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Abstract

A post—calculation by means of four engineering approaches based on toughness,~ yield stress—,
plastic-instability— and ligament stress—criteria was made for the failure pressure on 134 pipes and
vessels. The different calculations were assessed by comparing the calculated pressure peg with the
experimentally determined pressure p,y. A statistical based evaluation was made out since the results
from the calculation and the experiment are influenced amongst others by natural scattering of
characteristic values, such as material properties and geometrical dimensions. It was possible to find
for each equation an individual weighting factor W, which helped to improve considerably the approxi-
mation of the calculation to the experimentally determined failure pressure.

1 introduction

In the case of designing and calculating vessels and piping loaded by internal pressure a flawless
condition is initially assumed. However, the non — destructive inspection proved that flaws may occur
in various positions and sizes in the base material and welded joints of pressurized components. This
is due to manufacturing defects and operating influences. If a flaw has been found during non—des-
tructive examinations it is necessary to carry out a safety analysis. In doing so it has to be decided
whether repair or exchange is required and the safe operating time of a defective component has
to be determined. Apart from crack growth laws the knowledge of the failure pressure is of utmost
importance in the safety analysis.

The failure pressure may be calculated with expensive finite element calculations or with simple
analytical approximation methods. This report examines whether four frequently applied engineering
approximation methods (toughness criterion = pg,, flow siress criterion = By, plastic instability crite-
rion = py; and ligament stress criterion = Pig) are sufficient for the determination of the failure
pressure of pipes and vessels containing longitudinal flaws and the efficiency of these methods /1 /.

It has to be remarked that the evaluation of the tests with the J-Integral or R6-methods could
not be carried out, because the necessary material property data were not available for most of the
tests.

2 Databaslis, experimental test results

134 burst tests, which were carried out on pipes containing longitudinal flaws, were analysed. These
tests were conducted at Staatliche Materialpriiffungsanstalt (MPA), University of Stuiigart, Baitelle
Memorial Institute, Columbus, Ohio, and Siemens AG (KWU), Erlangen. The test temperature ranged
between room temperature and 350 °C. Detailed description of the tests can be found in 121,131,
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/4/,/5/, /6/ and a summary in /7/, / 8/.The tests evaluated include pipes and vessels with outer
diameters d,; between 88.9 mm and 914.4 mm, wall thicknesses ¢ between 4.0 mm and 47.2 mm,
ferritic and austenitic steels with yield strengths Ay 2 (0,2 % offset) between 155 MPa and 703 MPa,
tensile strengths A, between 416 MPa and 750 MPa and Charpy—-V notch impact values C, between

33J and 214J.

3 Description of the calculatlon methods

A cylindrical, flawless, thin—walled pressure boundary will fail if

the equivalent stress oy = P 2?’" reaches the tensile strength
A, of the material. Therefore, the failure pressure of the un-
weakened vessel iS Prax = —?LR,,,.

dm

Compiled in Table 1, the following semi—empirical calculation-
al methods for pipes with longitudinal flaws are based on the
assumptions that failure will then occur if the ligament (remain-
ing wall thickness in the flaw area) becomes fully—plastic be-
cause such that it cannot bear anymore loads. This is the case
under the prerequisites of an ideal-plastic material behaviour if
the equivalent stress o, attains the yield point in the ligament.
Strain hardening as it occurs in real materials is considered by
the flow stress of, which is higher than the yield strength Apg 2.

The so-called flow stress of is generally calculated as the
average of the tensile strength A, and yield stress with 0.2%
strain offset Ay 2. The decisive stress in the ligament is ap-
proachingly calculated by multiplying the nominal stress of the
unweakened wall with a geometry and notch-shaped depending
factor. The factors in Table 1 with dimensions were converted
in Sl-units.

4 Comparison of the calcuiational result

The failure pressure p.gc of each test was calculated using the
mentioned methods and then compared with the experimentally
determined p,y. In order to assess the scattering of the results
from various calculation methods and to determine items for
improvement, the tests data were distributed into 7 classes,
Figure 1.

In the classes 1 to 3 the calculation provide "unsafe” values,
i.e. a higher failure pressure is calculated than determined in
the experiment. The classes 5 to 7 show “safer” (conservative)
values, i.e., the experimental failure pressure is higher than
calculated.

The relative frequency histograms based on a sample of 90
tests, with flaw depth to wall thickness a#t < 0.85 are repre-
sented in Figure 1. For some reasons in this pariicular inves-
tigation, the tests with a/t > 0.85 had to be skipped.
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All four calculated methods provide results which deviate somewhat from the ideal class 4.
However, in most cases the calculated failure pressure is lower when compared with the experimen-
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tally determined pressure. The smallest deviation between calculations and test results was for the
plastic instability criterion. It can be found that only for 5 % of 90 test data sets the experimentally
determined failure pressures are considerably lower (class 3) than the calculated pressures by means
of the thoughness criterion, Figure 1.

