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Experimental and Numerical Investigation of 3D
Mixed-Mode Crack Problems in Structures

H.A. Richard', M. Fulland?, G. Kullmer' and N.-H. Schirmeisen'

Abstract:  Fracture processes in real structures are in many cases of a three di-
mensional (3D) character. In this paper some basic problems of 3D-fracture pro-
cesses are considered and discussed, in particular for general mixed-mode loading
conditions, when modes I and II and III are superimposed. For experimental inves-
tigations an AFM-specimen is under consideration, while numerical simulations
are carried out with the program ADAPCRACK3D.

Keywords: General mixed-mode Fracture, All Fracture Modes (AFM) Speci-
men, Computational 3D Crack growth simulations

1 Introduction

Fracture processes in real structures are in many cases of a three dimensional (3D)
character. Due to general service loads an existing crack may experience complex
loading conditions, which can be interpreted as a superposition of the three funda-
mental fracture modes I, I and III. The prediction of the developing 3D fracture
process, which may be stable or unstable, is not yet well understood. There is a lack
of physical understanding of those processes and furthermore qualified hypotheses
are still missing for the prediction of the onset and the direction of crack growth and
to assess critical crack dimensions. In particular there is a shortage of experimental
findings regarding general 3D and mixed-mode fracture to form a solid basis on
which the desired understanding and the missing fracture criteria could be estab-
lished. This paper will contribute to this subject by reporting on the optimisation
of the AFM-specimen with respect to advanced fracture and fatigue investigations
for general 3D mixed-mode loading conditions. Findings of those experiments are
capitalized for numerical three-dimensional crack growth analyses. The program
ADAPCRACK3D is able to carry out such finite element simulations in real 3D
structures.
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The field of 3D crack growth problems under mixed-mode loading conditions was
under consideration by Prof. Dr. Fritz Buchholz for many years throughout his sci-
entific career. In memoriam of his outstanding work in this field this contribution
deals with this topic. Consequently important parts of this article rely on work elab-
orated by Prof. Buchholz. Additionally it is shown, in which way his contributions
are incorporated into the newest development of 3D mixed-mode simulations.

2 The Mixed-Mode I-II-III-Problem

In the past 2D-problems of crack growth under mixed-mode I and II loading condi-
tions have attracted much attention and through many investigations the problem is
now well understood. A number of fracture criteria for predicting the onset of frac-
ture and the direction of crack growth under mixed-mode I and II crack tip loading
conditions are well established [Erdogan, F., Sih, G. C. (1963); Williams, J. G.,
Ewing, P. D. (1972); Sih, G. C., (1974); Hussain, M. A., Pu, S. L., Underwood, J.
H., (1974); Nuismer, R. J., (1975); Wu, C. H., (1978); Palaniswamy, K., Knauss,
W. G., (1978); Cotterell, B., Rice, J.R., (1980); Sumi, Y., Nemat-Nasser, S., Keer,
L. M. (1983); Amestoy, M., Bui, H. D., Dang-Van, K., (1981); Richard, H.A.,
(1985); Leblond, J. B., Amestoy, M., (1989)]. In particular the CTS-specimen and
the related special loading device, which have been designed by Richard [Richard,
H.A., Hahn, H., G., (1980); Richard, H.A., (1981); Richard, H.A., Benitz, K.,
(1983)], and detailed theoretical, experimental and computational investigations
have contributed to the current state in the field [Richard, H.A., Benitz, K., (1983);
Banks-Sills, L., Arcan, M., Bui, H. D., (1983)].

In 2D or plane mixed-mode cases the basic relations can be presented in form of a
fracture limit curve in a K; — Kj; diagram (Fig. 1a). Unstable fracture will occur
when the loading conditions at the crack tip, characterised by the stress intensity
factors (SIFs) K; and Kj; reach any point on the 2D fracture limit curve [Richard,
H.A., (1985, 1984)] (Fig. 1a). For mixed-mode fracture the extended crack will
kink off from its initial direction (Fig. 2b) and for isotropic materials the kink angle
is a function of the Kj;/K; ratio only[Richard, H.A., (1985)] (Fig. 2a). Besides
other criteria! ~!2 the K; — Kj; fracture limit curve can be described by the following
relation[Richard, H.A., (1985)]

