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NUMERICAL ANALYSIS OF ELASTIC-PLASTIC FRACTURE MECHANICS EXPERIMENTS

W.Schmitt, D. Siegele, T. Hollstein®

Two- and three-dimensional elastic-plastic finite element
calculations of single edge notched tension and compact spe-
cimens are evaluated with respect to force-displacement dia-
gram, J-Integral and, for the compact specimens, stable
crack growth. For the single edge notched tension specimen
the fracture mechanics parameters are calculated for dif-
ferent loading conditions, i.e. from bolt loading (zero an-
gular stiffness) to friction grips (infinite angular stiff-
ness). The results are compared with different series of
elastic-plastic fracture tests. The influence of the two-
dimensional models plane strain and plane stress on the
global behavior of the specimens is discussed.

INTRODUCTION

The evaluation of elastic-plastic fracture mechanics material parameters - for
instance the fracture toughness J.;  and the critical crack tip opening dis-
placement &, - and their use for gﬁ assessment of defects in a component re-
quire the kﬂow]edge of local stresses and strains in terms of J and & as a

For many structural materials there exists an additional safety-margin
beyond the point of initiation J. or &.: Slow stable crack propagation may oc-
cur without catastrophic failure'of thd structure in the course of which the
loads or displacements may be increased substantially above the initiation va-
lues. Most commonly, J-resistance curves are used to quantify this effect.

In the first part of this contribution the analysis of ductile fracture
experiments using single edge notched tension specimens without taking into ac-
count stable crack propagation is presented. In the second part, after intro-
ducing the additional numerical tools to model the crack growth, the simula-
tions of some side-grooved compact specimens will be discussed.
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SINGLE EDGE NOTCHED TENSION SPECIMENS

Single edge notched tension specimens of thickness B = 10,20, and 40 mm

(SEN 10, SEN 20, SEN 40) - see figure 1 - have been fabricated from a 50 mm
thick plate of the structural steel St E 460 (Ni-V) having a yield stress of

R - 497 MPa and an ultimate tensile strength of R = 667 MPa at room tem-
pgga%ure. The specimens were fatigue- precracked to arelative crack depth

0.2 £ a/W £0.6. Very stiff hydraulic clamping grips with concentric flutes
(instead of loading by bolts) were used to pull the specimens. The fracture me-
chanics tests have been conducted following the relevant ASTM_standards (1,2)
at room temperature; load control was used at a loading rate K=~ 0.8 MPa~m/sec.
During loading an integral displacement V was measured over the gage length M.
Further details of the experimental arrangement can be found in reference (3).

Finite Element Calculations

The finite element calculations were performed with a modified version of
the general purpose code ADINA (4). The modifications did not only include the
treat of multilinear stress-strain curves but also the calculation of energy
release rates and J-Integral for linear and non-linear crack problems. The
crack front was modelled with collapsed elements yielding either 1/Nr-or 1/r -
singularities in the strains. Two-dimensional calculations were performed using
229 nodes and 68 elements (8-noded isoparametric plane strain or plane stress)
in the elastic cases, and 125 nodes and 32 elements in the elastic-plastic ca-
ses. In the three-dimensional elastic-plastic calculations a reduced modelling
technique was utilised where only the part around the crack front was modelled
by twenty -noded isoparametric volume elements, the remaining part of the spe-
cimen was modelled in plane stress, see figure 2. Further details of this tech-
nique can be found in reference (5).

Different boundary conditions have been used in the calculations to model
a possible variation of the angular stiffness of the loading machine and the
fixtures in the experiments. The conditions of constant parallel displacement
of the end faces (infinite angular stiffness) and of point Toad or of constant
stress but allowing for a rotation of the end faces simulating bolt loading -
(zero angular stiffness) have been considered as limiting cases.

Evaluation of Force Displacement Diagrams. For the numerical evaluations, both
one experiment of a relatively thick SEN specimen with a short crack and of a
thin specimen with a long crack have been chosen. The measured values of force
and displacement over the length M (see figure 1) for each of these experiments
are shown in figures 3 and 4 together with FE results. Experiment D 15 from re-
ference (3) with B = 40 mm and a/W = 0.394 has been evaluated using the reduced
3D-model in figure 2.

In the first attempt all models (plane strain, plane stress and 3D) were
Joaded with parallel displacements of the end faces, thus simulating infinite
angular stiffness of the loading device. Figure 3 shows the computed force-dis-
placement curves (solid lines and dots) with that of the experiment (crosses).
The agreement is not good, all three numerical models, even the plane stress
model overestimate the force which was actually recorded in the experiment.
This was very disappointing, since in references (3) and (5% excellent agree-
ment between simulation (three-dimensional) and experiment had been found in
the case of compact specimens.

