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1. Introduction

The integrity of components such as pressure vessels
and pipe work, are for chemical and nuclear power
plants of upmost importance. For proof of the integrity
such methods as stress analysis, fracture mechanics and
probabilistic analysis are employed. The use of com-
puters cannot be avoided. A variety of programs should
be available, so that costs can be optimized.

The following three examples show the application
cf the methods stress analysis, fracture mechanics and
probabilistic analysis as they are used by engineers
'1-31 

or in Research Institutes t4-61.

2. Example otpressure vessel nozzle"

A nozzle in the transition zor'e "shell/head" of a
custom made heat exchanger was analyzed [2]. Due to
geometry a three dimensional modelling was required.
Fig. 1 shows the geometry of the model used for analy-
sis. The model has 5500 three-dimensional, 8 nodal
point elements or 7600 nodal points.

Eleven temperature transients of the cooling media
sodium were conservatively reduced to five transients.
Ihe internal pressure of the secondary loop, connecting
pipe loads and restraining forces had to be considered.
Ihe temperature fields were analyzed with the program
system ANSYS, whereas for the stress analysis the
program system NASTRAN was used. Fig. 2 and fig. 3
thow the temperature and the stress distribution in a
section of the bodv at a certain time of a transient.

J029-5493/86/$03.50 o Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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The nonlinear characteristic of the heat transfer
mechanism was considered in the thermal analysis.

The material used was steel X6 CrNi 1811 (1.4948).

STRESS ANALYSIS INCORPORATING FRACTURE MECTIANICS AND MATT,RIAIS
ASPECTS FOR COMPONENTS T]NDER COMPLEX LOADING

P.H. HIRT, N. JAUSSI and M. PRODAN
MOTOR-COLUMBUS Consulting Engineers Inc., Baden, Switzerland

Received December 1985

Th€ titlc deals with a complex subject, Stress analysis with consideration of fracture mechanics and material propertios is
subjact to research and development worldvride. A final answer is not possible. This is only au attempt to discuss the problem.

In the following, three examples are discussed. Due to the size of the problems, extensive use of references (with more
detailed information) is made. The examples are: a pressure vessel nozzle, a disc with crack, and a thick walled vessel.

Fig. 1. Finite element mesh of the vessel nozzle.
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Fig. 2. Isotherms.

2.1. Stress limitations

Following the stress analysis load combinations

(stress superpositions at the stress component level)

were made and compared with the allowable stress

limits of the ASME Code or the relevant code cases-

The comparison of the allowable stresses was made with

the help of the post processor CASAFE. Such a post

processor is normally not available with general purpose

FE-programs. The FE-analysis produces on each ele-

ment node six stresses, three normal stresses and three

shear stresses. For the code calculation these stresses

had to be added, averaged or linearized per stress com-
ponent and then the principal stresses calculated. The

stress intensities P*, P- * P, arc differences between
the three principal stresses.

The stress intensities were only calculated on previ-
ously selected locations (sections through the wall).
CASAFE compares the following stresses with the al-

lowables:
- primary stresses (P*, P,r, + Pb),
- creep (for wall temperature> 427"C for austenite, an

option in the program),
stress range (prirnary and secondary stresses without
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STRESS INTENSITY
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Fig. 3. Iso-stress intensities

peak) and determination whether the K"-factor is
relevant,
cumulative usage factor.
The stress limitations were not exceeded as table 1

shows. The symbols Sru,, and Eur2 are stress allowables,
t, and tvm are operating hours or allowable operating
hours for the actual stresses and are used for the creep
evaluation.'

Stress ran3e/3sm is calculated for the determination
whether the K"-factor is to be determined (K" > 1). It is
used in the evaluation for the cumulative usage factor
U.

't

2.2. Data processing

To allow for the data transfer from ANSYS to
NASTRAN and to the post processor, the analysis was

made with identical eight node three-dimensional ele-
ments.

The amount of data and data handling was large.

Several hundred time steps and integration steps for the
determination of the transient temperature distribution

at 7600 nodes were necessary. For the determination of

the stresses, again the 7600 nodes model was used, and

on each node six stresses were determined. With 27
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Table 1
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P*/Srutt (r- + po)

Szulz

tr/t,^ Stress range "
3s,n

0.36 0.24 0.01 1.748 0.1616

u K"- factor  :3 .33.

basic loads and the 30-40 load combinations, millions
of data have to be processed. The data were managed
*itn cesAFE.

Since the stress intensities were determined only in
150 predetermined sections of the FE-model, the data to
be managed was substantially reduced. The 150 sections
were fully evaluated in accordance with the design
specification (ASME code, subsection NB and code
cases). Load combinations are made by the program
CASAFE. Therefore, loads were combined only on the
150 preselected sections.

The above discussed and in [2] extensively covered
analysis of a 3-D-model pressure vessel nozzle was,
together with another problem on the same vessel and
in close location (lifting lug), within one half year
completed with the costs in the range of SFr. 100000.-.
We believe that the costs are typical for the size of the
problem. In ref. [5,6] a problem of comparable size is
discussed.

3. Example "disc with surface crack"

A fracture mechanic analysis had to be performed on
the disc with surface crack as a model for an en-
gineering component. With the help of this example the
value of fracture mechanics for stress analysis and safety
analysis shall be demonstrated [4]. Fracture mechanics
extends stress analysis such that cracked parts can be
evaluated. Cracks represent singularities in stress and
strain fields. The theory of fracture mechanics accepts
parameters such as stress intensity factor K or the
so-called ,I-integral to characterize the load condition in
the vicinity of a crack. They are used to prove the safety
margin to fracture with fracture mechanics analysis.
Computer programs are already available to calcula te K
and J for a large number of crack types and load
combinations.