K 1
Kv=?[+§ K? +4 (oK) < Kic. (D

In Eq. (1) Ky is the equivalent SIF and the parameter @ is the ratio K;c/Kjjc of the
related fracture toughness values. For some materials the values of o are given in
Tab. 1 according to[Richard, H.A., (1985, 1988)].
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Figure 1: Threshold and fracture limit curves and limit surfaces a) for 2D or plane
mixed-mode problems b) for 3D or general mixed-mode problems

The well established maximum tangential stress criterion [Erdogan, F., Sih, G. C.
(1963)] and the maximum energy release rate criterion due to Nuismer[Nuismer,
R.J., (1975)] can be well approximated with ¢;;=1.15 according to[Richard, H.A.,
(1985)]. The related kink angle can be predicted by the following relation

2
K K
o= |155,5° 1K1l _g3 4o {' i ] )

K|+ K| |Kr| + | K1

in which @< 0 has to be considered for K;;>0. A comparison of Eq. (2) with exper-
imental findings[Richard, H.A., (1984); Richard, H.,A., Schollmann, M., (1999)]
is given in Fig. 2b.

Table 1: Values of o for Different Materials

Material o

PMMA 1,08
AlCuMgl 1,05
PVC, transparent 0,93
Steel, low alloy 1,28

For plane mixed-mode cases fatigue crack growth or stable crack growth can only
develop if the crack tip loading conditions are characterised by a point lying be-
tween the fracture threshold and the fracture limit curve (Fig. 1a). In that case the
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equivalent cyclic SIF

AK; 1
AKy = TI + 5\ AK? +6AK 3)

is characterising crack growth[Richard, H. A., Linning, W., Henn, K., (1991)],
which means da/dN is a function of AKy. While for plane mixed-mode cases
and isotropic materials fatigue crack growth is now well understood and can be
predicted with good confidence and accuracy[Richard, H.,A., Schoéllmann, M.,
(1999); Richard, H. A., Linning, W., Henn, K., (1991); Richard, H.A., May, B.,
Schoellmann, M., (1988); Hellen, T. K., Blackburn, W. S., (1975); Aoki,.S., Kishi-
moto, K., Yoshida, T., Sakata, M., Richard, H., A., (1990); Theilig, H., Doering,
R., Buchholz, F.-G., (1997); Theilig, H., Buchholz, E.-G., (1999)], for the more
general 3D mixed-mode problems only a few approaches are known[Kassir, M.,
K., Sih, G.,C., (1975)] and there is still a lack of understanding.
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Figure 2: Crack kink angles ¢y, experimentally obtained by the aid of the CTS-
specimen fractured under varying mixed-mode I + II loading conditions a) for spec-
imens from different materials and predicted crack angles according to Eq. (2) b)
for specimens from PMMA

Indeed in some more recent papers [Davenport, J. C. W., Smith, D. J., (1993);
Pook, L. P., (1993, 1995); Hull, D. (1995)] investigations regarding superimposed
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modes I and III are to be found, but these results can not be applied to cases of
mode II and III and can not readily be generalised to cases where all basic fracture
modes I, II, and III are involved. This situation can be explained best by the aid of
Fig.1b. Unstable crack growth will develop, if a local loading condition along the
crack front reaches a point on the fracture limit surface, which expands between
the fracture limit curves for mode I and II, mode II and III and for mode III and
I. Fatigue crack growth or stable crack growth develops if points characterising
the local crack front loading conditions are lying between the threshold and the
fracture limit surfaces. If along a crack front fatigue crack growth initiates under
mixed-mode loading conditions a three dimensional curved crack surface begins to
develop in the solid or specimen, as shown in Fig. 5a. The fracture limit surface
can be represented by the following relation[Richard, H. A., (1983); Richard, H.
A., Kuna, M., (1990)]

K\ Ky \' K v
() () () -
Kic Kiic K
With u=1 and v=w=2 and o = KIC/KIIC and op = KIC/KIIIC by Eq. (4) a fracture
criterion can be established

1
Ky = > + 5\/K,2 +4(auKy) 44 (uKip)* < Kie, )

which covers also the most general cases where all fundamental fracture modes are
superimposed. Whereas for plane mixed-mode problems the fracture limit curve is
well established, with a;=1.155, corresponding to the maximum tangential stress
criterion, the value to be taken for o has not yet been fixed. Furthermore the
prediction of the local crack kinking, which is variable along the crack front, and
the subsequent curvature of the three dimensional crack surface in space is widely
open. Also the minimum strain energy density criterion [Kassir, M., K., Sih, G.,C.,
(1975)], which is considered to cover the most general cases with all modes super-
imposed, has to be proved experimentally in more detail. This is also holding for
more recent 3D fatigue crack growth simulations [Mi, Y., Aliabadi, M. H., (1994);
Wawrzynek, P. A., Carter, B. J., Potyondy, D. O., Ingraffea, A. R., (1994); Kuhn,
G., Partheymiiller, P., (1999); Dhondt, G., (1998); Schéllmann, M., Fulland, M.,
Richard, H.A., (2000a,b)].

