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Abstract

A possible limiting factor of the service life of a reactor
is the mechanical load carrying margin, i.e. the excess of
the load carrying capacity over the actual loading, of the
central, heavy section components. This margin decreases
during service but, for safety reasons, may not fall below
a critical value. Therefore, it is essential to check and to
control continuously the factors which cause the decrease.
The reasons for the decrease are shown at length and in de-
tail in an example relating to the test which almost achieved
failure of a pipe emanating from a reactor pressure vessel,
weakened by an artificial crack and undergoing a water-
hammer loading. The latter was caused by a sudden valve
closure supposed to follow upon a break far downstream.

The computational and experimental difficulties associ-
ated with the simultaneous occurrence of an extreme weak-
ening and an extreme loading in an already rather compli-
cated geometry are explained. It is concluded that available
computational tools and present know-how are sufficient to
simulate the behaviour under such conditions as would pre-
vail in normal service, and even to analyse departures from
them, as long as not all difficulties arise simultaneously.

1 Introduction

The group «Mechanical Strength" of the section «Mechani-
cal Component Behaviour- is mostly dedicated to the finite
element (FE) calculations of stress and strain in the large,
heavy section components close to the core of a nuclear re-
actor. The general purpose of these calculations is twofold:
on the one hand, to establish the ultimate load carrying ca-
pacity in any particular critical situation, i.e. the load that
would lead to failure in that case; on the other hand, to find
the actually applied loading (of any kind, e.g. including
heating) under those circumstances.

To this end, our group had to master the whole range of
specialized computation, from the acquisition and mainte-
nance of a dedicated computer network and implementation
of the appropriate software to the writing of special pro-
grams for generating the FE mesh, e.g. around cracks, and
for computations further to the general-purpose routines.
We tested and demonstrated our tools and our know-how
by participating in several international projects and bench-
mark tests, like the HSST (Heavy Section Steel Technology)
and the HDR (Heiss-Dampf-Reaktor). With our powerful
programs we are now able to predict the behaviour of un-
flawed or damaged components and we can consider normal
or extreme accident conditions; in particular, we can take

account of cracks in a variety of geometries.
Indeed, the geometry is often extremely complicated:

consider, for example, a flange between a pressure vessel
and a tube, with a macroscopic crack in it. Such problems
require special programs to prepare the FE mesh to be fed
into the main program: these programs must be written by
the user, for each specific class of geometries.

It might well be asked why this ongoing effort is neces-
sary, since these central components are anyway practically
part of the core — they share the life of the reactor core,
from cradle to grave; in practice they can neither be sub-
stituted nor improved upon. The point is that just because
of this last-mentioned property they might, in fact, limit the
life of a reactor, namely if they become unsafe in some re-
spect. If the mechanical state of the material, the loadings
which are applied to the central components, our knowledge
about material behaviour and applied loadings and (last but
not least) the safety requirements remained constant in time,
it would be sufficient to improve on the calculations only
as far as the accuracy and dependability of the results is
concerned, be it thanks to better input data or to improved
numerical methods. This updating and maintenance of the
state-of-the-art is indeed a good part of our work.

However, all of these aspects change in time, and in
general, due to some version of Murphy's law, they change
so as to lessen the safety (Fig. 1). The mechanical state
of the steel changes due to ageing under stress: distributed
microcracks result in continuous damage; and irradiation
embrittles the material, rendering it more susceptible to the
growth of large cracks. The loading (in general only pres-
sure and thermal effects) will usually only increase if the
design conditions are changed, e.g. if the plant is upgraded
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for higher power output. However, for safety, the peak
loadings during possible accidents must also be taken into
account, and these will be found to be higher whenever new
accident scenarios are studied which go farther off the de-
sign cases. Finally, safety requirements become ever more
stringent: they prescribe to take into account more severe
accident scenarios and require larger safety margins between
what can be tolerated and what is actually the case.

Thus, the safety margins must be continuously calcu-
lated anew: this motivates the dedicated involvement of
our group in the large computations necessary to analyse
the actual or potential peak loading during severe accidents
and the resistance of the component in its actual state to
loading. In the following, rather than giving a general ex-
position, a specific example [1] is discussed in some detail
in order to really show the problems involved.

2 HDR blowdown test

The research programme HDR was started in 1973 and
then subdivided in three phases; it is ongoing but sched-
uled to terminate in 1994. It is supported by a wide in-
ternational participation under the leadership of the KfK
(Kernforschungszentrum Karlsruhe). The experimental part
is already completed but it is foreseeable thai, even alter the
official termination, the experimental results will continue
to be of fundamental value for the continuing reactor safety
research.