How it is done is suggested by fig. 4. For this
configuration the stress intensity factor K can be
numerically determined as follows:

* :  o{! .o F(+ ,  o,  +\ ,  h/w >.-  r ;  c/wq 0.25;
S  \ c '  t l '  /

(1 )

Fig. 4. Semi-elliptical surface crack in a tensile disc.

The symbols of eqs. (1) and (2) are explained by fig 4.
Values of the correction function F(a/c, g, a/t) are
tabulated in table 2, based on 3-D linear elastic FE
calculations by Raju and Newman. With an easy pro-
gramable 2-D Lagrange interpolation (program IN-
TERP) the correction function F(a/c, e, a/t) can be
calculated for values inbetween the values tabulated in
table 2.

The practical importance of half elliptic surface
cracks is based on its application when safety margins
to brittle fracture, or stable crack grawth due to fatigue,
have to be evaluated. It is understood that a disc is a
plate-like body, which is loaded perpendicular to its
thickness. Similar results are also available for bent
specimens (plates) with surface cracks and other typical
cracks of plant components. r

The results can be applied for the following prob-
lems: Determination of critical crack sizes, calculation
of critical loads, determination of required toughness,
prediction of undercritical crack growth and arrange-
ments of tests.

The material used for the tests in ref. [4] is ferritic
perlitic fine grain steel BH 43 W (St.E 43).

4. Example ".thick walled containero'

A probabilistic failure analysis had to be performed
for a container carrying highly toxious contents [3]. In

*: Ir '"(si,"+ . (:) ' .o,'*;" do. (2)

L-
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Table 2

Values of the function F(a/c, Q, a/t) based on 3-D linear elastic FE calculations by Raju and Newman
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a / c  a / t  0 [ ' ]

0.00 TT.25 22.50 33.75 45.00 56.25 61.50 78.75 90.00

0.20
0.40
0.60
1.00
2.00
0.20
0.40
0.60
1.00
2.00
0.20
0.40
0.60
1.00
2.00
0.20
0.40
0.60
1.00
2.00

0.20
0.20
0.24
0.20
0.20
0.40
0.40
0.40
0.40
0.40
0.60
0.60
0.60
0.60
0.60
0.80
0.80
0.80
0.80
0.80

0.617
0.767
0.916
7.174
0.821
0.724
0.896
1.015
1.229
0.848
0.899
1.080
T.T72
1.355
0.866
1.190
1.318
1.353
1.464
0.876

0.650
0.781
0.919
T.I45
0.749
0.775
0.902
1.004
7.206
0.818
0.953
1.075
I.I49
1.327
0.833
1.217
t.285
1.304
1.410
0.839

0.754
0.842
0.942
1.105
0.740
0.883
0.946
1.009
1.757
0.759
1.080
1.113
7.142
t.256
0.117
1.345
1.297
7.265
t.3t4
4.775

0.882
0.923
0.982
1.082
0.692
1.009
1.010
1.033
t.126
0.708
1.237
7.r79
1.160
T.2T4
0.716
1.504
7.327
1.240
1.234
0.]n

0.990
0.998
1.024
7.067
0.646
L.122
1.075
r.062
1.104
0.659
1.384
7.241
7.782
1 . 1 8 1
0.664
1.651
7.374
r.243
1.193
0.661

1.012
1.058
1.059
1.058
0.599
L 2 2 2
r.736
1.093
1.088
0.609
1.501
7.302
7.202
1 . 1 5 3
0.610
r.759
1.408
t.245
1.150
0.607

I.I28
1.103
1.087
1.053
0.5s2
t.297
1.184
r.727
1.075
0.560
1.581
1.341
1.218
7.t29
0.560
1.824
7.437
r.260
1.r34
0.554

1,161
7.729
1.104
1.050
0.5r2
1.344
r.2'1.4
1 .139
1.066
0.519
7.627
t.363
r.221
1 . 1 1 3
0.519
1.846
t.446
]-264
1 . 1 1 8
0.513

I.113
1 . 1 3 8
1.110
1.049
0.49s
7.3s9
I.225
r.745
r.062
0.501
I.642
7.310
r.230
1.107
0.501
1.651
7.447
7.264
1.r72
0.496

fig. 5 the geometry and the most important dimensions
are shown, fig. 6 shows the nomenclature and the as-
sumptions made for the probabilistic analysis. The
material assumed was cast steel GS 50.

4.1. Probability of failure by buckling

The deterministic calculations are the basis of the
following probabilistic analysis. The allowable maxi-
mum pressure p buckt.z was determined to be 400 bar.
The actual external pressure p is 300 bar. The trivial
criteria of non failure p < p buckl.z is satisfied.

For the probabilistic analysis the symbols of fig. 6 Fig. 6. Probability density functions of the load and the struct-

ural resistance with related notations.

,So : mean value of the load, e.g. external pressure,

R 0 : mean value of the resistance, e.g. buckling load,

,Sq : " maximum" load acc. to the deterministic ap-

proach,

R p : " minimum" resistance acc. to the deterministic

approach,

p,q : fractions (see shaded areas),

/0 : R o/So: safety factor acc. to the mean values,

v: Ro/S, : safetY factor acc. to min R/max S,

Pr : failure ProbabilitY,

f  , ( x )
f  , ( x )

: probability density function of the load,
: probability density function of the resistance.Fig. 5. Geometry of the thick-walled vessel.



