesh refinements are incorporated next to
the straight crack front (a= const.) and adjacent to the free surface (z/t -

0.5).

DISCUSSION OF FRACTURE ANALYSIS RESULTS

In Fig. 3 the deformed FE—mesh of the CTS—specimen is given for pure
tension loading and clearly the correlated mode I crack opening is t0 be seen.
The quantitative results in form of the normalized energy release rate G® (a,
z[t) = GI* = Gx/[(F/wt)-a] show slightly decreasingvalues for 0 ¢ z[t € 0.4,
with coinciding graphs for both methods (MVCCI, EDI), but stronger
decreasing curves adjacent to the free surface of the specimen z[t = 0.5).
Probably the slightly curved crack fronts, which are frequently found in mode
1 fatigue experiments, are due to this 3D—effect to some extend, because of
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reduced fatigue crack growth rates for z Jt = 0.5. As another obvious 3D—effect
it should be mentioned that the 3D G1N—graph does not meet the 2D limit
case values, which are given in Fig. 3 too from 2D reference solutions /1/. At
the free surface (z/t = 0.5) the G1N—graph ends distinctly below the 2D
plane stress value and in the plane of symmetry (z/t = 0) it still exceeds the

2D plane strain value, which is reasonable for this specimen with only t =
10 mm thickness.

More complex is the situation if the CTS—specimen is subjected to
in—plane tension/shear loadings for 0 < a < 90 deg.. In the. 2D case this
creates plane mixed—mode I and II conditions at the crack tip, which are
visible in Fig. 4 through the crack face displacements of the deformed 3D
FE—mesh of the specimen. Moreover it is indicated by Fig. 4 that the level of

the G1N—graph with z[t is about the same as for a = 0 deg. The additional
mode II loading (G2N—graph) is rather constant for 0 < z/t < 0.4, but shows
slightly increasing values for z/t = 0.5. Furthermore it can be concluded from
the G3N—graph in Fig. 4, that by the in—plane mixed—mode loading of the
specimen also some out of plane shear effect (mode IIT) is created at the crack
front adjacent to the free surface (z/t 2 0.3). Superposition of all effects
results in the total energy release rate GGN—graph) as given in Fig. 4 too.

Most clearly the 3D— and out of plane effects are to be seen in Fig. 5 for
pure in—plane shear loading of the CTS—specimen. Here a remarkable increase
can be observed for the G3N—graph with zft = 0.5, what is also found for
mode II (G2N—graph) and consequently for the total energy release rate 100
(GGN—graph). Furthermore from Fig. 5 it can be seen, that the excellent
agreement between both fracture analysis methods (MVCCI, EDI) is slightl
affected for z/t -+ 0.5, because the local 3D— and out of plane effects with z/t
2 0.5 are experienced more in detail by the EDI—method. This tendency of
the EDI-tesults agree well with findings in (8 /, obtained by those variants of
the VCC— and MVCCI-methods, which efine the energy release rates for
each plane of nodal points per element /2,3/. Furthermore these results are
supported by findings in /9/, obtained by special 3D hybrid crack front
elements for a similar problem, but on the other hand for z[t < 0.2 the
Kin—graphs in /9/ show courses which do not agree with the corresponding
MVCCI- and EDI—findings here. Some further improvement should be
attained for the mode decomposition part of the EDI—postprocessor 17/,
because sometimes G3N < 0 is obtained for small numbers and the total
energy release rate results show minor deviations from each other if calculated
with — or without mode decomposition.
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Fig. 1 Loading device and CTS-specimen (in—plane tension/shear loading,

a = 60 deg., afw = 2/3, w =90, d = 68,t = 10mm, F = 40kN)
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Fig. 2 3D FE-model of the CTS-spec: (0¢ z[t ¢ 0.5 404 20-node vol. el.,
6966 DOF,E= 80,000.N /mm’, A= 0.3)
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Fig. 3 Deformed 3D FE-model of the CTS-specimen under pure tension
loading (a=0 deg.) and correlated norm- energy releaseé rates (ERR)-

799



ECF 9 RELIABILITY AND STRUCTURAL INTEGRITY OF ADVANCED MATERIALS

o 2

[

.

o

2

>

=z

=

[Ch

= o

8

©

[

—_

a

< w

S

e

= Eﬂ-pl.streé

- -
"o A ; .3 ] .5

norm. thickness coord. 7/t

Fig. 4 Deformed 3D FE-model of the CTS-specimen under in-plane
tension/shear loading (a=60 deg.) and correlated norm. ERR
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Fig. 5 Deformed 3D FE-model of the CTS-specimen under pure in—plane
shear loading (@=90 deg.) and correlated norm. ERR.
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