In order to improve the situation further experimental and theoretical investigations
have to be performed. A specimen with which all basic fracture modes I, II and
III and all combinations of them can be investigated has been proposed by Richard
[Richard, H.A., Hahn, H., G., (1982); Richard, H. A., (1983); Richard, H. A.,
Kuna, M., (1990)]. Namely this is the all fracture modes (AFM) specimen and
the related special loading device, which briefly will be presented in the following
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chapter, but for further details reference is given to Richard and Kuna [Richard, H.
A., Kuna, M., (1990)]. Furthermore a detailed computational 3D fracture analysis
of the AFM-specimen will be presented, which forms the basis of an improved and
optimised design.

3 All Fracture Modes (AFM) Specimen

For experimental investigations of crack growth and fracture under different mixed-
mode loading conditions several types of specimens are available[Erdogan, F., Sih,
G. C. (1963); Richard, H.A., (1985, 1981); Richard, H.A., Benitz, K., (1983);
Davenport, J. C. W., Smith, D. J., (1993); Pook, L. P., (1993)]. But none of
these specimens covers the full range of all basic fracture modes or all combina-
tions thereof. These requirements are fulfilled so far only by the AFM-specimen
in combination with the special loading device (Fig. 3), which has been developed
in particular for this purpose[Richard, H.A., Hahn, H., G., (1982); Richard, H. A.,
Kuna, M., (1990)].

Figure 3: AFM-specimen and loading device a) loading device with loading angles
o and 8 b) AFM-specimen with w=27mm, ¢=20mm, t=0.225w, a=0.5w

The design of this assembly is such that it can be mounted and loaded in a standard
tensile/compression testing machine and that through the orientation of the loading
device, with respect to the loading direction, the angles a and f3 of the applied
tensile force F can be varied in order to generate any combination of superimposed
fracture modes in the specimen. Furthermore the load line intersects the centre of
the specimen at the front of the initial mode I fatigue crack or at the notch that
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is machined there. So when the load F is acting under the angles o and 8 with
respect to the local crack or notch tip coordinate system the components of F' can
be expressed as

F, =N = Fcoscacosf (6a)
F,=Q=PFsina (6b)
F,=T = Fcosasinf (6¢)
Mg = Fesina (6d)
My = Fccososin 8 (6e)

and they are illustrated in Fig. 4a. The normal and shearing forces N and Q,
T, respectively, are acting upon the cross-section ABCD of the specimen. The
correlated internal forces N,Q,T and internal moments My, M7 are acting in the
upper and lower cross-sections of the specimen as shown in Fig. 4b. The bending
moments Mg and My are to compensate for the moments of the shearing forces Q
and T with respect to the origin of the crack tip coordinate system. These stress
resultants have to be transmitted from the loading device through the bolts and the
bore holes onto the centre part of the AFM-specimen, which can be considered as a
single edge notched (SEN) type of specimen. For further details reference is given
to Richard and Kuna[Richard, H. A., Kuna, M., (1990)] again.

Consequently the following mean stresses and normalised SIFs can be defined

oy =N/wt (7a)
To=Q/wt (7b)
- (7¢)
K, = K;/oxvma (8a)
Kiin = Kj1/t9V/7a (8b)
Kiiin = Kt/ trv/ma (8c)

in order to normalise the results of the computational analysis.