274 P.H. Hirt et al. / s/ress analysis for components under complex loading

pr :1(1) :  P(R < s)  :  I r *

F , ( * ) :P(0 .R<x) : f r r ,

f " o o c o  I
r r ( / ) :1  -  I  f  f  p ,Q)t4(r ) ) '  f , ( r )  a*  l .  (6)

L " o  r : o  I

were used and the following assumptions were made:
Ä o  : 2 0 0 0  b a r  ( 5  x ( p b u c k l , z : 4 0 0  b a r ) ) ,

,So : 22A bar (. p: 300 bar),
oR : 220 bar 

\ 
standard deviations of Ä and ,S

os' : 50 bar J @, P bwkt.z and P).
The failure quotient pr is calculated with the ad-

ditional assumption of standard distribution and tabu-
lated values from reference books.

Eq. (3) is based on the general eqs. (4) and (5) where p,
is expressed by the integral

The probability of failure F{t) in the time interval
(0, r) is:

With the help of the reduced equations derived from eq.
(6) Fr(t) is calculated. The method is extensively ex-
plained in [3].

An attempt shall be made to connect these three ana-
lytical methods.

Even though only partial aspects have been consid_
ered, a general solution for the analysis of complex
components seems possible.

It is obvious that these are not only partial problems
but overall and interdisciplinary tasks.

A common problem is that a component is fully
analyzed under the assumption of no flaws, but in the
course of inspection, and after manufacturing, flaws are
detected.

For the example of the pressure vessel nozzle, assum_
ing a semi-elliptic crack, the large amount of time and
money spent for the stress analysis is now useless.

Possible solution: The stress analysis is not without
value, but it is not the only evaluation basis. It must be
combined with fracture mechanics. But the so-called
influence (correction) functions, which are necessary for
calculating the fracture mechanics parameter such as K
and J, are more complex than in the case of the relative
simple configuration of the disc. Also, the material
aspects must be expanded to include K and J.
The following methods are possible:
(1) Hand calculations with diagrams and tables from

fracture mechanics handbooks, codes and regu-
lations or other references.

(2) New calculations of the relevant fracture mechanics
parameter such as J and K with expensive com-
puter programs, a de facto new analysis of the
already analyzed components.

The application of the results is to some extent doubt-
ful. In practice it is generally felt that repair is better
than the existence of some small flaws.

Another connection would be between the fracture
mechanics example (disc) and the probabilistic analysis
(thick walled vessel). The question in this case would
be: how to proceed in the case of a flaw in the thick
walled vessel? The solution in this case is the so-called
probabilistic fracture mechanics, developed from relia-
bility analysis and deterministic fracture mechanics.
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F , ( t ) - 1 -  ( 7 - p , ) ' ,

F r ( t : 1 0 0 0  y )  =  1 . 5  x  1 0 - 1 2 ,

F , ( t )  -  1 -  exp( -p , t ) , ,

F r ( /  :  1 0 0 0  y )  =  1 . 5  x  1 0 - 1 2 .

The quoted results are explained and commented in ref.
[3]. Due to the extent of reasoning necessary only the
remark to [3] shall be made that a probabilistic relia-
bility analysis is difficult for two reasons:

there is a variety of technical equipment to consider,
-'each component is exposed to a variety of influences

and mechanism which can lead to failure.
Failure data and statistics from the conventional

pressure vessel industry were used for comparison with
these theoretical results of the probabilistic analysis.

5. Discussion

Aspects of stress analysis, fracture mechanics and
probabilistic failure of components have been discussed.

(7)

(8 )
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ZUSAüUENPASST]NG

Der  T iE ,e l  sp r i ch t  e i ne  ve rw i cke l t e  Thema t , i k  an .  Das  Thema  "Fes t i g -
ke i t , sana lyse  un te r  Be rücks  i ch t i gung  von  B ruch rnechan ik  und  Werk -
s to f f aspek ten "  i s t ,  we l twe i i  Gegens tand  von  Fo rschungs -  und  En t -
w i ck l ungsa rbe i t en .  Es  kann  demen tsp rechend  i n  d i esem Re fe ra t  n i ch t
absch l i essend  behande l t  we rden .  Es  so l l  v i e lmeh r  ve rsuch t  we rden ,
e i nen  Be i t r ag  zu t  D i skuss ion  ob ige r  P rob lema t i k  zü  l e i s t en .

De r  Vo r t r ag  be fass t  s i ch  m i t  d re i  Be i sp ie l en  zu  dem im  T i t e l  ge -
nann ten  P rob lemkomp lex .  Dazu  we rden  e i gene  und  Geme inscha f t sa rbe i -
t , en  benu tz t .  Wegen  de r  Fü l I e  de r  behanCe l t , en  F ragen  w i rd  e i ne  kon -
dens ie r t e  Da rs t , e l l ung  m i t  i t i nwe i sen  au f  Re fe renzen  gebo ten .  D ie
Be i sp ie l e  s i nd  e i n  Behä l t e r s tu t zen ,  e i ne  sogenann te  bau te i . l ähn -
I i che  Sche ibe ,  und  e i n  d i ckwand ige r  Behä1E ,e r .

EINFUEERTTNG

Von  besondere r  Bedeu tung  fü r  d ie  S i che rhe i t  von  Nuk lea r -  und
Chemiean lagen  i s t  d i e  I n teg r i t , ä t  i h re r  Komponen ten ,  d .  h .  Be -
hä1 te r ,  Roh r l e i t , ungen  und  ande re r  An lagene lemen te .  Be im  meeha -
n i schen  Nachwe  i s  d i ese r  I n teg r i t ä t  bzw .  de r  Fes t i gke  i t  we rden

u .  ä .  d i e  F le thoden  de r  Spannungsana l l z se ,  de r  p robab i l i s t i s chen

Zuve r l äss igke i t sana l yse  und  de r  B ruchmechan i k  benu tz t .  De r

Einsatz  von Computerprogrammen is t  dabe i  unumgängl  ich  .  Je

nach  A r t  und  Grösse  des  P rob lems  so l l t en  aus  Kos teng ründen  d ie

angewende Ee n  Programme (  FEel /Scha len )  opt  ima I  ausgewäh 1t ,  wer-

den .  Dem Ingen ieu r  muss  a l so  heu te  e i ne  Pa leEEe  von  P rog rammen

fü r  e i ne  angepass te ,  op t ima le  l ösung  de r  Au fgaben  zu r  Ve r f  ü -
gung  s  tehen  .

