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Abstract

The Multiple Site Damage (MSD) problem is treated
by means of a Monte—Carlo Simulation. The severity
of a damage scenario as well as the probability of oc-
currence of MSD~like scenarios are assessed by this
method. Different parameters are taken into account
and are checked with regard to their influence on the
likelihood of MSD scenarios and the inspection inter-
vals which have to be taken into account.

The model itself is presented briefly and preliminary
results are shown.

1. Introduction

In consideration of potential consequences of wide-
spread fatigue damage it is important to assess the li-
kelihood of its occurrence on a given airplane and the
ability of the current maintenance system to discover
the damage in a reliable manner. Therefore, the Air-
worthiness Assurance Working Group (AAWG) pro-
poses an airplane evaluation process in the case of 11
aging aircraft types (1. In order to make it possible to
perform such an evaluation process, different tasks
have to be treated. One of these aspects is presented
in this paper.

Multiple Site Damage (MSD) is a key effect which may
influence the structural integrity of aging aircraft. In
order to assess this problem, three main questions
have to be taken into account:

Q  how to calculate the actual fatigue and crack
growth problem, if two or more fatigue critical
sites are apparent

Q  what are the initial crack (flaw) patterns like,
which may be regarded as "critical” and at
which time are they to be taken into account

Q  what is the influence of discrete source
damages, if multiple site damage is already
present in a structure.

While the third point is not addressed in this paper,
the first point is only briefly discussed. The main ob-
jective of this paper is the second point. Therefore,
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this paper presents a "Monte—Carlo” ~Simulation of
the entire MSD problem (fatigue and crack growth),
which is based on the following idea:

Q Starting with a randomized fatigue distribution, a
deterministic calculation of the subsequent fatigue
accumulation process and crack growth is performed.
Obviously, it is important that the chosen computa-
tional method requires little computer time. This is
achieved either using the compounding method or by
means of simple numerical methods. Different pa-
rameters, e.g. the probability of detection, will also in-
fluence the MSD problem and may therefore be in-
cluded in the simulation process.

(Q This procedure is performed many times, using
different initial damage configurations and possibly
different other parameters.

Q It is possible to treat the results of all different
configurations statistically, which reveal a significant
performance of the MSD problem with regard to the
scatter of the fatigue data and mainly the probability
of detection. Other parameters only exhibit smaller
effects.

Obviously, synergetic effects can be shown, which rule
MSD, especially if loaded holes are taken into account.
Some examples of theoretical calculations are pres-
ented, completed by the comparison of the Theory
with some experimental results.

2. The Monte—Carlo Simulation Model

Multiple Site Damage (MSD) is an effect which has
been realized only recently, it therefore has been ac-
cepted by some authors to be a strange phenomenon
of a completely new quality. In the eyes of the authors
of this paper this is not the case. Hence, the MSD case
is treated in this paper as an ordinary crack initiation
and crack propagation problem for each individual fa-
tigue critical location. It only requires a special treat-
ment, if cracks are likely to influence each other
mutually. It will turn out that this approach results in
the problem to find a strict definition of MSD.
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The actual model of crack initiation is demonstrated
by means of the sketch in figure 1. It actually shows
the most simple two-rivet—row lap joint without
doubler. If the rivets are not countersunk, those rivet
rows of each sheet are fatigue critical, where a high by-
pass stress level is combined with a high load transfer
by the rivets. This row is indicated for the upper sheet
by small cracks.

In the proposed model it is assumed that for a given
stress level fatigue test results are known, which re-
flect the mean value of the fatigue life as well as the
scatter of the fatigue life (e.g. in terms of a standard
deviation) for a single rivet pitch. The fatigue life
should be defined up to a relatively small crack size
(e.g. 1 mm). It is obvious that, due to different reasons
it is not easy to achieve these results, but they are
those results which normally are needed for a
Wohler—curve, and in the ideal case would reflect all
manufacturing and design effects on fatigue of the
item.

Ifthe meanvalue of the fatigue life and the scatter fac-
tor for a single rivet pitch are known, it is possible to
use a random process in order to derive a damage sce-
nario for a complete frame—bay or even a complete
lap joint. Provided the fatigue life is distributed ac-
cording to a log—normal distribution, this may be
done by means of an ordinary random processor
which provides a smooth distribution of random
numbers in the interval [0,1] (see e.g. Press et al. (2),
equivalent to 0% — 100%, and by inversion of the log—
normal distribution by an approximate method (an
analytical inversion is not feasible). This situation is
indicated in figure 2.