The main purpose of this programme was the experi-
mental and computational assessment of the load carrying
capacity and of the actually occurring or possible peak load-
ings of the main components of the reactor structure. The
components were to be considered both in their unfiawed
state and in a condition as weakened by cracks. The ap-
plied loadings were to range from those encountered during
normal service conditions to those arising during postulated
extreme off-design accidents.

The third (and last) phase of the programme concerns
the safety margin of components weakened by long time
service during extreme accident conditions.

The experiment which concerns us here is the test se-
ries E31, in which a full scale piping system containing an
artificial, large crack was subjected to a waterhammer as
induced by a blowdown [2], We performed this test series
jointly with KfK and the Materialprufungsanstalt Stuttgart.

The test object (Fig. 2) was a 25 m long pipe with in-
ner diameter 425 mm and wall thickness 25 mm. It was
connected to a nuclear reactor pressure vessel (RPV), and
included four elbows; it was meant to simulate a boiling
water feedwater pipe. At the cross-sectional plane QP1,
close to the RPV, the pipe contained a test segment with a
semielliptical circumferential internal surface crack of initial
arc length 2a = 60° and initial maximum depths relative
to the wall thickness of a/w = 0.3 and 0.5 in the tests
E31.2 and E31.3 respectively. It should be noted that the
crack spans l/6th of the full circumference, and goes up to
halfway through the thickness !

The tests were carried out under simulated operating
conditions: internal pressure p = 9 MPa, temperature T =
240 °C. A pipe break at the far end was simulated by the
fracture of two rupture discs, and initiated the following

chain of processes: shocklike pressure drop in the pipe,
blowdown, sudden closure of the feedwater check valve,
waterhammer and finally heavy pipe oscillations. These
oscillations caused in the crack region a high bending load
and, thereby, high axial stresses and strains. In E31.2 there
resulted a maximum stable crack growth of 1.5 mm and
large plastic deformations in the crack region, whereas in
E31.3 a leak developed.

To achieve this substantial damage was the purpose of
this experiment, as we wanted to find the ultimate load car-
rying capacity. Preliminary design calculations had shown
that only a very high stress level and a major weakening of
the structure in addition to the crack would lead to such a
damage. Indeed, we found it necessary both to eliminate the
built-in damping of the check valve (so that it would close
impulsively, thereby increasing the waterhammer) and to
reduce the pipe wall thickness of the test segment from 25
to 16 mm (Fig. 2b).

Based on the test data, several institutes are carrying
out an ongoing comprehensive analysis with two objec-
tives: firstly, to numerically simulate the overall reaction
of the piping and the local behaviour of the crack zone
and, secondly, to assess the reliability of different calcula-
tion methods by comparing the calculated results with each
other and with the measured values.

At our institute, with preliminary FE calculations [3], we
evaluated the global piping behaviour with several simpli-
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Fig. 2: Test facility for the test series E31.
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tying assumptions, such as linear elastic material behaviour.
Furthermore, we investigated the influence of the variation
of the bending axis direction on the stress intensity along
the crack front under a uniform crack-opening pipe bending
load. Already in these first, relatively simple calculations,
the qualitative agreement between computed and measured
values was satisfactory; however, there emerged unexpected
deviations, typically, in the pipe deflections.

Here, we report on research into the global structural
behaviour of the piping, which we performed with the aim,
among others, of finding the causes for these deviations. In
addition, we analyze the state of stress in the crack region
under waierhammer action with fracture mechanics meth-
ods, also taking plasticity into account.

3 Global behaviour of piping system

To improve upon the analysis reported in [3] regarding the
global behaviour of the piping, we consider three more as-
pects: the deflection of the piping under static loading, the
spectrum of eigenfrequencies and the strains for both static
and blowdown loading; furthermore, in the evaluation of
the reactions under waterhammer action, we take the plas-
ticity of the material into account. In these additional areas
we include also the new results from test E31.3, which was
completed in the meantime.

The FE model which we employ here largely corre-
sponds to the one which we used in [3] and which is de-
scribed there in detail. The part of the piping system be-
tween the RPV and the so-called «fixpoint» close to the far
end is discretized with 59 4-node pipe elements. The pipe
end connected to the RPV is considered to be rigidly fixed,
given the stiffness of the RPV; at the remote pipe end, the
compliance of the fixpoint is included in the FE model. (It
later turned out that most probably the rigidity assumption
was too restrictive.) The influence of the crack on the over-
all piping flexibility is considered to be small and therefore
is neglected, i.e. the global FE model does not include a
crack.