l .
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rm  fo l genden  w i rd  anhand  d re i e r  Be i sp ie l e  geze ig t ,  w ie  span -
nungsabs i che rungen ,  p robab i l i s t i s che  Ana l ysen  und  B ruchmecha -
n i k  au f  d ruck füh rende  Komponen ten  von  rngen  i eu ren  angewende  t
we rden ,  se i  es  i n  e i ne r  r ngen ieu run te rnehmung  I r  3 ] ,  se i  es
i n  Ve rsuchs -  und  Fo rschungsansE .a l t en  l + ,  51 .

E s  s t e l ] t e  s i c h  d i e  A u f g a b e  r  e i n e  S p a n n u n g s a n a l y s e  d u r c h  z \ t _
f ü h r e n .  G e g e n s t a n d  w a r  e  i n e  N u k l e a r k o m p o n e n t e ,  e  i n  s t u t z e n
u n d  d e r  u e b e r g a n g  z u m  A u s s e n m a n t e l  u n d  z e n t r a l r o h r  e i n e s  s p e -
z i e l l e n  w ä r m e t a u s c h e r s  I z i .  D e r  s t u t z e n  s c h r i e s s t  s i c h  s c h r ä g
d e r  B e h ä l t e r w a n d  a n  ( n i c h t ,  r o t a t i o n s s y m m e t r i s c h  )  ,  w o d u r c h
e i n e  d r e i d i m e n s i o n a l e  l " l o d e r l i e r u n g  n o t w e n d i g  w a r .  F i g .  l
z e i g t  d i e  G e o m e t r i e  d e s  R e c h e n m o d e i . l s .  t 4 i t ,  d i e s e m  F i n i t e -
E l e m e n t e - ( F E - ) l ' 1 0 d e 1 1 ,  b e s t e h e n d  a u s  5 5 0 0  d r e i d i m e n s i o n a l e n
8 - K n o t e n - E l e m e n t e n  o d e r  a u s  r u n d  7 6 0 0  K n o t e n ,  w u r d e  e i n e
F e s t i g k e i E , s a n a l y s e  e r s t , e l l t .  F i i e r b e i  w u r d e  v o n  e i n e m  r e d u -
z i e r t e n  t s e l a s t u n g s p a k e t  a u s g e g a n g e n .  1  1  i n s t a t i o n ä r e  T ? a n -
s i e n t e n  d e r  T e m p e r a t u r e n  d e s  K ü h l m i t t e l s  N a t r i u m  w u r d e n  d u r c h
5  s p a n n u n g s m ä s s  i g  a b d e c k e n d e  T r a n s  i e n t e n  e i n g e g r e n z  t  .  r n n e n -
d r u c k  i n f o l g e  d e s  s e k u n d ä r k r e  i s l a u f  e s ,  R . o h r k r ä f  t e  u n d  v e r -
s p a n n k r ä f t e  a u s  d e m  G e s a m t w ä r n e t a u s c h e r  w a r e n  z o  e r f a s s e n .
D i e  t s e r e c h n u n g e n  d e r  s t a h l s t r u k t u r t e i l e  w u r d e n  m i t  d e n  p r o -
g rammsys temen A I ISYS (Ternpera tu r f  e lde r  )  und  NASTR.AN (Span-
n u n g s -  u n d  v e r s c h i e b u n g s f e l d e r )  a u s g e f ü h r t .  F ü r  e i n e n  e i n z e l n
h e r a u s g e g r i f f e n e n  z e i t p u n k t  e i n e r  T e m p e r a t u r t r a n s i e n t e  z e i g e n
F i g '  2  u n d  3  i n  e i n e m  L ä n g s s c h n i t t  d i e  I s o t h e r m e n  u n d  I s o -
s p a n n u n g e n  (  z w e i  f a c h e  T r e s c a - S p a n n u n g e n  )  .  A u s  d e n  s o g  .  G r u n d -
l a s t ' f  ä 1 1 e n  w u r d e n  L a s t k o m b i n a t i o n e n  e r s t , e 1 l t .  B e i  d e r  T e m p e -
r a t u r b e r e c h n u n g  h t a r e n  d i e  n i c h t , l i n e a r e n  A b h ä n g i g k e i t e n  d e r  r
! ' i ä r m e ü b e r t r a g u n g s m e c h a n i s m e n  a n  d e r  s t r u k t , u r o b e r f l ä c h e  u n d  i n
d e r  s t r u k t u r  z u  b e r ü c k s i c h t i g e n .  D e r  l r l e r k s t o f f  h r a r  d e r  s t a h l
X 6  C r N i  1 8 1 1  ( 1 . 4 9 4 9 ) .