After the damages of all fatigue critical locations have
been determined, it is assumed that the fatigue da-
mage at the most damaged location is high enough to
start crack growth, while all other locations still have
to accumulate more fatigue damage until the crack
starts. The fatigue damage rate of each location ”i” is
calculated by equation (1)
N,

dD;, = New 1

Special attention has to be paid to the interaction of
cracks and holes or one—sided cracks with regard to
the fatigue problem at the uncracked hole. This has ei-
ther been done by using an ellipse — instead of a hole
with one crack — in order to calculate the oy — value
or for the interaction by using a compounding method
like procedure.

2.2 Crack P tion Calculati
Generally the crack propagation has been calculated
by means of the SIF (stress intensity factor) K and

the Forman equation (2) @

da Ce AK=g

N "A-®m K, - AK 2)

The Forman parameters for the aluminum 2024 T3
alloy have been used as follows within this paper :

Q cr=201x10"8
Q ng=2.70
Q  Kjc = 2256 MPa/ mm™12,

This leaves to assess the appropriate SIFs for differ-
ent crack scenarios, which may or may not include a
mutual interaction of the cracks or other boundaries.
The model does not include up to now any special
treatment of short cracks, although it starts crack
propagation calculation at considerably short crack
sizes.

Three different methods of SIF detection are provided
in the model:

Q  the compounding method ¥

Q  anumerical method based on complex
stress functions ®

Q  the finite element method.

Since one of the main requirements for the method
used within a Monte—Carlo Simulation is its low com-
puter time consumption, the compounding method is
the most promising. All results,which are quoted in
this paper are based on this method. Only some facts,
e.g. regarding the redistribution of pin—-loads after
cracking, are based on one of the others.

The basic idea of the compounding method is very
simple. A set of solutions for the determination of the
SIF is known. Many of these solution comprise the in-
teraction of one crack with some kind of boundary,
where a boundary may be a hole, a straight line, an
other crack , etc.. The mutual interaction of cracks
with a number of boundaries is now achieved by a cer-
tain procedure of summation or product of the in-
fluences of all boundaries. Within this model the gen-
eral method of Rooke et al. @ has been adopted, where
the SIF is calculated by

K. =K + > K, - K) + K, &)

n=0

with K; as the actual SIF including all interactions,
Ky indicating the SIF without interaction with other
boundaries; K, is the SIF according to the interaction
with one single boundary "n” and K, is the most prob-
lematic parameter, since it comprises the influence of
all boundaries together. This last term is not very easy
to obtain. Based on some assumptions of Rooke et al.
® this term is not essential for normal rivet row
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pitches.

Special attention has to be paid to the case of cracks
emanating from holes or intersecting other bound-
aries. This procedure is very clearly presented in the
ESDU data sheet (7. For pin—loaded fasteners some
further assumptions have to be made which are also
given in @, The required stress intensity factors for
the simple basic configurations mainly have been
taken from Rooke and Cartwright ®, Tada, Paris and
Irwin © and some single publications. One of the
most valuable has been the report on two unequal
cracks emanating from a hole by Rooke and Tweed
0 1t is not the intention of this paper to repeat the
theory of the compounding method. If any informa-
tion on this subject is needed, please refer to the men-
tioned papers.

Since the compounding method is based on already
known solutions, which may to a large extent be
stored in data arrays and only have to be interpolated,
this method requires only very little computational
time. On the other hand there are also certain short-
comings, e.g. the fact that only a constant remote
stress may be treated by this method. But it is shown
in the subsequent sections that this is not such an im-
portant feature.

2 i i

Up to now the residual strength problem has been
used in this model mainly for the detection of the
link—up of relatively small cracks. As stated in sec-
tion 3.2 the case of the link—up of one large lead crack
with additional small MSD cracks is not essential in
the application discussed here. The interaction of
MSD cracks with one large accidental crack has not
been treated, since it is the feeling of the authors that
this is a very special problem — likely to occur only in
relatively small areas of the aircraft—, which should
not disturb the understanding of the initial problem
of the initiation of MSD scenarios.