Some experimental findings achieved with AFM-specimens are shown in Fig. 5.
In particular in Fig. 5a a smoothly curved 3D crack surface can be seen in the
AFM-specimen made from PMMA, which has initiated from the notch under load-
ing conditions with @=60" and f=60°. For loading conditions with =30 and
B=60° the crack surface developed more irregular in an AFM-specimen made from
AlCuMgPb (Fig. 5b).
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Figure 4: Stress resultants, generated in the AFM-specimen by a load F with load
angles o and 8 # 0 a) acting upon the cracked cross-section b) acting upon upper
and lower cross-sections

Figure 5: 3D curved crack surfaces in fractured AFM-specimens a) for PMMA and
o=60°, B=60° b) for AICuMgPb and a=30°, =60°

4 Virtual Crack Closure Integral (VCCI) Methods
4.1 VCCI or 2C-Method

For the fracture analysis of a mode I crack problem, Irwin’s[Irwin, G. R., (1957,
1956)] well known analytical crack closure integral relation can be written in the
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following FE-representation[Rybicki, E.F., Kanninen, M.E., (1977)]

Aa 1 1
2C
G] ((l"— 2> = @Wy,Wy = EFy’i (Cl) . Abty,jfl (Cl +Aa) (9)

which is holding for a FE-discretisation as given in Fig. 6a. By Eq. (9), in which
t denotes the thickness of the specimen, the strain energy release rate (SERR) Gy
is calculated on the basis of the work to be done by the nodal point force Fy ;(a)
against the relative nodal point displacement Auy, j_1(a + Aa) in order to close the
crack by Aa again (Fig. 6a). By Eq. (9) the numerical VCCI-method is defined
for a 2D crack problem under mode I. It will be shown that through this method,
which can be classified as a local energy approach, good results are obtained even
for non-singular, low order standard elements and rather coarse FE-meshes, if the
layout of the mesh around the crack tip is homogeneous.

The VCCI-method is also named and marked as 2C-method (2 calculations), be-
cause two FE analyses of the model have to be performed, respectively (for the
crack lengths @ and a + Aa), in order to compute one SERR result G*C(a + Aa/l2)
as mean value in the interval of finite crack extension Aa. But with respect to this
effort it should be emphasised that by Eq. (9) the SERR is computed numerically
exact for the actual FE discretisation under consideration, even for finite crack ex-
tensions Aa» 0. On that account no term limAa —O0 is expressed in Eq. (9) and
the notation G*(a + Aa/2) stresses its meaning as the mean value of the SERR in
the interval Aa of finite crack extension, which has to be correlated to a 4+ Aa/2, the
corresponding mean value of the crack length in the interval under consideration.
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Figure 6: Computational VCCI-methods for 2D and 3D low order standard element
discretisations a) 3- and 4-node membrane b) 6- and 8-node volume elements



170 Copyright © 2010 Tech Science Press SDHM, vol.6, no.3, pp.161-188, 2010

4.2 MVCCI or 1C-Method

Rybicki and Kanninen[Rybicki, E.F., Kanninen, M.F., (1977)] have introduced
the modified virtual crack closure integral (MVCCI) method in order to avoid the
additional effort of a second FE-analysis for an extended crack of length a + Aa,
respectively. This can be achieved if, with reference to Eq. (9) and to Fig. 6a, the
required relative nodal point displacement Au,, ;_1(a+Aa) from the extended crack
is replaced by the corresponding relative nodal point displacement Auy,;_(a) of the
original crack with crack length a. By this numerically highly effective MVCCI or
1C-method (1 calculation) the SERR is calculated from

G/ (a)= AljzioﬁWy, WY = %5 (@) Auyi1 (a). (10)
The assumptions under which Eq. (10) is holding are the same as for Eq. (9).
Through the term limAa —0 in Eq. (10) it is expressed that the MVCCI or 1C-
method is an approximate approach, with convergence to the exact solution only for
Aa —0. But Rybicki and Kanninen[Rybicki, E.F., Kanninen, M.E., (1977)] have
shown, that for small Aa also a good accuracy can be achieved by the MVCCI-
method, with respect to reference solutions.

In the case of in-plane mixed-mode loading conditions at the crack tip or in the 3D-
case including out-of-plane shear the additional mode II or mode III SERRs can be
obtained readily by substituting the relevant x- and z-components of the nodal point
forces and the relative nodal point displacements into Eq. (10). The total SERR at
the crack tip or at a nodal point located along the crack front is then defined by

Gi (a+Aa/2) =Y G (a+Aaj2), i=IILIII (11)
i

This numerically highly effective MVCCI-method for 2D-fracture analysis can be
generalised in conjunction with standard low order volume element discretisations
in a rather straight forward way in order to cover also complex 3D-fracture prob-
lems. Firstly Egs. (9)-(11) have to be evaluated at all nodal point positions k =1,
2... along the crack front (Fig. 6b) and they have to be interpreted there with re-
spect to a locally defined crack front coordinate system, respectively. Secondly the
constant thickness ¢ at the 2D-problems has to be replaced by an effective thick-
ness Afy, which is correlated to the nodal point position k under consideration and
evaluation (Fig. 6b). The resulting formulae are