In order to investigate the influence of the angular stiffness at least

qualitatively, the two-dimensional calculations were repeated, but now model-
1ing zero angular stiffness by allowing rotation of the end faces. The computed
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force-displacement curves for plane strain and plane stress are given as dashed
lines also in Figure 3. They 1ie significantly below the respective curves with
infinite angular stiffness. It was concluded that a three-dimensional analysis
with zero angular stiffness would again give a force-displacement curve slight-
ly above the plane stress curve and would thus underestimate the force-dis-
placement behavior of the specimens especially in the elastic-plastic case, and
the real specimen behavior can not be modelled by one of the limiting cases
with sufficient aceuracy.

To investigate the influence of specimen thickness experiment D 25 with
B = 10 mm and a/W = 0.602 from reference (3) was evaluated for conditiops of

Therefore it is concluded that the plane stress model would be sufficient
to describe the force-displacement behavior of this rather thin specimen, if
the 1oadiqg situation could be included more accurately. In an attempt to bet-

ter quantify the influence of the angular stiffness a very much simplified
plane stress model of the specimen together with the loading machine was deve-

So indeed the angular stiffness is important for the force-displacement
diagram; but the quality of agreement in this exercise is due to the (by chance)
appropriate assessment of the loading system stiffness. More details of this
study are given by Hollstein et.al. (6).

Evaluation of the J-Integral, Numerical. For two dimensional models a direct
evaluation of J is possible from the original definition given by Rice (77

J = j (Wdy-F%ds) (1)
r

" = integration path around the crack tip connecting the Tower with the upper
crack surface; ds = element of I's W= specific work of deformation; T = stress
vector; U = displacement vector along the path of integration; x, y, = Carte-
sian coordinates.

The virtual crack extension method introduced in the finite element tech-
nique by Parks (8) allows the computation of the energy release rate and there-
fore J following Eq. (6) without much additional numerical effort and can easi-
ly be extended to three-dimensional situations. All results obtained so far
with this version of ADINA show that the evaluation of the line integral Eq.
(1) is essentially path-independent even for large plastic deformations, and
the values of J agree well with the results from the virtual crack extension
method.
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and the multiple specimen technique the experiment measures an average J
B

J-2 g J (b) db (2)
0

across the thickness. Therefore in the following figures for 3 D situations
this average J is evaluated.

Comparison of Calculated J with Experiments

In figure 5 J-integral values measured for experiment D 15 and calculated
according to different models are plotted over the load. Again as in figure 3
for the force-displacement diagrams large differences are found.

In figure 6 measured as well as calculated J-integral values are plotted
against Toad for SEN experiment D 25. The same tendency can be seen as in fi-
gure 4; good agreement with the experimental results is found as long as no
stable crack growth occurs from a calculation "2 D, plane stress, non zero an-
gular stiffness of the loading system".

TWO DIMENSIONAL SIMULATION OF J,-EXPERIMENTS WITH COMPACT SPECIMENS

Experimental Determination of J,-Curves

The single specimen partial unloading compliance method was used to de-
rive elastic plastic crack growth resistance (J,-) curves. The main steps of
this procedure are shown schematically in figur§ 7: determination of the crack
driving parameter J-integral from the force-displacement diagram of the speci-
men, evaluation of the stable crack extension Aa from changes of the elastic
compliance of the specimen which are determined from small partial unloadings
during loading, evaluation of the resulting J,(Aa)-curve to characterize crack
initiation and crack growth by the parameters™J. and dJ,/da. Further details
of the experimental arrangement for the compute} contro?]ed testing and on 1line
evaluation are given by Mayville and Blauel (10) and Voss and Blauel (11). The
rules of the ASTM standard E 813 (2) for determination of the toughness para-
meter JIc were followed.

Simulation of Crack Growth in the Finite-Element Method

In order to be able to embrace stable crack growth numerically, a method
developed by de Lorenzi (12) for the two-dimensional case was programmed into
ADINA in slightly modified form.

In this simulation, the nodes lying on the Tigament are held by stiff
springs perpendicular to the crack-propagation direction, and the crack-tip
nodes are displaced in the propagation direction until the corner node of the
next element is reached. The two springs of the first element are then dissol-
ved and the displacement is continued in the second element (see Fig. 8). In
this manner, with a relatively coarse FE-grid even small crack length incre-
ments can be produced.