Therefore, only the link—up problem of small cracks
remains, which may be treated in different ways. One
of the very simple models for this problem seems to be
the model proposed by Swift 1. It actually checks a
criterion which is very similar to a "net section yield-
ing” criterion.

The model is visualized in figure 3. The main idea is
to use the radius of the plastic zone in front of each
crack tip

K2
r, = —*

P 2
T 02

“@

and to apply the contact of both plastic zones as crite-
rion for the link—up of the cracks. This is in line with
the argument of Irwin 12) concerning the effective

length of the crack. From equation (4) it is cbvious
that this criterion depends very much on the yield
stress oy Within the present model the stress intensity
factor K; has been taken from the compounding
method instead of the equations given by Swift in ref.
an.

This model is extremely simple and is therefore easy
to be used in the Monte—Carlo Simulation. After all
the results of Swifts method are not too bad, if flat
specimens are considered. This has been shown by
Moukawsher (13), Actually, the results are even better,
if the plastic radius has been derived by means of the
compounding method. On the other hand there are
some doubts, whether this criterion still holds, if spec-
imens are used, which also exhibit bending.

Anyway, the model does not have a major influence on
the calculated inspection interval, since the number
of loading cycles with highly interacting cracks is low
for each possible configuration. The real residual
strength calculation, which requires the limit load, is
only needed in this model, when a complete large
panel is assessed. This is not the subject of this paper.

2.4 C . ith Existing E . tal D
In order to show that the general metheod for the cal-
culation of fatigue and crack growth works properly,
the results of one larger coupon test has been calcu-
lated by means of the model.

The results of the test and the calculation are shown
in figure 4. The test specimen consisted of the alumi-
num alloy 2024 T3. One single crack emanated from
the central hole. The crack growth curves have been
calculated using standard crack growth and fatigue
data.

Two major points may be derived from figure 4. First,
the crack propagation is calculated in a sufficient
manner (actually, other specimens have been calcu-
lated much more exactly also in the MSD case). Se-
cond, and this is the more important point, the num-
ber of cycles for the initiation of cracks on the
uncracked side of a hole, where the crack approached
from the other side, is very good.

3.1 The New C ¢ for the Definiti fthel g
tion Interval

As already indicated in section 2, the definition of the
inspection interval is altered completely by the pres-
ent model. The normal way to define the inspection
interval in case of a single crack is shown in figure 5.
The inspection interval is a fixed value defined as the
difference of load cycles between critical crack length
and detectable crack length. Both values do not de-
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pend on anything else but the crack length of the
single crack itself.

Now, for the MSD case the problem is completely op-
posite. Cracks may initiate at different locations at
different times. Therefore, very different configura-
tions may occur, which result in a very different crack
propagation behaviour. This means that the inspec-
tion interval is not fixed at all, and it even becomes ap-
parent that both of the values are linked together.
This is mainly discussed in section 4.

What actually does remain is that the results of the
Monte—Carlo Simulation may only be treated statis-
tically. This is to say that the inspection interval is

also a statistical value. MSD has not to be defined for

an interpretation of the results, it is just a part of the
possible configurations that may occur.

Actually, MSD-like configurations are those which
result in a relatively short inspection interval. On the
other hand it will follow that the "worst case of equal
cracks at all rivet holes” is not only very unlikely to oc-
cur; it also is shown that it may only occur after a very
long "crack free life”. This "crack free life” is called
"threshold” in the following.

3.2 Important Features of Multiple Site Damage
3.2.1 Performance

If more than one single crack appears at adjacent rivet
holes two major features are responsible for the fact
that multiple site damage is a very serious phenome-
non (14

Q  in MSD-like scenarios crack sizes tend to be of
very similar size in a certain region of nearly equal re-
mote stress.

Q  after reaching a considerable crack size, the
cracks start to influence their crack growth mutually.