1 : 1

1C :

Gy (a,At), = Algglomwky,ka =5 (Fy,i(a)Auy;—1 (a)); (12a)
Aa 1 1

Gif <a+ 2,Atk>k = 7AtkAaW]f’W]f =5 (Fri(a)Auy ;1 (a+Aa)),,, (12b)
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Aa 1 1
G <a+ Z,Atk>k = mwg,wg =3 (F.i(a)Augj—y (a+Aa)), ,, (12¢)

Tk k— t
Aty = W’ (12d)

which are holding for 6- and 8-node volume element discretisations (Fig. 6b). In
the following it will be shown that also in the 3D-case through this method, good
results are obtained even for non-singular, low order standard elements and rather
coarse FE meshes, if the layout of the mesh around the crack front is homogeneous.

Through Irwin’s[Irwin, G. R., (1957, 1956)] analytical virtual crack closure rela-
tions the SERRs G; are related to the SIFs K; by

2

K-
Gi=-L, i=L1
E/

E — E for plane stress (13)
a lfﬁ for plane strain
and
K2
GIII:(I—FV)%. (14)

The corresponding formulae for the VCCI-method for 3D crack problems can read-
ily be developed from Eq. (9) and Egs. (12a,b,c) respectively.

Through further generalisations of the method, also the numerically more effec-
tive non-singular, higher order elements can be utilised for the fracture analysis of
2D and 3D crack problems ([Buchholz, F.-G., (1984)]; [Krishnamurthy, T., Ram-
mamurthy, T.S., Vijayakumar, K., Dattaguru, B., (1985)]; [Raju, 1.S., (1987)];
[Sethuraman, R., Maiti, S.K., (1988)] and [Buchholz, F.-G., Schulte-Frankenfeld,
N., Meiners, B., (1987); Buchholz, F.-G., Grebner, H., Dreyer, K.H., Krome, H.,
(1988)]; Narayana et al[Narayana, B., K., Krishnamurthy, T., Dattaguru, B., Rama-
murthy, T.S., Vijay Kumar, K., (1988)]; [Shivakumar, K.N.: Tan, P.W., Newman,
J.CJr., (1988)]; [Buchholz, F.-G., (1994); Ding, S., Buchholz, F.-G., Biirger, M.,
Kumosa, M., (1995); Buchholz, F.-G., Wang, H., Lin, J., Richard, H. A., (1998);
Buchholz, E.-G., Chergui, A., Dhondt, G., (1999)]) and also other methods have
been developed [Chan, S. K., Tuba, I. S., Wilson, W. K., (1970); Parks, D. M.,
(1974); Hellen, T. K., (1975); Kuna, M., (1982); Nikishkov, G.P., Atluri, S.N.,
(1987); Mi, Y., Aliabadi, M. H., (1995); Wawrzynek, P. A., Carter, B. J., Potyondy,
D. O., Ingraffea, A. R., (1994); Dhondt, G., (1993, 1998); Kuna, M., Schmidt, V.,
(1984)].
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5 Numerical Optimisation of AFM-Specimen

The 3D finite element analysis of the AFM-specimen in the original design was
done by Richard and Kuna[Richard, H. A., Kuna, M., (1990)] by the aid of special
hybrid singular crack tip elements[Kuna, M., (1982)] (HSE) and so these results
are marked by ,,HSE® in the following text and diagrams. Due to limited computer
facilities the FE-model was restricted to the centre part of the AFM-specimen, and
thus resulted in modelling a single edge notched (SEN) type of specimen, and fur-
thermore the FE-model was rather coarse[Richard, H. A., Kuna, M., (1990)]. But
the HSE-results given in Figs. (9-11) confirm that with this design of the AFM-
specimen and the special loading device all general mixed mode I, IT and III load-
ing conditions at the crack front can be achieved with only one and the same spec-
imen[Richard, H. A., Kuna, M., (1990)]. On the other hand, with respect to the
objective to be able to generate pure and constant modes I or II or III loading con-
ditions along the crack front, some disadvantages of the original design have been
found. They will be discussed in conjunction with the findings presented in Figs.
(9-11), in which the HSE-results according to Richard and Kuna[Richard, H. A.,
Kuna, M., (1990)] and the present MVCCl-results are compared.