Spannungsabs icherunq

r m  A n s c h l u s s  a n  d i e  s p a n n u n g s a n a l y s e  m u s s t e  d e r  N a c h w e i s  e r -
b r a c h t  w e r d e n ,  d a s s  d  i e  e r r e c h n e t e n  s p a n n u n g e n  i n n e r h a l b  d e r
v o n  A S M E - C o d e  u n d  a n d e r e n  R e g e l w e r k e n  v o r g e s c h r i e b e n e n  G r e n -
z e n  l  i e g e n .  D i e s e  A b s i c h e r u n g  d e r  s p a n n u n g e n  w u r d e  n r i t  e i n e m
d r e  i d i m e n s  i o n a l e n  A b s  i c h e r u n g s g r o g r a m m  C A S A F E  g e m ä s s  A S i , , l E -
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code ,  sec t i on  r r r ,  c l ass  1  |  subsec t i on  NB-3000  , 'Des ign , ,  und
Code  Case  N-47 -22  "C lass  l  Co rnponenes  i n  E leva ted  Temperacu re
se rv i ce "  vo rgenommen i  t ,  21 .  E in  Nach lau fp rog ranm w ie  CASAFE
s t ' ehc  i rn  a l l geme inen  be i  den  FE-S tandard -Prog rammen n i ch t  zu r
ve r f ügung .  D ie  PE-Be rechnungen  l i e f e r t en  an  j edem E lemen tkno -
ten 6  Spannungen ,  näml  ich  3  Norrna lspannungen und 3  Schubspan-
nungen .  Fü r  d ie  Abs i che rung  gemäss  den  Rege lwerken  muss ten
d iese  i n  den  massgebenden  Schn i t t en  i n  e inen  i , l embran - (pm) -
und  e i nen  B iege te i l  ( pu )  ze r l eg t  we rden ,  was  e i ne  vo rgäng ige
L inea r i s i e rung  de r  Spannungsve r te i l ung  übe r  d i e  Scha lend i cke
no twend ig  mach te .

D ie  e i gen t l i che  Abs i che rung  rn i t  CASAFE e r f o l g te  f ü r  d i e  f o l -
genc ien  Spannungs -  bzw.  Ve rsagensar ten  :

P r imä r -  ( d .  h .  n i ch t  se lbs t l i n r i t i e rende  )  spannun .gen
ze i t , s tands fes t , i gke i t ,  (we i l  d ie  wand tempera tu r  de r  Komponen te
über  427  0C (  900  0 r  )  1ug  )  (  f ü r  Aus ren i re  )
P rog ress i ve  De fo rma t ion  und  kumu la t i ves  Versagen  (p r i rnä r -
und  Sekundärspannungen) ,  (  E rmüdung  )  .  D ie  zu1äss igen  Gren  zwer -
t e  nach  den  Rege lwe rken  wu rden  übe ra l1  e i ngeha l t en ,  w ie  d i es
d ie  nachs tehende  zusammens te l l ung  t Je r  g röss ten  ' v r i e r te  ze ig t :

Prn + Pn
,9pannung s -S chw ing bre i  te *P / S

m '  z u l  l
r  /E

V' vII IS
ZLIL Z

0.  36 0  . 24 0 .01 1  . 749 0 .  16  16
t

*  K" -F 'a lc tor  =  3 .  33 ;

D ie  sy rnbo le  szu l1  und  szu l2  beze i chnen  zu läss ige  spannun -
gen  ( s t , o f fwe r te ) ,  das  ve rhä l t n i s  von  t v  und  t vm  e in  ze i t , -
ve rhä len i s  im  H inb l i c k  au f  K r i echen  (Ze i t s t ands fes t i gke i t ) ,
spannungs -schw ingb re i t e /3  sm bedeu teE  e in  f i k t i ves  span -
nungsve rhä l t n i s  m i t  E in f l uss  au f  d i e  E rm i t t l ung  von  L ) ,  und  U
beze ichne t  den  e rmüdungsbed ing ten  Schadenakkumu la t , i ons -FakLor
(U  =  Usage  Fac to r ) .

T a b e l l e  1
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Da tenve rarbe i tung_.-- z e i tr i che proi ektabw i ckl unq
Um e ine  d i rek te  Da tenüber t ragung  von  tu \SYS in  NASTRAN und
we i t e r  zum Pos tp rozesso r  zu  e rmög l i chen ,  e r f o l g ten  d i e  t he r -
m i - schen  und  rnechan i schen  t se rechnungen  m i t  i den t i s ch  d i sk re -
t  i s  i  e r ten  FE- t " l ode  11en  .

D ie  Au fgabe  wa r  aus  de r  S i ch t  de r  Da tenmenge  bzw .  i h re r  Ve r -
a rbe i  t ung  ,  de r  I n f  o rma t i k  r  u rn f  ang re i ch .  I , l an  bedenke  nu r  :
i ' l eh re re  hunde r t  ze  i  t s ch r  i  t t e  und  rnEeg ra t i onssch r  i  t t e  be  i
de r  n i chE l i nea ren  Be rechnung  de r  i ns ta t i onä ren  Tempera t , u r -
t r ans ien ten ,  Tempera tu ren  j ewe i l s  be i  7600  Kno ten .  Be i  den
spannungsbe rechnungen  h ra ren  es  w iede rum 7600  Kno ten
ä  6  Spannungskomponen ten ,  3  F taup tspannungen  und  3  ve rsch  i e -
bungskomponen ten .  Be i  27  Grund las t f ä11en  und  den  da raus  e r -
s te l l cen  30  40  Las t komb ina t i onen  hande l t . e  es  s i ch  a l so  um
Mi l l i onen  von  Da ten ,  d i e  ve ra rbe i t , e t  we rden  mussEen .  D ies
beso rg te  i n  wesen t l  i chen  das  Nach lau fp rog ranm cAsAFE.