Currently, we use the improved FE program version AD-
INA 6.0, which (as opposed to the previously used ver-
sion 5.6) takes into account also the warping of the pipe
cross-section.

3.1 Tests with static loading

In each case, the piping was subjected to a static vertical
force Fz at Q49 prior to the actual blowdown tests (Fig. 3)
(these tests were called E31.01 and E31.O3).

For the load F* = 100 kN, Table I shows the relative
deviation of the computed vertical displacement from the
values measured at some representative points on the pipe
axis. The positions of the measuring sites Q46 and Q46*
differ slightly in the two tests for technical reasons; the
remaining positions Q47, Q48 and Q49 coincide.

The difference between computed and measured values
is minor at the site Q48. At all other sites, however, the
deviations amount to some 14%—28% and are, thus, close
to the average 18% which was obtained in [3] for the devi-
ation of the greatest displacement of Q46 under waterham-
mer action. We, therefore, conclude that these relatively

Position
Q46»
Q46
Q47
Q49
Q48

Displacement u
Experiment

E31.01 ; E31.03
: 5.53

9.07 ;
10.6; 11.0
10.3; 11.1
6.0 ; 6.22

t [mm]
Calcu-
lation
4.60
7.63
9.09
8.05
5.95

Deviation of
Calculation

[%]

; -16.8
-15.9 ;
-14.2 ; -17.4
-21.8 ; -27.5
-0.8 ; -4.3

Table 1: Deflection of pipe axis under static loading.

large deviations in the displacements are, in fact, due to the
greater stiffness of the FE model as compared to the actual
structure, and not to measuring errors due to an inadequacy
of the displacement sensors for the extreme requirements
during the blowdown test.

However, the calculated strains agree fairly well with the
measured values; a sample from two cross-sections with dif-
ferent wall thickness close to the RPV is given in Figure 4,

Q47

Q49

Fig. 3: Setup for preliminary tests with static force.
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Fig. 4: Longitudinal strains for static loading.
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Mode
I
II
III

Eigenfreq.:encies [s
Experiment

E31.2 ; E31.3
4.78 ; 4.75
6.53 ; 6.44
8.47 ; 8.43

Finite Element
Calculation

5.31
7.20
9.21

Deviation of
Calculation

+11.1 ; +11.8
+10.3 ; +11.8
+8.7 ; +9.3

Table 2: Eigenfrequencies of piping system.

which shows the longitudinal strains. In first approximation,
they are proportional to COS(VJ), i.e. they depend linearly on
the distance r from the neutral plane.

This experiment was essentially load controlled; thus, it
was inferred from the pattern of deflections and strains that
the boundary constraints imposed in the program at the RPV
and / or at the fixpoint were not properly chosen; however,
no further runs were made.

The static experiments had not been planned from the
outset, but it was later decided to perform them as an ad-
ditional confirmation. When interpreting the results of the
static experiments, it must be noted that the displacements
are small as compared to the overall size of the pipe, so that
their precise measurement is rather difficult; furthermore,
the results might be influenced by manufacturing imperfec-
tions. These values are, therefore, not wholly reliable. At
leasi qualitatively, however, this test confirms our guess that
the FE model is suffer than the piping.

The mean increase from E31.01 to E31.O3 by 5% of
the ^-displacements at the sites Q47, Q48 and Q49 points
towards an additional effect, possibly the opening of a gap
at the fixpoint.

3.2 Eigenfrequencies

Table 2 shows the first three eigenfrequencies of the piping
system. They were obtained, firstly, from the displacements
and strains measured in the tests E31.2 and E31.3, as doc-
umented in [4], and secondly we computed them with the
same FE model as above but taking the pressure load into
account. The last column again shows the relative deviation
of the computed values from the ones based on measure-
ments.

The computed eigenfrequency values generally lie
10.5% above those obtained from the experimental data.
Thus again, the FE model appears to be stiffer than the
model subsumed by the sampled experimental data, as we
had already concluded from static tests.

Detailed analysis of the test results [4] shows that the
secor.d mode contributes most to the loading on the crack.
Indeed, in the second mode, the frequency drop from E31.2
to E31.3 (which carries the larger crack) is largest.