But before this is done the computational accuracy of the 3D-fracture analysis
by means of the MVCCI- method will be proved with respect to the correlated
FE-model (Fig. 7) and concerning the non-singular, low order standard elements
(6- or 8-node volume elements). This can be verified although for the 3D-case
of the SEN-specimen no reference solution is available and furthermore for the
SEN-specimen no 2D-reference solution is available [Tada, H. Paris, P., Irwin, G.,
(1973); Rooke, D. P., Cartwright, D. J., (1976); , (1987) (Ed.)] including the effect
of finite length. This problem can be overcome by introducing symmetry conditions
at the cracked side of the SEN-model, such that a centre cracked tension (CCT)-
specimen is modelled for which finally a very detailed and well documented ref-
erence solution by Isida[Isida, M., (1973)] is available, including the finite length
parameter c/w.

The way how to relate the results of the 3D-model of the CCT-specimen to the
2D-reference solution is to suppress all displacements in the thickness direction of
the specimen (z-direction, see Fig. 4b) by setting u,o(X,y,z/t==+0.5)=0 as boundary
conditions (BCs) at the front and rear surface of the specimen. By this trick plane
strain conditions are enforced on the 3D-model of the CCT-specimen. In con-
sequence these surfaces of the deformed specimen remain plane, even where the
crack front intersects these surfaces, and so the SERRs evaluated along the crack
front through the thickness of the specimen should be constant and related to the
corresponding 2D reference value ([Isida, M., (1973)]).
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Figure 7: Deformed original AFM or SEN-models (a/w=0.5, t/'w=0.9, c/w=0.75)
a) under pure tension loading b) under pure in-plane shear loading c) under pure
out-of-plane shear loading
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Figure 8: Norm. SIFs along the crack front of the 3D CCT-specimen with pl. strain
BCs in thickness direction

In order to find a common basis for the comparison of the results the SERRs cal-
culated by the MVCCI-method are converted into SIFs by the aid of Eq. (13) for
i=I, I and by Eq. (14) for i=IIl. This finally results in the normalised SIFs as
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plotted in Fig. 8. They are found to be perfectly constant along the crack front
(-0.5<7/t<+0.5) and through the minimal relative error of Arel=-0.19%, compared
to the 2D plane strain reference value, this 3D FE-model of the CCT or SEN-
specimen and the 3D generalisation of the MVCCI-method can be considered as
highly qualified for the analysis of more general 3D fracture problems.

For the case of tension loading of the SEN-model (see Figs. 7a and 9) rather con-
stant mode I loading conditions Kj,(a,z/t) are generated along the straight crack
front through the thickness of the specimen (-0.5<z/t<+0.5). Only adjacent to the
locations where the crack front intersects the free surfaces of the specimen a slight
drop of the normalised SIFs Kj,(z/t) are found with z/t— $0.5. This 3D-effect is
well known from detailed 3D analyses of a CT-specimen and also the HSE and
MVCCl-results for the SEN-model under tension loading confirm this effect by
nearly coinciding results from both methods of analysis.
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Figure 9: Norm. mode I - SIFs of the SEN-model under pure tension loading
(a/w=0.5, t/w=0.9, c¢/w=0.75) HSE: FE-analysis with hybrid singular vol. ele-
ments[Richard, H. A., Kuna, M., (1990)] MVCCI: FE-analysis with 6- and 8-node
vol. elements

The findings for pure in-plane shear loading of the SEN-model (Fig. 7b), as given
in Fig. 10, are not so familiar any more. The mode II loading conditions along
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the crack front through the thickness of the specimen are also found to be about
constant, but here slightly increasing values for z/t— 40.5 are analysed. Conse-
quently a 2D-analysis is no more be conservative as it still was the case for tension
loading of the specimen (see Fig. 9). The HSE-results are not as smooth as the
MVCCl-results, which may be due to the much coarser mesh of the related FE-
model, in particular in the inner part of the specimen for -0.25<z/t<+0.25. But in
addition to the intentionally generated mode II loading conditions Kj;,(a,z/t), also
locally induced mode III loading conditions along the crack front are found by both
methods of analysis. This mode coupling effect is related to Poisson’s ratio and the
laterally less constrained strains adjacent to the free surfaces of the specimen. Con-
sequently in Fig. 10 Kjj,(a,z/t) vanishes for the mid plane of the specimen (z/t=0)
and shows increasing values of opposite sign for -0.4<z/t<0.4 and higher gradients
for z/t— £0.5, where the crack front intersects the free surfaces of the specimen.