D ie  Da ten reduk t i on  e r f o l g te  z .  B .  dadu rch ,  dass  d i e  Ve rhä1 t -
n i sse  be  i  1  50  Du rchs toss r  i n i en  des  pE -Grossmode l l s  ,  auch
Schn iC te  genann t ,  un te r such t  wu rden .  I n  enge re  t se t rach tung
kamen  dann  d ie  i n  i " l embran -  und  B iegean te  i l e  ze r \eg ten  Span-
nungen  en t l ang  de r  Scha lend i cke  be i  d i esen  1  50  Du rchs toss -
l i n i en ;  und  d i e  Sch luss resu l t aLe ,  gegeben  i n  Tabe l l e  j ,  be -
s tehen  e  i gen t l  i ch  aus  5  Zah lenwer ten .  CASAFE e rmög I  i ch te
u .  a .  d i e  E rs te l l ung  de r  Las t komb ina t i onen ,  d .  h .  ,  es  muss te
da fü r  n i ch t  e i n  Posep rozesso r  r  z .  B .  von  ANSys ,  benu t , z t ,  we r -
den .  Im  K la r t ex l  he i ss t  das ,  es  rnuss te  a l so  n i ch t  e i n  m i t
hohen  Kos ten  ve rbundenes  FE-Prog rammsys tem fü r  d ie  Las t , kom-
b ina t  i onen  be tä t i g t .  we rden .  D ie  Las t ko rnb ina t  i onen  wu rden  nu r
f ü r  d i e  Kno ten  be i  den  uns  i n te ress ie renden  Schn i t t en  e r -
s te I l t  ( be i  unse re rn  Be i sp ie l  150  Schn i t t e  x  3  b i s  4  Kno ten
tu  500  Kno ten  ans ta t t  de r  Gesamtkno tenzah l  von  7600  m i t
e  i nem A t {SYS-Pos  tp rozesso r  )  .

D ie  h i e r  besp rochenen  und  i n  IZ ]  aus füh r l i che r  pub l i z i e r t en
Be rechnungen  des  d re i d imens iona len  Behä l t e r s tu t zens  Konn ten
zusammen  m i t  den  ande ren  Au fgaben  ( i l ebeöse  )  i nne r t  Ha lb j ah -
res f r i se  abgew icke l c  we rden  und  bedeu te ten  Kos ten  i n  de r



)

G r ö s s e n o r d n u n g  v o n  1  0  5  s F r .  w i r  g l a u b e n ,  d a s s  m i t  d i e s e m  A u f -
w a n d  u n g e f ä h r  a u c h  b e i  a n d e r e n  ä h n l  i c h  g e l a g e r t e n  A u f g a b e n  u n d
a n d e r e n  B e r e c h n e r n  z u  r e c h n e n  i s t .  R e f e r e n z  I  S  ]  e n t h ä 1 t  d i e
B e r e c h n u n g e n  e i n e s  z w e i d i m e n s i o n a l e n  ( r o t a t i o n s s y m m e t , r i s c h e n )
S t u t z e n s  m i E ,  A D I N A T  u n d  A D I N A ,  d i e  s i c h  a n  e i n e r n  F o r _
s c h u n g s i n s e i t u t  ü b e r  e i n e  1 ä n g e r e  z e i t s p a n n e  e r s t r e c k e n  k o n n -
t e n  u n d  a u c h  m i E ,  h ö h e r e n  K o s t e n  v e r b u n d e n  w a r e n .  L e t z t e r e  R e -
s u l t a t e  b i l d e n  s e l b s t  b e i m  h e u t i g e n  S t a n d  e r s t  R e f e r e n z r r e r u e
f ü r  s p ä e e r  g e p l a n t e  d e t a i l l i e r t e  d r e i d i m e n s i o n a l e  B e r e c h n u n -
g e n .

BEISPIEL B.AUTEII"AEENLICEE SCEEIBE HIT OBERFT.AECHEI{RISS
Hie r  s t e l l t e  s i ch  d i e  Au fgabe ,  e i ne  b ruchmechan i sche  Ana l yse
du rchzu füh ren  -  Anhand  d ieses  t se  i sp i e l s  so l l  ve r such t  we rden  ,
d ie  Bedeu tung  de r  B ruch rnechan ik  i n  de r  Fe  s  t  i gke  i  t s  -  ode r
s i che rhe i t sana l yse  von  t sau te i l en  zu  d i sku t i e ren  I  a  ] .  D ie
Bruch rnechan ik  e r \ ^ /e i t e r t  d ie  Fes t i gke iusana lyse  fü r  Te i l e  rn i c
R ' i s sen .  R i sse  bedeu ten  S ingu la r i t ä t en  i n  den  Spannungs -  und
Versch iebungs f  e l de rn .  D ie  Theo r i e  de r  B ruchmec i ran i k ,  au f  d i e
h ie r  n i ch t  nähe r  e i ngegangen  we rden  kann  r  €E laub t  pa rame te r ,
w ie  z .  B .  den  spannungs in tens i t ä t s fak to r  K  ode r  das  sog .
J - rn teg ra l  zu r  Cha rak te r  i s  i e rung  des  Be las  Eungszus  t andes
von  R issen  zu  be rechnen  .  D iese  werden  be  i  Na  chwe  i s  de r  B ruch -
s i che rhe i t  du rch  b ruchmechan i sche  Ana l ysen  benu tz t .  Auch  h i e r -
zu  g ib t  es  heu te  Compu te rp rog ramme,  d ie  d ie  Be rechnung  von  K
und  J  f ü r  zah l r e i che  R i sskon f i gu ra t i onen  und  Las t f ä l I e
e r lauben .