For all modes, the eigenfrequencies of E31.3 are, on
average, about 0.5% lowei than those of E31.2, presumably
mainly due to the larger crack and maybe also to a looseness
at the fixpoint

3.3 Blowdown test

Since the overall reactions of the structure were practically
identical in the two blowdown tests and, as we do not take
into account the cracks in the overall computation, we carry
out one computation only, with the loading history obtained

from E31.2. The dynaniic loading consists of forces which
we apply at the elbows and which are calculated from the
in-pipe pressure time-history recorded in the experiment [3].
which might have occurred during the test series.

In the computation of the influence of the material plas-
ticity on the overall behaviour of the piping under water-
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Ramberg-Osgood: a = 0.74301
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Fig. 5: Material properties of test segment.
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hammer action, we employ the true stress-strain curves of
the different piping steels, together with von Mises' flow
rule and isotropic hardening. Figure 5 shows the properties
obtained from specimens of the actual test segment material
[5J. Large displacements are taken into account but, due to
a program limitation, all strains are assumed to be small.

Figure 6 shows the projection of the path followed by
the center of the cross-section Q46* onto the y-r-plane,
i.e. normal to the pipe axis before loading, during the first
150 ms.

The centerpoint moves on a clockwise oriented curve
first up then down to its maximum deflection which is about
16% of the diameter — about 5 times as large as in the pre-
liminary tests ! The calculated paths (assuming either linear
elastic or elasto-plastic material behaviour1! do not differ by
much from each other, even the maximum displacements are
close. This seems to show that it is not worthwhile to take
plasticity into account, at least at this stage of development
of the model. This is intriguing since plasticitity certainly
does rave some influence. Instead, both calculations under-
estimated the deflections; in particular, the calculated lateral
deflection uy was one half the measured value. Thus, the
model as it stands has some inadequacies but it is not fully
clear in which respect to improve on it.

Contrary to the above, conspicuous differences between
the calculations with different material behaviour emerge in
the resulting bending moment at cross-section QP1 (Fig. 7).
While increasing towards the first relative maximum, which
correlates in time with the first upwards motion of the cen-
ter of Q46*. the stress at QP1 remains within the linear
elastic range so that the calculated moments are still iden-
tical. However, here the absolute values of the computed
moments are already lower than those obtained from the
measured strains.

The first substantial difference between the two calcu-
lations emerges in the time interval 90 ~ 130 ms. During
this phase, which correlates in time with the increase of
the displacement towards its maximum at Q46*, the greater
loading of the test segment induces a substantial plastifica-
tion. The whole section QP1 is fully plastified and, thus, not

VCE:
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Fig. 8: FE model for crack analysis.

anymore able to support a significant increase in the bend-
ing moment. It is, for a very short time, a plastic hinge, and

*ily the rest of the piping limits the plastic deflection. This
effect is very accurately computed when taking plasticity
into account, as the material parameters ,re well known; it
is of course ignored altogether in the elastic calculation.

Since, during the first 70 ms both the computed displace-
ments at Q46* and the . ulting bending moment at QP1 re-
main below the measured values, one might conclude that it
is the waterhammer loading that was not fully taken into ac-
count in the calculation. However, just as in the preliminary
static tests, a detailed, direct comparison of the measured
and computed strains [5] revealed only minor differences.
A possible explanation of these conflicting results is that the
strains were not properly integrated by the FE program; for
instance, it might not ha e properly taken into account the
volume element rotations.

As to the bending moment, it must be stated that, while
the calculated value is directly computed from the stresses
available during the run, the so-called «measured» value is,
in fact, obtained by a calculation from the strains measured
at contiguous cross-sections which are still in the elastic
range. This value is thus not so reliable and this might
account for some of the discrepancies.

4 Crack analysis

4.1 Calculation model

The nonlinear material behaviour as we wanted to take it
into account, in conjunction with the very finely discretized
FE model employed in the previous computations [3], led to
excessively high computing times. Therefore, we decided
to coarsen the mesh.

For the crack calculations, we considered only a short,
straight segment of the piping, up and downstream from
the crack (Fig. 8). This test segment around the crack is
short with respect to the whole piping, so that we can as-
sume symmetric behaviour on the two sides of the crack.
Thus, we need to model only one half in our discretization,
and the crack plane QP1 is one end of the model. How-
ever, due to the unsymmetric loading, the s-r-plane is not
a symmetry plane so the full circumference must be mod-
elled. The «curse of dimensionality» fell fully on us: we
needed 424 20-node brick elements and 2314/2488 nodes
in the elastic/plastic case.