Because this mode coupling effect is related to Poisson’s ratio of the material of the
specimen it will generally be rather small and should not affect the local loading
conditions considerably. That the discussed interpretation and understanding of this
mode coupling effect is correct has been confirmed by a FE-analysis of this model
with Poisson’s ration v set to zero (v=0). In this case Kj;,(z/t) was found to be per-
fectly constant for -0.5<z/t<+0.5 and Kj;;,(z/t) was found to vanish completely for
-0.5<z/t<+0.5. Finally it should be mentioned that although the mode III results of
both methods generally agree very well, the HSE-results show a change in sign near
to the mid-plane of the specimen. These values differ from the MVCCl-results but
can not be confirmed on the basis of the relative nodal point displacements between
the upper and lower crack surfaces.

For pure out-of plane shear loading of the SEN-model (Figs. 7c and 12) it turns out
that the loading conditions achieved locally along the crack front are more difficult
to understand. Firstly the findings given in Fig. 11 show an only approximately
constant Kjj,(a,z/t) distribution with a shallow maximum at z/t=0 and slightly de-
creasing values for z/t— £0.5. Here the HSE-results are about 7 % smaller, but
with respect to the finer mesh of the corresponding MVCCI-model and the accuracy
proved in the case of the CCT-model the presented MVCCl-results are considered
to be more accurate.

But furthermore, in Fig. 11 remarkable mode II loading conditions along the crack
front are analysed by both methods, although the specimen is subjected to pure
out-of-plane shear loading. This means that here a distinct mode coupling effect is
acting, by which through the intentionally generated mode III loading conditions
along the crack front, also variable mode II loading conditions are included locally.
Due to the level of the additionally induced mode II loading conditions one of the
objectives to be achieved through the AFM-specimen is affected, namely, also to
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Figure 10: Norm. SIFs of the SEN-model under pure in-plane shear loading
(a/w=0.5, t/w=0.9, c¢/w=0.75) HSE: FE-analysis with hybrid singular vol. ele-
ments[Richard, H. A., Kuna, M., (1990)] MVCCI: FE-analysis with 6- and 8-node
vol. elements

be able to generate pure mode III loading conditions along the crack front. Al-
though the induced Kj;,(z/t) values increase remarkably adjacent to the free surface
their magnitudes indicate that they likely are not related to Poisson’s ratio. This
is confirmed by an analysis with v set to zero again, for which in particular the
K (z/t) distribution does not vanish along the crack front but remains mainly un-
affected, apart from slightly smaller values for z/t—0. In this case also the shape of
the Ky, (z/t) distribution does not change to constant values versus z/t but remains
mainly unaffected with only slightly smaller values, in particular for z/t—0.

This strong coupling effect seems to be mainly due to the global deformation be-
haviour of the SEN-model under the applied out-of-plane shear loading, which is
illustrated by the different views of the deformed SEN-model in Fig.12. In ref-
erence [Richard, H. A., Kuna, M., (1990)] it was found that for smaller values
of the parameter t/w this coupling effect increases remarkably. This is confirmed
by a detailed investigation by Chergui and Buchholz[Chergui, A., Buchholz, F.-G.,
(2000)] related to this problem, in which the geometrical parameters t/w and c/w of
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Figure 11: Norm. SIFs of the SEN-model under pure out-of-plane shear load-
ing (a/w=0.5,t/w=0.9,c/w=0.75) HSE: FE-analysis with hybrid singular vol. ele-
ments[Richard, H. A., Kuna, M., (1990)] MVCCI: FE-analysis with 6- and 8-node
vol. elements

the SEN-model have been varied systematically and in which it was shown that for
smaller parameters c/w this pronounced coupling effect decreases considerably.

Further results concerning this AFM specimen are extensively discussed by Buch-
holz and Richard[Buchholz, F.-G., Richard, H. A., (2000)].

6 Imporvements of the AFM Loading Device

The described AFM specimen with the corresponding loading device allows for ex-
periments with respect to the determination of the fracture surface. However, due
to the relatively big mass of the standard loading device (comp. Fig. 3) fatigue
experiments can only be done with very small testing frequencies. Therefore sev-
eral improvements of the loading device were elaborated[Buchholz, F.-G., Richard,
H.A., (2004)].