The first of these facts may only be explained by the
fact that for loaded rivet holes the crack growth rate
of small cracks is higher than for larger cracks, or for
adjacent holes

da, .y
da,. > 1 ©)
This kind of mechanism is also reflected in the MSDS
parameter of de Koning (1%, If larger cracks addition-
ally are spread over a considerable region, a redis-
tribution of the load transfer at the rivets will also oc-
cur, and result in a higher loading of the outer,
normally less loaded rivet holes. Some finite element
calculations, which have been performed in order to
assess the effect of small cracks on the load—transfer
redistribution, have shown that this is not a crucial
point, as long as the cracks do not exceed a length of

some millimeters. Only a small amount of the load—
transfer is distributed between the adjacent rivets,
both parallel and perpendicular to the rivet row direc-
tion.

In longitudinal lap joints (and this is the main subject
of the following sections) a nearly quadratic stress dis-
tribution is found within one frame-bay. The maxi-
mum of this distribution is located in the center of the
frame—bay. This stress distribution results in the fact
that approximately 8 to 10 rivets are loaded in such a
manner that the fatigue life is very similar at these
rivets, i.e. MSD is likely to occur at theserivets, if it oc-
curs at all ®. Therefore, it is sufficient in the first step
to look at approximately 9 rivet—spacings in a
Monte—Carlo Simulation. Larger models would be
necessary, if accidental damages are taken into ac-
count. A large effect of the damage scenario of one
frame—bay on the other is only essential shortly be-
fore the crack scenario is critical in one of the frame—
bays. The few load cycles which will occur in this state
are not essential for the overall result of the following
studies and are therefore neglected in the following
calculations.

—— 1 -
MWMW ——ry
A typical result of a Monte—Carlo Simulation is
shown in figure 6. The inspection interval (without
safety factor) has been collected for 125 different con-
figurations of a simple two—rivet row lap joint. The
results are plotted versus the probability of occur-
rence. Furthermore, a log—normal distribution has
been calculated from these results. Obviously, the
log—normal distribution fits the results very well.

The main point that may be derived from this dia-
gram is the fact that the inspection interval is not a
constant value at all. The question is, why the results
for the interval are so different? The answer is given
in figures 7 and 8. They show the crack propagation
in the "worst” and the "best” case, i.e. it is the configu-
ration of the far left and far right result in figure 6.

In figure 7 and 8 the x—position of the rivet—holes in
the rivet row as well as the position of the crack tip are
plotted on the abscissa. On the ordinate the cycles are
plotted. Dashed lines indicate that the rivet—hole re-
mains intact and only damage accumulation takes
place, while a solid line indicates that crack propaga-
tion has started.

It gets apparent that the "worst case” in figure 7is a
configuration where cracks start at almost all rivets
at the same time; this is nearly the classical MSD case.
In the "best” case of figure 8, one single crack starts
to grow up to quite a number of cycles before an other
crack starts to grow; this is almost the classical da-
mage tolerance configuration with one fatigue critical

1776



location.

When looking at a Monte ~Carlo Simulation the ques-
tion occurs, how many different damage configura-
tions have to be taken into account. Figure 9 shows for
one example the calculated interval (for three small
probabilities of occurrence) as they are calculated for
different numbers of configurations. Obviously, the
values vary in the beginning, but already after some
hundred configurations the differences are not large
anymore, compared to the uncertainties of the cal-
culation model itself. Therefore, 250 different config-
urations have been used in the following.

It may be assumed that different parameters are
likely to influence the inspection interval in the case
of more than one fatigue critical location. In this
study the following parameters have been tested by
n:)eans of the Monte—Carlo Simulation described
above:

Parameter Average Scatter Symbol
fatigue life X X FAT
detection X X POD
position X POS
crack growth X CGR
friction X LTR

where detection stands for the probability of detec-
tion, position for the position of the rivet in the rivet
row, crack growth for a scatter in the crack growth
data of the material and friction for the scatter in the
load—transfer due to friction between the sheets of
the lap joint. While the fatigue life has been assumed
to follow a log—normal distribution, all other values
have been approximated by a normal —~distribution.

All of the subsequent examples have been calculated
for a three—rivet row example with 20 mm pitch, 1.6
mm sheet thickness, 4 mm rivets and a remote stress
of 84 MPa. All of the figures 10 to 15 include one refer-
ence calculation with a fatigue life of log N = 5.057, a
standard deviation of 0.058 and a detectable crack
length of 5.0 mm. Nine fasteners have been used as ba-
sic configuration.