We apply the load at the other end of the segment by
means of a linearly varying pressure loading to represent the
cross-sectional stresses, so that we can apply both bending
load and tension. The crack front is modelled by an eccen-
tric circular arc completed by a quarter of an ellipse at each
end. The whole calculation was performed for each of the
two crack sizes. The crack depth is, in each case, that of the
initial crack introduced by fatigue, as it was measured with
fractography after t'.ie blowdown tests. The actual depths
turned out to differ somewhat from the planned ones, being
a = 4.8 mm resp. a/w = 0.3 for the test E31.2 and a =
8.6 mm resp. M/W = 0.5375 for the test E31.3.

The crack tip zone is modelled by six circumferential
wedge elements with a \/^/r singularity in the elastic case
and a Mr singularity in the plastic case. It is well known
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a/w

0.3000

0.5375

A',
[MN]

1
0
1
0

Jtf,
[MNm]

0
)

0
1

Ki
Murakami

7.535

12.67

[MPaV")
EPRIJ
7.304
64.8
11.97
107.6

]
FE

7.472
65.21
12.33
108.2

300

Table 3: Stress intensity factors for uniform loading.

that these are the appropriate asymptotic behaviours of the
stress fields near the crack tip. The energy release rate
G and the J -integral values respectively are computed by
the fracture mechanics post-processor ORVIRT based on an
ADINA 5.6 stress analysis and by use of the virtual crack
extension scheme shown in Figure 8. The stress intensity
factor Kj is computed from the energy release rate G by
the relationship valid in the plain strain condition.

4.2 Verification problems

Before we attacked the waterhammer problem, we checked
against available handbook solutions, under simple loading
conditions, the reliability of the programs we developed and
of the FE model which we designed.

Table 3 shows the stress intensity factors Ki which
we computed, assuming elastic material behaviour, under
unit force Nx = 1 MN and unit moment My = 1 MNm.
The handbook result, given by Murakami [7], is valid for
a semielliptical crack with the same maximum depth; it
was obtained using «line-spring» elements. The solution by
EPRI [8] is valid for a crack with constant depth, which we
again matched to the largest value. The agreement between
the different solutions is excellent, our FE solution deviates
by 3% at most from the handbook data.

Figure 9 shows the results of the verification test for
plastic material behaviour. We computed the 7-integral
values under a monotonically increasing tensile force and,
in addition, the energy release rate G for elastic material
behaviour. The EPRI handbook solution is based on a
Ramberg-Osgood stress-strain relation and again assumes a
crack with constant depth. The agreement between our FE
result and the handbook data is again excellent; the compu-
tation, thus, yields reliable results even at high plastification.

300'
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O
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EPRI, Plastic
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FE, Elastic
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Fig. 9: J-integral values for axial tension load.
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Fig. 10: J-integral values for test E31.3.

4.3 Blowdown test

Since in the blowdown test the crack cross-section essen-
tially experiences a bending load, we assume pure bending
for the calculation. We chose five characteristic loading
levels from the experimentally determined time history of
the bending moment at QP1; these we apply in quasistatic
increments in the calculation. The fifth level corresponds
to the maximum measured bending load. Since all changes
are gradual, transients and inertia forces are not introduced
at all. This is a major assumption of our procedure and its
confirmation was one of the tasks of the E31 investigations;
however, at the moment the question of its validity is not
yet settled.

Figure 10 shows the /-integral values as computed for
the blowdown test E31.3 against the crack angle <p as de-
fined in Figure 2c.

The maximum J values are not reached in the midst of
the crack at tp = 0°; thus, here again we observe the crack
loading asymmetry which we already studied in detail in
[3]. The same figure also shows the interval for the crack
initiation value Ji of the test segment material, which was
determined by using three CT-25 specimens [5]. The maxi-
mum / value, Jmax = 256 N/mm, calculated for the highest
load level, is above J,- for the test E31.3; on the other hand,
for the test E31.2 there results the significantly lower value
Jmax = 92 N/mm, which is even lower than J<. In both
tests, the cracks grew beyond the original, artificial extent;
thus, so far it appears that the comparison of the calculated
J values with •/,- does not predict the crack growth initiation
in a dependable manner.