The numerical simulation of the experiment can be conducted in two ways:
Either the relation between the opening displacement v and the crack propaga-
tion Aa is input as observed in the experiment and from that the load-dis-
placement behavior of the experiment and the JR-curve are predicted, or the
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material Jp-curve is input and the Toad-displacement behavior as well as the
v- Da curve is predicted. |

In ADINA the solution of the incremental finite element equilibrium equa-
tions yields, in general, an approximate incremental displacement vector. To
improve the accuracy and to prevent the development of instabilities, equili-
brium iterations are necessary, especially for problems with stable crack
growth. The local load relief in the crack front area due to the crack growth
causes severe problems with the convergence of the equilibrium iterations. This
difficulty was solved by forcing the elastic stiffness matrix to be used for
the iterations when ever crack growth occurs. In this way, significant improve-
ments have been achieved, above all in respect of the convergence b®havior of
the FE-models, in the numerical methods given by Shih and De Lorenzi employed
for the ADINA FE-program to deal with stable crack growth.

Results

C 25 and C 50 compact specimens with thickness, B = 25 mm and B = 50 mm,
respectively, relative initial crack length a/W=0.6 and a/W=0.5 are analysed.

Fig. 9 shows for the C 50 specimens the calculated force-displacement
curves for plane strain and plane stress in comparison with the experimental
results. The real specimen behaviour is bounded by the curves for the two-di-
mensional models; in the elastic range, it is very well described by the plane-
strain curve, but with the specimens in the fully plastic state the plane-
stress curve takes over. This is understandable since the compliance of the
side-grooved specimen during elastic deformation can be described in plane-
strain, but during plastic deformation the lateral notches and the crack tip
lose their constraining effect also as a consequence of the increasing radij
of curvature of the crack tip with the result that the force-displacement be-
havior of the specimen approaches that of the plane-stress-state.

Here, the force calculated by the two-dimensional models for unit thickness
have been multiplied by the net section thickness of the specimen, BN'

Fig. 10 shows the measured and calculated force-displacement diagrams for
the C 25-specimen. Here, for comparison, the computed forces for plane strain
and plane stress have been multiplied by the net-section-thickness B and by
the overall-thickness B. All computed curves follow very well the trgnd of the
experiment. But from this exercise it cannot be concluded how the effective
specimen thickness should be determined. Three-dimensional calculations would
be necessary to extend the findings by Shih and de Lorenzi (13) into the ela-
stic-plastic range.

The J-integrals for plane-strain calculated over the various integration
paths (Tine integral) and for virtually displaced regions (method of virtual
crack elongation), exhibit only slight differences as long as the integration
path selected is not directly adjacent to the crack tip or even no longer em-
braces the crack tip. If however integration paths and displacement-regions are
selected such that the distance of the path from the crack tip is not too small,
even for the maximum crack extension, the J-integral remains almost path-inde-
pendent. In the following, only the outermost integration path will be dis-
cussed.

Noteworthy is the finding that the values calculated using the Tine in-

tegral and those calculated using the method of virtual crack elongation for an
equivalent integration path coincide.
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Figures 11 and 12 show, for the C 50 and for the C 25 specimens respec-
tively, the measured and the calculated JR-curves. Since the correlation bet-

ween opening displacement and crack propagation as observed in the experiments
was used to control the simulation, the calculated Jp-curves for plane strain
necessarily fall above those for plane stress. The eﬁperimenta] results lie
between the plane stress and plane strain results for the C 50-specimen. In the
case of the C 25-specimen, especially the experimental technique has been sig-
nificantly improved. Now the experimental Jo-curve is well reproduced by the
plane strain model. However, it should also be noted that the relative crack
propagation with respect to the remaining ligament is larger in the case of the
C 50-specimen.

A more detailed description of the experimental and numerical work is gi-
ven by Voss and Blauel (11) and Siegele et al. (14).

CONCLUSIONS

The evaluation of the single edge notched tension experiments again pointed out
the importance of the correct choice of the numerical model. In addition to
three-dimensional effects discussed in more details in references (7) and (8)
the consideration of details of the lToading device was found to be necessary.

The computer simulation of J-resistance experiments using two-dimensional
models produced a satisfactory measure of agreement, with differences for which
rational explanations can be given; the limit cases plane strain and plane
stress also provide bounds within which the real specimen behavior Ties. Al-
though the crack growth accounted for up to more than 20 % of the ligament, in
the numerical methods no path-dependence was found for the J-integral calcula-
ted from the line integral. Furthermore, the J-values determined from the vir-
tual crack extension method were in agreement with the 1ine integral.
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