The flow stress criterion calculation method was applied to the total set of tests without any known
limitations, Table 1. The results are represented in Figure 1. The experimental determined failure
pressures for about 90 % of the 90 tests is near equal to or higher than the calculated pressures,
and about 70 % are in classes 4 and 5 (po/pg = 0.9 +1.3). The tests of class 7 have normally
short and deep flaws. The tests distributed to class 4 have mostly "longer” flaws and are of high—
tough materials.

The results according to the plastic instability criterion are represented in Figure 1. The results
are similar to one obtains when using the flow stress criterion. The results determined according to
the ligament stress criterion are represented in Figure 1. The experimental failure pressures are
greater than the calculated values of 44 tests (=50 %). 28 tests (= 30 %) are distributed to class 4,
as expected for pipes containing long flaws.

Since the relative frequency of class 4 is only between 30% and 40 %, independent of the
calculation method, it becomes necessary to consider how to improve the individual calculation
methods. It is felt that the following variables require a special weighting in the individual calculation

methods:
0.075
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ables fqg, at and C, because of the recently gained knowl- = 0
edge. W = e (&+ by oy + b2 + by c.) o 0.0010 Weighting
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lated coefficients are indicated in form of bar graphs and % ~0.0010
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It has been proved that the weighting coefficients become Criterion

extremely smalil if the distribution is likely leptokurtic (having Figure 2: Weighting coefficients for
a relatively high peak). This applies to the weighting coeffi- each methods
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cient b; (flaw length [,4) and weighting coeffi-
cient b, (flaw depth ratio a/4) in the case of the
flow stress criterion and plastic instability criteri-
on. The same applies to the weighting coeffi-
cient by (toughness C,) for the plastic instability
criterion and ligament stress criterion.
Figure 3 shows the percentage cumulative
distribution for the deviation of experimentally
determined and calculated failure pressures for
both with and without (delineated from
Figure 1) using the appropriate weighting func-
tion. Applying the individual weighting function
for all four engineering approaches results in
distinctly improved agreement between exper-
imental and numerically determined failure
pressures. Consequently, for approx. 55 % of
the tests failure pressures are calculated within
the range of + 10 % of the experimentally de-
termined values. Comparatively, applying the
non—corrected calculation using the plastic in-
stability criterion in the most favorable case
40 % of the tests, and using the toughness
criterion in the most unfavorable case only
20 % of the tests lay within the range of
+10 % of the experimentally determined value.

6 Conclusion and recommendation

The failure pressures of 134 pipes and vessels
containing longitudinal surface flaws were cal-
culated with different engineering approaches,
i. e., toughness—, flow stress—, plastic instabil-
ity—, and ligament stress — criteria. They were
then compared with the experimentally deter-
mined failure pressures. For all calculation
methods it could be shown that each of the
calculated failure pressures deviated more or
less from the experimental failure pressures.
These deviations cannot be explained solely
by the fact that the tests were carried out at
various institutes. Also, this result cannot be
explained fully by accounting for statistical un-
certainties in the data, such as geometry and
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Figure 3: Comparison of the cumulative fre-
quency using the calculation method
with and without the weighting function

matenal properties. A considerable cause for these

results are the individual components of an equation and its mathematical weighting. To recognize

the influence of the most important variables:

— flaw length related to pipe geometry,

—~ flaw depth related to wall thickness,

— notch impact energy of material (upper shelf),
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the tests data were distributed to appropriate classes and represented in histograms. Tests with very
deep notiches (a/ > 0.85) proved to have a significantly high deviation of the experimental from the
analyiical failure pressure and an exceptional scattering. The results of these tests were not used
in order to obtain a safe data basis for additional evaluations.

The remaining 80 tests served as a basis for the statistical based analysis. For the four engineer-
ing approaches an individual weighting function was found, which improved decisively the agreement
of analytically and experimentally determined failure pressures.

When using the weighting function, the equation using the flow stress criterion is to be preferred
because of the handling and simplicity of the semi—empirical approach. The range of the application
of the weighted calculation methods has been appropriately extended. This is due to the evaluation
of 90 tests, representing pipe diameters of approximately 90 mm to 915 mm, wall thicknesses ranging
between 4 mm and 50 mm, feritic and austenitic steels with yield stresses (0.2 % offset) between
155 MPa and 700 MPa, tensile strengths between 400 MPa and 750 MPa and upper sheli notch
impact energies between 33J and 214 J.
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Table 1: Calculation methods