Fig. 13 shows an optimised version of the loading device with respect to weight
reduction. In this design the additional mode III can be realised by rotating the



SDHM, vol.6, no.3, pp.161-188, 2010

=0.75)

)

, t/w=0.9, c/w

=0.5

models (a/w

b)

A\
LI
AR
AR TTTTTEASSITT R
{jRutRvEE TR
(P i)

6

(] =

e e e Y A

Copyright © 2010 Tech Science Press

178

Figure 12: Deformed original AFM or SEN-

under pure out-of-plane shear loading a) axonometric view b) front view c) side

view

Figure 13: Improved design of the AFM loading device

specimen around the y-axis. Besides the smaller mass of the device also the han-

dling in the assembling process in the testing machine is notably improved. The
disadvantage of the design, however, is the relatively small stiffness of the device
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in some loading positions which limits the materials that can reasonably be tested.

a) b) ©)

Figure 14: Latest version of the AFM loading device a) Fully assembled loading
device b) Definition of the loading angle « c¢) Definition of the loading angle y

Therefore recently a further improved design of the loading device (and the cor-
responding specimens) was developed (Fig. 14). As in the preliminary improved
design (Fig.13) the outer part of the loading device allows for rotating the specimen
about one axis (angle a) while the other angle 7 is realised by a rotation of the spec-
imen itself (Fig. 14c). This design allows for performing fatigue crack growth tests
for the full range of mixed-mode I-II-III situations[Schirmeisen, N.-H.; Richard,
H.A., (2009)]. First results gathered from those experiments are very promising
(Fig.15).

7 Numerical Simulations of 3D Structures with Adapcrack3D

The results of the 3D mixed-mode experiments have been introduced into the 3D
crack growth simulation code ADAPCRACK?3D developed by the Institute of Ap-
plied Mechanics at the University of Paderborn. The basic functionality can be
gathered from Fig. 16.

ADAPCRACK3D consists of three independent modules NETADAPT3D, ABAQUS™
and NETCRACKS3D. The results of the experiments with the AFM specimens were
used for the development of the so called o;’-criterion[Schollmann, M., Richard,

H. A., Kullmer, G., Fulland, M., (2002)], which is a fundamental part or the frac-
ture mechanical evaluations in the module NETCRACK3D. A detailed explanation

of the functionality of ADAPCRACK3D can be found in literature[Schollmann,
M., Fulland, M., Richard, H.A., (2003); Fulland, M., Richard, H.A., (2005)].
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Figure 15: Example of a Kc-experiment for loading angles =90 and y=45°: Su-
perimposed mode II and mode III loading

streutureffl definitior
3D-FE-mesh FE-mesh-adjustments:

NETADAPT3D Insertion of cracks —
definition of cracks Mesh adaptation
3D-FE-mesh

global structural
model with crac|

o | ABAQUS

v v

Fracture mechanical evaluation:
Determination of SIF

NETCRACK3D  Crack growth direction —
Crack growth rate
Lifetime

new crack
front
co-ordinates

submodel
of the crack

stress intensity factors,

Crack path, crack surface,
p; -«
crack growth lifetime

Figure 16: Simplified functionality scheme of the program ADAPCRACK3D

This program is able to carry out simulations of fatigue crack growth processes
in arbitrary 3D structures[Fulland, M., Sander, M., Kullmer, G., Richard, H. A.,
(2008); Fulland, M., Sander, M., Richard, H. A., (2006)]. Figure 17 shows an
example of a fatigue crack growth simulation in a flange shaft under torsional
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loading. Throughout the simulation the developing crack fronts are subjected to
varying mixed-mode loading situations. Besides the determination of the develop-
ing crack path ADAPCRACK3D is also able to calculate the lifetime of cracked
structures even for cases of variable amplitude loading. Recent expansions of the
program moreover cover the treatment of inhomogeneous and anisotropic material
behavior[Fulland, M., Steigemann M., Richard, H.A., Specovius-Neugebauer, M.,
(2009, 2008)].
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Figure 17: Crack growth simulation of a flange shaft under torsion

8 Conclusions

For general 3D fracture processes there still is a lack of understanding and further-
more a need to develop reliable and experimentally proved fracture criteria for the
prediction of the initiation and the direction of crack growth. Based on the pre-
sented results a step may be done in this direction through further theoretical, ex-
perimental and computational investigations. Prof. Dr. Fritz Buchholz has played
a major part in this development.
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