The first parameter discussed in figure 10 is the scat-
ter of the fatigue data. It shows that an increase of the
scatter increases the interval considerably. The inter-
pretation of this result is simple: the probability that
at adjacent fasteners cracks occur at nearly the same
load cycle decreases with increasing scatter; the result
is discussed in figures 7 and 8.

The next parameter, discussed in figures 11 and 12 is
the average value of the fatigue life. It is obvious that
this parameter influences the threshold considerably,
but the influence on the interval is only small. This
small influence results from the fact that the scatter
is defined on a logarithmic scale and is therefore
larger for the higher average values, if it is compared
on a normal decimal scale.

Figure 13 presents the influence of the average value
of the probability of detection. It is quite obvious that
the inspection interval increases with a refined in-
spection method. Therefore, this result isnot at all as-
tonishing.

If now a scatter in the probability of detection is dis-
cussed, it turns out that obviously positive and nega-
tive influences balance each other. Hence, there is
nearly no change in the curves shown in figure 14.

All of the further parameters given in the table have
the same small effect on the inspection interval as the
scatter of the probability of detection has. Since it is
not appropriate to repeat three more figures without
an essential new information, only the combination
of all of these influences is shown in figure 15. The fol-
lowing scatter values have been used exceeding the
basic model mentioned above :

Q o(POD) 10mm

Q o((POS) 1.0 mm

Q odTR) 50N

Q o(CGR) «¢;=0522x10"8

These scatter values seem to be of reasonable magni-
tude. It therefore seems to be justified to say that the
main influences on the inspection interval and the
threshold are the mean value and scatter of the fa-
tigue life and the average value of the probability of
detection.

4. Example

It does not seem to be easy to find test results, which
may serve as a representative example for the
Monte—Carlo Simulation presented above. Also the
following example may not be considered to be per-
fect, but it provides at least a strong hint that the gen-
eral approach of this paper is right.

The main obstacle for representative full scale tests is
the fact that a well designed lap joint is not likely to
exhibit MSD during a reasonable number of flight cy-
cles. Since no company will pay for a full scale test
with hundreds of thousands of flight cycles, other
measures have to be taken. During a full scale test at
Deutsche Aerospace Airbus in Hamburg one lap joint
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has been manufactured in a way, which was likely to
enforce Multiple Site Damage. This was done by
means of rivet holes which have been countersink too
deeply.

A deep countersunk rivet hole, which results in a
non-protruding rivet head, will show a relatively bad
fatigue life behaviour and a reduced scatter of the fa-
tigue life. It is therefore much more likely that MSD
will occur in such a lap joint after a relatively short
initiation period.

From coupon test specimens of the same lap joint de-
sign, the drop in the fatigue life can easily be derived
for the appropriate stress level:

Q  in the case of a normal rivet hole with

protruding rivet head:

- Nign = 1,171,039 cycles
- Ngow, = 535,268 cycles
- Nogg = 233,653 cycles

Q  inthecaseof adeep countersunkrivet hole with
non—protruding rivet head:

- Nio% = 132,695 cycles
- Ngog = 114,062 cycles
- Nogg, = 94,250 cycles.

It must be stated that the coupon tests have not been
performed in a way which delivered the number of cy-
cles up to a small crack length. Actually, the number
of cycles up to a failure of the complete small coupon
has been tested. Therefore, the interval between
crack initiation and failure of the complete coupon
test specimen have also been assessed by means of a
Monte~Carlo Simulation. This leads to a decrease of
31,332 cycles for the N4, value of the deep counter-
sunk specimen.

The general design of the lap joint specimens is shown
in figure 16.

The results of the Monte—Carlo Simulation are
shownin figure 17. A load —transfer of 37% at the crit-
ical rivet row and a detectable crack length of 5 mm
have been assumed. The remote stress level (this in-
cludes a "coupon — full scale correction term”) of 84
MPa were used as remote stresslevel. Figure 17 shows
two distributions: first, the case of the normal pro-
truding head riveting and second the case of the non—
protruding head riveting. On the abscissa the "life up
tothe detectable crack length” is plotted versus the in-
spection interval. Both values do not include any
safety factor. Please note that the results for the calcu-
lated interval must be considered as conservative,
since the high "coupon—full scale correction term”
has also been used for the crack propagation calcula-

tion.

