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Summar

A three- dimensional elastic-plastic analysis for stresses and strains in a pressure
vessel containing two semi-elliptical surface cracks was carried out by finite element (FE)
method. Results for stress distribution, spreading of plastic zones and crack opening dis-
placements are presented and discussed. The variation of the stress intensity factor along
the crack front as gained from a linear elastic FE-analysis is compared with the result of
the ASME Code procedure. First, the FE results are discussed according to the stress inten-
sity concept using a plastic zone correction for small scale yielding. If the zone correc-
tion is done with plane stress approximations of IRWIN and DUGDALE, just slightly lower
critical values are gained as by the FE-calculation. Introducing the same two dimensional
models in the COD concept gives far too conservative estimations for the critical pressure
for the plane stress solution, whereas the plane strain solution agrees quite well with the
FE computations. All together, the COD concept is very sensitive to different methods of
determining .
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t. Introduction

The presence of flaws, mostly of semi-elliptical geometries, at the inner or outer sur-
face of a pressure vessel or pipe increases the possibility of failure of those structures
considerably due to stress concentrations around the flaws. Thus the fracture analysis of
such structuraes is of utmost importance in assessing their structural integrety.

Various evaluations have been performed by analytical methods as well as by three dimen-
sional elastic finite element computations to estimate the local stress intensity factors in
plates with semi-elliptical surface flaws subjected to uniform tension or bending loads
/1 - 4/ and in pressurized cylinders and vessels with inmer or outer surface flaws /5 - 7/.

Many pressure vessels are operating at temperatures where major plastifications will
occur before stable or unstable crack growth takes place. For these cases it has to be exam-
ined to what extent elastic concepts may still be used to determine local stresses as well
as to apply material constants, and how to change to elastic-plastic concepts, if necessary.
Such examinations have already been performed for a nbzzle corner crack and the results of a
three-dimensional elastic-plastic finite element (FE) analysis have been compared with two-
dimensional approaches of elastic-plastic fracture mechanics /8/. It has been found that an
elastic anmalysis with small scale yielding corrections under plane stress conditions was
appropriate as a criterion to assess critical loads.

2. Structural Model and Finite Element Idealization

The pressure vessel is modelled by an open tube (fig. 1) with an inner radijus ry of
1400 mm, a wall thickness t of 140 mm and a total length of 3000 mm. Two approximately semi-
elliptical cracks are located along opposite axial lines on the inner surface. Because of
symmetry only one eighths of the structure has to be considered in the FE analysis. The mesh
of this section has 420 elements and 1539 nodes. Calculations show that the considered
length is sufficient for fading away the perturbations by the crack.

Fig. 2 shows the FE-model of the crack plane together with the evaluation paths of
stresses, strains, and displacements. On the nodal paths 1-9 crack opening displacements and
on the Gaussian paths 11-26 stress and strains are defined. The half length ¢ of the crack
is 240 mm and the depth a is 83 mm. So the characteristic geometry parameters of the prob-
lems are: rO/ri = 1.10, a/t = 0.59 and a/c = 0.35. As the crack configuration was adapted to
experimental fatigue cracks in bent plates, it has no ideal semi-elliptical shape. Collapsed
wedge-shaped singularity elements lie along the crack front. In addition, their midside
nodes were shifted to the quarter position for the elastic analysis to establish the charac-
teristic 1/fr singularity.

— 10— G/F 3/1



The calculations were performed with the FE-program AOINA using the elastic-plastic ma-
terial model with the v. Mises yield condition and isotropic hardening. The equivalent uni-
axial stress-strain curve based on compression tests of the German standard steel
20 MMoNi 5 5 is approximated by a multilinear function. The yield strength 0} is
480 N/mm*. Around the crack front the geometrically nonlinear updated Lagrangian {UL) ana-
lysis and in the remaining structure a merely material nonlinear (MMO) analysis was applied.