! { i e  d i ese  gesch ieh t , ,  se i  anhand  von  F ig .  4  angedeu t , e t .  F t i r
d i ese  Kon f i gu ra t i on  kann  de r  Spannungs in tens i t , ä t s f ak to r  K
numer  is  ch berechne t ,  werden :

K=\c F  ( : ,  0 ,
1 r
t ' h/w ( 1 )

ß/2
o  =  I  ( s in2 .p  +  t l l  2

0c "os2  
a )1 /2 dc ( 2 )
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D i e  S y m b o l e  v o n  G l e i c h u n g e n  ( t )  u n d  ( Z )  s i n d  m i t  H i l f e  v o n
F i g .  4  z v  e n t s c h l ü s s e l n .  l , I e r t e  d e r  K o r r e k t u r f  u n k t i o n  F  ( a / c ,
0 '  a / t r )  s i n d  n a c h  d r e i d i m e n s i o n a l e n ,  l i n e a r - e l a s t i s c h e n  F E -
B e r e c h n u n g e n  v o n  R a  j u  u n d  N e w m a n  i n  T a b e l l e  Z  e n t h a l t , e n .
E i n e  I e i c h t  p r o g r a m m i e r b a r e  z w e i d i m e n s i o n a l e  L a g r a n g e - I n t e r -
p o l a t i o n  ( P r o g r a r n m  I N T E R p )  l i e f e r t  d i e  K o r r e k t u r f u n k t i o n  F
( a / c ,  Ö ,  a / t )  a u c h  f ü r  a 1 l e  d a z w i s c h e n l i e g e n d e n  F ä l l e ,  d i e
i n  T a b e l l e  2  n i c h t  d i r e k t  a n g e g e b e n  s i n d .

r m  s p e z i e l l e n  m ö c h t e  m a n  a u f  d i e  P r a x i s r e l e v a n z  d e s  h a l b -
e l l  i p t i s c h e n  o b e r f  l ä c h e n r i s s e s  h i n w e i s e n .  D e r  h a I b e I I  j . p t i -

s c h e  o b e r f l ä c h e n r  i s s  k o m m t  i n  d e n  b r u c h m e c h a n  i s c h e n  K o n z e p -
t e n  ü b e r a l l  ( z -  B -  A s l t E - C o d e )  v o r r  w o  d i e  S i c h e r h e i t  e i n e r
A n l a g e n k o m p o n e n t e ,  z .  B .  g e g e n  s p r ö d b r u c h ,  d i e  l 1 ö g 1 : . c h k e i t e n
e i n e s  s t a b i l e n  R i s s w a c h s t u m s ,  z .  B .  i n f o r g e  E r m ü d u n g  u s w .  ,
b e u r t e i l e  w e r d e n  r n ü s s e n .  U n t e r  S c h e i b e  w i r d  b e i  d i e s e m  t s e i -
s p i e l  e i n  p l a t t e n ä h n l i c h e r  K ö r p e r  v e r s t a n d e n ,  d e r  d u r c h
K r ä f t e  s e n k r e c h t  z u r  D i c k e  b e a n s p r u c h t  w i r d .  s e l b s t v e r s t ä n d -
l i c h  l i e g e n  a b e r  ä h n i i c h e  R e s u l t a t e  a u c h  f ü r  b i e g e b e a n -
s p r u c h t e  F l a t t e n  m i e  o b e r f l ä c h e n r i s s  u n d  a n d e r e  t y p i s c h e
R i s s k o n f i g u r a t i o n e n  d e r  A n l a g e n k o m p o n e n t e n  v o r .

D i e  E r g e b n i s s e  k ö n n e n  f ü r  f o l g e n d e  A u f g a b e n  e i n g e s e t z t  h / e r -
d e n  : B e s t i m m u n g  k r i t i s c h e r  R i s s g r ö s s e n ;  B e r e c h n u n g  k r i t i s c h e r
B e l a s t u n g e n ;  E r m i t t l u n g  d e r  e r f o r d e r l i c h e n  z ä h i g k e i t e n ;  v o r -
a u s s a g e n  d e s  u n t e r k r i t i s c h e n  R i s s w a c h s t u m s  u n d  A u f s t e l l u n g
v o n  P r ü f a n o r d n u n g e n .

Als  l , l e r ks to f f  f ü r  d ie  im  Rahmen
mach t ,en  Exper imen te  d ien te  de r
ko rnbaus tah l  BH  43  i ' , 1  (S t .  E .  43

de r  Re fe renza rbe i r  [ + ]  ge -
f e r r i t  i s ch -pe r I  i  t , i s che  Fe  i n -
\
J C

H i e r  s t e l l t e  s i c h  d i e  A u f g a b e ,  € i n e  p r o b a b i l i s t i s c h e
v e r s a g e n s a n a l y s e  d u r c h z u f ü h r e n .  D i e s e  A u f g a b e  b e s c h ä f t i g t
u n s  i m  Z u s a t n t n e n h a n g  m i t  d e r  V e r s a g e n s a n a l y s e  u n d  V e r s a g e n s -
w a h r s c h e i n l i c h k e i t  v o n  B e h ä l t e r n ,  d i e  f ü r  d i e  L a g e r u n g  v o n
g e f ä h r l i c h e n  s t o f f e n  v o r g e s e h e n  s i n d  [ : ] .  F i g .  5  z e i g E  d i e
G e o m e t r i e  d e s  B e h ä 1 E , e r s  m i t  d e n  w i c h t i g s t e n  A b m e s s u n g e n  I
F i g .  6  d i e  N o m e n k l a t u r



und  d ie  Annahmen ,  d i e  f ü r  d i e  p robab i l i s t i s che  Ana l yse  ge t ro f -
f en  wurden .  ALs  l {e rks to f f  w i rd  S tah lguss  GS 40  ve rwende t , .