A simulation using 250 different damage configura-
tions has been performed in both cases. Symbols indi-
cate the position of the results for each single calcula-
tion. Additionally, the distribution of the results has
been treated by statistical means, indicating which
percentage of points is located within a certain region.

The following points may be derived from figure 17:

Q  there is an obvious relation between the num-
ber of cycles up to detectable crack length and the in-
terval in both cases (see section 3.1).

Q  theresults of both of the types of lap joints are
extremely different. While the badly manufactured
lap joint exhibits an early initiation of cracks, com-
bined with a high probability of an MSD—like crack
scenario (i.e. the inspection interval is small), the
properly manufactured lap joint shows a much lower
probability that a MSD-like scenario occurs. And if
this scenario is likely to occur, it will occur much later
in the service life, which is not likely to be reached by
the aircraft anyway.

The data given in figure 17 still are completely
theoretical. If they are compared with data from the
full scale fatigue test mentioned above, the problem
occurs that no crack initiation has been found in the
properly manufactured lap joints of the test specimen
within 120,000 flight cycles. Therefore, no validation
of the Monte—Carlo Simulation of this problem is
given, except from the fact that also the Monte—Carlo
Simulation provides no damage in this case.

If only the deep countersunk lap joint is considered,
this is the region indicated by a dotted line in figure
17, and is plotted in greater detail in figure 18. Addi-
tionally to the information of figure 17, results from
the above mentioned full scale test are indicated in fig-
ure 18. A solid line indicates the region of intervals
and fatigue life up to the initiation of a 5 mm crack
which has been covered by the test itself, i.e. all points
on the upper right—hand side of the solid line were
not in the range of the test.

Within the deep countersunk lap joint of the full scale
test crack initiation has been found in different frame
bays up to different degrees and often with cracks at
adjacent rivets. On the other hand, only one of the
crack scenarios has nearly reached a critical state af-
ter 120,000 flights, while all the others still were not
at all critical. The development of the cracks has been
monitored by means of eddy current techniques from
the beginning. Hence, a good database of initiation up
to detectable crack length and interval data exists.

The single finding, where one frame—bay nearly be-
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came critical is indicated by a filled dot in figure 18,
while for different further frame —bays an arrow indi-
cates the initiation life up to a 5 mm crack and the in-
terval, which was reached at the time when the full
scale test has been stopped. The arrow also indicates
the region where the real point would have been si-
tuated, if the test would not have been stopped at
120,000 flight cycles.

A comparison of the theoretical results as well as the
experimental results shows that the one critical sce-
nario was not very probable. But, all measured points
from the full scale test indicate that the results of the
Monte~Carlo Simulation are very likely to occur.
This means that, although the model itself certainly
has its shortcomings, it is already able to assess the li-
kelihood of widespread fatigue damage in a consider-
able way. Furthermore, it supports the thesis that
threshold and interval are not fixed values, if more
than one fatigue critical location is taken into ac-
count,

5. Conclusion

A completely new approach for the assessment of
Multiple Site Damage (MSD) has been presented.
While, in the case of a single crack the inspection in-
terval is one fixed value, which is related to one fixed
threshold value, this is not the case for MSD. Ob-
viously both, the interval and threshold depend on
each other and are not fixed anymore.

This thesis is supported by means of a Monte—Carlo
Simulation model, which has been tested by compari-
son with one existing result from a full scale fatigue
test. The results are already very good, although the
model still is in a preliminary state and needs some re-
finement.

The main parameters which influencing both the
threshold and the interval are : the average crack ini-
tiation life, the scatter of the crack initiation life and
the detectable crack length. This shows that the de-
sign (and the applied stress) as well as the quality of
manufacturing, which both influence the fatigue life,
are essential for the likelihood of MSD—~like scenar-
ios. It therefore is not necessary to anticipate MSD, if
both the design and the production of the item are
good, and no deteriorating influences such as corro-
sion occur.

Furthermore, some typical phenomena of MSD are
discussed and a way is presented to limit the computa-
tional effort needed for the Monte—Carlo Simulation
by reducing the number of fatigue critical locations.

The work on this method will be continued in order to
refine and extend the model.
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