3. Results

The elastic FE-analysis which was done with a pressure of 100 bar gives the variation of
K along the crack front (fig. 3}. K was extrapolated from the stress field as well as from
the displacement field. The KI-curve shows two distinct local maxima. One lies at the pene-
tration of the crack front with the vessel surface and the other in the centre of the crack
front which is the point of maximum crack depth. The upper curve takes into account the
pressure acting on the crack surface. The comparison of both curves demonstrates that load-
ing of the crack surface increases K by a aK of about 250 Nmm~ A at the maxima and of
about 200 Mmm™ A at the minimum. The global maximum (upper curve) of KI = 2340 Mom~ A is
in good agreement with the result using the procedure of the ASME Code /9/. The stress
distribution in the ligament for purely elastic material can be seen in fig. 4 where two
characteristic paths were chosen. Path 13 (P = 11°) has a minimum KI and path 26 (¥= 909) a
ma X imum Kps

The rearrangement of stresses due to the plastification of the ligament is demonstrated
in fig. 5 at a pressure of 400 bar for the paths 13 and 26. Caused by crack tip blunting the
stresses have maxima at about 0.2 mm from the ¢rack front in the ligament comparable to the
result on notched pieces. Fig. 6 shows the variation of the normalized crack opening stress
O}y/ﬁ‘ along the crack front in a distance of r = 0.2 mm for four different pressure levels.
The calculated stresses oscillate numerically with increasing plastification, espe-
cially in the range of intense curvature of the ¢rack front, Hence, the graphs were smoothed
by taking the average value within each element. The change from the elastic to the plastic
regime shifts the maximum of the c¢rack opening stress from the crack centre F= 90° to the
margin (¥ = 20°),

The spread of the plastic zone starts from the crack front (fig. 7). It reaches the outer
surface at a pressure of about 400 bar if c¢rack surface loading is taken into account.
Weakened by the crack the wall above the crack will be subjected to increasing buckling in
dependence on pressure as can be seen from fig. 8. The crack tip opening displacement (CTOD)
6t in fig. 9 is nearly constant along the c¢rack front at low pressure and forms a maximum in
the centre of the c¢rack front with rising pressure.
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4. Discussion

The relevant quantities for failure assessment as for instance the stress intensity
factor KI’ the radius ry of the plastic zone in the ligament and the CTOD St are varying
along the crack front. In the following discussion, their values are taken in the middle
of the crack front (¥ = 90°} where KI and 8t have a maximum.

Using the stress intensity concept in the elastic-plastic regime a small scale yielding
correction of the stress intensity factor K1 seems to be necessary. Taking the concept of
a "noticnal" crack tip movement into the middle of the plastic zone as proposed by IRWIN,
a corrected stress intensity '

K*=KIV (a+r) /a (1)

can be calculated. Fig. 10 shows the increase of the radius ry of the plastic zone in the
ligament at the centre of the crack front in dependence on pressure p for the FE-calculation
and various analytical approaches on 2D-models of IRWIN /10/ for plane stress and plane
strain and of DUGDALE (plane stress) /11/. The corresponding equations are summarized in
reference /12/. Although considerable differences in the spread of the plastic zone with
increasing pressure are observed between the FE-results and the various approaches, fig. 11
demonstrates that there is practically no significant difference of the various K*-curves
due to the plastic zone correction up to about 200 bar. Therefore, a purely elastic analysis
would be sufficient up to this pressure. For further increasing pressure, the elastic
KI-analysis as well as the K*-curve using a plane strain zone correction yield to non-con-
servative estimations of the critical pressure whereas the plane stress approaches of IRWIN
and DUGDALE are conservative that means the critical pressures are lower. Altogether, the
differences between the various corrected K*—curves as well as their deviation from the
linear K;-analysis are lower than those of the previously examined nozzle corner crack /12/.
This is probably due to the greater ratic of crack length to iigament in the present problem
because the remaining ligament limits to extension of the plastic zona.

There is dissent regarding the experimental methods of determining COD which sometimes
results in strongly different findings. So it seems to be difficult to use the C0D-concept
as an assessment criterion in fracture mechanics. Nevertheless, for comparison with the re-
sults of the K-concept, a COD-analysis will be performed for the present problem because the
crack opening displacement in dependence on pressure is also known from the FE-calculation.
For compariscn with the FE-curve, again 6t—curves are determined from the 2D-models of
IRWIN and DUGDALE together with the WESTERGAARD equations. As can be seen from fig. 12 there
are already considerable deviations above a pressure of about 100 bar and accordingly the
variance for the estimated critical pressures is high. The plane strain solution of IRWIN is
conservative up 10 a pressure of about 350 bar in comparison to the FE-curve for 6t' The
results of IRWIN and DUGDALE for plane stress are evidently far too conservative which was
already found in the analysis of the nozzle corner crack /12/.
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