However, it should be noted that, as can be seen from
Figure 9. at the level of loading which obtains during the
waterhammer, the J values depend strongly on the absolute
loading level. This means that, in addition to the remaining
uncertainty in the bending load, the loads due to the internal
pressure and axial tension (which were so far considered
to be small and, therefore, neglected) could also have a
significant effect on the calculated J values.

Due to this sensitivity of the J-integral, it is generally
difficult to predict crack growth initiation. However, we
believe that our calculation procedure would predict crack
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initiation correctly for both cases if the pipe bending load
was better known. This knowledge could possibly be ob-
tained by taking into account the flexibility of the RPV
when simulating the global behaviour. Furthermore, even
the contributions to the load which we did neglect so far
should be introduced in the fracture mechanics calculation.

However, in the real-life experiment as performed here,
the loading distribution and evolution are probably too com-
plex, and some of the boundary conditions too indeter-
minate, to allow a quantitatively satisfactory prediction of
crack growth even with the most sophisticated computa-
tional methods.

5 Final evaluation of the
piping computations

We studied a long piping system with several elbows, at-
tached to an RPV at one end and held by a fixpoint at the
other. To begin with, we found the strains and the deflec-
tions under static loading (isolated force); then we studied
the spectrum of eigenfrequencies under pressure. Further,
we determined the elastic and plastic global structural dy-
namic response of the piping, still in unflawed condition, af-
ter a simulated pipe break and undamped closure of a check
valve. Finally, with a local pipe model which contained a
circumferential internal surface crack, after extensive test-
ing of our calculation procedure, we computed the stress in
the cracked area due to the waterhammer action.

• The characteristic time histories of the bending load and
of the piping deflection under the waterhammer were ap-
proximated fairly well by assuming linear elastic material
behaviour.

• By taking into account the plastification of the material
the differences between computation and measurement
were further reduced — in the case of the bending mo-
ment, significantly so.

• The global FE model behaved slightly more stiffly than
the actual system; this is a general property of such dis-
cretization:; but here was most probably mainly due to
the too high stiffness assumed for the fixpoint and to the
assumed rigidity of the RPV.

• Despite this, the calculated and the measured strains were
nearly identical. We conclude that the discrepancies in
the displacements are due to inaccurate integration within
the program.

• On the other hand, in the field of fracture mechan-
ics, our computation procedure performed outstandingly,
even under conditions of highly developed plasticity of
the material, by comparison with handbook solutions.

• However, the J-integral values computed under water-
hammer loading, assuming this to be a quasistatic pro-
cess, are too low; they could not be depended upon to
predict crack growth initiation.

• Based on our general insight, we believe that it would
be possible to predict crack initiation dependably, if the
compliance of RPV and the behaviour of the fixpoint

were introduced in the calculation of the global response,
and if the hitherto neglected loads further to pure bending
(e.g. the pressure) were correctly accounted for.

• On the other hand, from our experience we believe that
the particularly complicated geometry and the shocklike
loading of this experiment prevent any accura*? compu-
tation of the crack growth.

6 Conclusions

The foregoing example shows both the power and the weak-
nesses of computer models. As compared to the experiment,
it must be noted that the global calculations were either
already good or such that they could be easily improved
upon at far less effort than the experiment demanded. On
the other hand, under extreme conditions, also the measured
values were not sufficiently reliable. It also must be said
that the versatility of the FE program is at its limits — e.g.
to model an oblique crack would require an entirely new-
mesh, and this would be a very major undertaking.

If this example can be taken to be typical, it shows
that dependable accuracy can be obtained with the tools
presently available, under stationary conditions; at the other
extreme, for sudden events like shocks, neither experiments
nor computations of crack growth are dependable to the
desired extent, nor are they likely to become so in the near
future. For slowly evolving processes, we are confident that
our methods will be adequate.

As to the results, the example shows an extreme case:
the simultaneous occurrence of the decrease of the carrying
capacity of the structure (a pipe) from its unflawed state,
due to a defect (a crack) grown during service, and an in-
crease of the applied load from its design value, due to an
accident (break, sudden valve closure, waterhammer). This
combination resulted in a dramatic state — the complete
plastification of a full cross-section of the piping and growth
of the crack through the thickness of the wall with subse-
quent leak. Even so, the rather distant fixpoint retained the
piping in place; however, safety regulations would define
this occurrence as an accident inadmissible during actual
reactor operation.

The example, thus, showed that we were able, in this
case, to reliably determine both the state up to which the
given structure could be safely used and the ultimate limit
of safe operation.
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