4.  I  versaqensuahrscheinl ichkei t  infolge Eigbeulens
Vorangegangene  de t ,e rn in i s t , i sche  Berechnungen  b i l de ten  d ie
Grund lage  f ü r  d i e  p robab i l i s t i s che  Ana l yse .  Dabe i  wu rde  a l s
zu läss ige r  D ruckwer t  pbeu l , z  =  400  ba r  e rm i t t e f t .  D ie  t a t -
säch l i ch  au f t , re t ,ende  Be lasEung  wurde  a l s  Aussendruck

P  =  300  ba r  f es tge leg t .  E in  t r i v i a l es  K r iEe r i um des  N i ch t ve r -
sagens  P

tse i  de r  p robab i l  i s t i schen  Ana lyse  werden  m i t ,  den  Beze ichnungen
von  F ig .  6  f o tgende  Annahmen  gee ro f f en :

Rg

S g

oR

og

2000

220

220

50

bar

bar

ba rl
I

bar i

(s
(<

x  (pUeu I , z  =  400  ba r ) )
p  =  300  ba r )

S f reuungen  von  R  und  S  (bzw.  pbeu ; , z  und  p )

ungen (  4  )
ausg e  -

be rechne t

ngen und

zu

=  0 r15  .

en  G le  i ch

s in teg ra l

D i e  V e r s a g e n s w a h r s c h e  i n

wei teren Annahme von No

a u s  e i n s c h l ä g i g e n  i . I a c h gpf (ffi)
Forme l  (3 )  s tammt  von  d

und  (5  )  ,  wo r in  p f  du rch

d rück t  w i rd :

l i chke i t  p f

rma l ve r t e i l u

ch I  ag ewe rken

=  o  ( -  7 ,9 )

en  a l  l geme in

e in  Fa 1  tung

s i c h  m i t  d e r

m i t  T a f e l w e r t e n

1 0 _ 1 , *  ( 3 )

pf  =  F r ( l )  =  p  (n  (  s )  =  f r , r t x )  .  f " ( x )  dx
O L

Fr ( x )  =  P  (0
0 a

Die ! {ahrsche inr  ichke i  t  des versagens Fr  (  t  )
va I1  (0  r r )  i se :

im  Ze i t i n t e r -

n(  a l

;

(s)

r
lr I-
L0r=0 "t*l]t 

. rr(x) . lF l ( t )  =  1 pr(t) 
iF

(5 )



I

F { i t '  ve re i n fachungen ,  d i e  i n  t : ]  aus füh r l i che r  d i sku r i e r r
we rden ,  w i rd  F1 ( t )  m i t  den  aus  G le i chung  (6 )  he r l e i t ba ren
e in fache ren  G le i chungen  be rechneE,  :

Fr( r )

F1(  r

Ft( r )

F t  ( t ,

1 -  ( t  p r ) '

1  000  Jahre  )  :  l

I  _  exp  (_pe  .

1000  Jahre )  =  1

,3

u l

,3

.  1 0 - 1 2

.  1 0 - I 2

( 7 )

(8 )

5 .

D ie  h i e r  z i t j . e r t en  Resu l t a te  we rden  i n  Re f .  t : ]  nähe r  e r räu -
t e r t  und  kommen t i e r t .  Aus  umfangsg ründen  se i  h i e r  nu r  e i n
H inwe is  au f  [ :  ]  gegeben  und  d ie  a l l ge rne ine  Anmerkung  ge -
mach t '  dass  d i e  p robab i l i s t i s che  zuve r l äss igke i t sana l yse  i r n
h tesen t ' l i chen  du rch  zwe ie r l e i  A r ten  von  ums tänden  e rschwer t
w i rd :

s i e  ha t  ve rsch iedena r t i ge  t echn i sche  E in r i ch tungen  zum
Gegens tand r  und

schon  e ine  von  d i esen  E in r i ch t , ungen  a1 le i n  i s t  meh re ren
ve rsch iedena r t i gen  E in f l üssen  und  Mechan i smen  bezüg l i ch
Ve rsagen  (w i r k l i ches  ode r  hypo the t i s ches  )  ausgese t z  t .

Aus  dem n i ch tnuk lea ren  Behä l te rbau  wurden  noch  i n  de r  o r i g i -
naLa rbe i t  e i n i ge  ve r f ügba re  schadens -  bzw .  Ve rsagenss ta t i -
s t i ken  zo  ve rg le i chszwecken  m i t  den  t heo re t i s chen  Resu r ta ten
de r  p robab i l i s t i s chen  Ana l yse  au fge füh r t .

DISKUSSION

Nachdem e in ige Fragnente  des Prob lemkomprexes Aus legung von
An lagenkomponen ten  d i sku t i e r t  wo rden  s i nd ,  se i  ve r such t ,  au f
gew isse  Querve rb indungen  zw ischen  d iesen  F ragmen ten  h inzu -
we i sen .
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obwoh l  de r  vo r l i egende  t se i l r ag  nu r  au f  e i n i ge  Te i l aspek te
Dars te l l ung  von  E inze lbe i sp ie l en  ausge r i ch te t  i s t ,  ve r_

mag  e r  auch  a l 19eme in  Lösungsansä t ze  f ü r  d i e  Ana l yse  komp le -
xe r  Bau te i l -  und  Be ras tungskon f i gu ra t i onen  zu  l i e f e rn .

N i c h t  z u  v e r k e n n e n  i s t ,

b l e m e  h a n d e l t r  s o n d e r n

r e  A u f g a b e n s t e l l u n g e n  .

d a s s  e s  s i c h  n i c h t  b l o s s  u m  T e i l . o r o _
u m  g a n z h e i t l i c h e  u n d  i n t e r d i s z i p l i n ä _

I n  de r  P rax i s  s t e l 1 t .  s i ch  o f t  d i e  P rob lema t i k ,  dass  s i ch  e i n
vo rhe r  im  f eh le r f r e i en  zus tand  be rechne tes  t sau te i l  nach  de r
Fe r t i gung  a I s  f eh le rbeha f  t e t  e r v re i s t .  Nehmen  w i r  das  Be i -
sp ie l  Behä l t ' e r s t , u t zen  und  s te l l en  w i r  uns  vo r ,  dass  do r t  e i n
R i ss  von  ha lbe l l  i p t i s che r  Fo rm  de r  A r t  von  Be  i sp i e l  s che ibe
vo r l i eg t ' .  I s t  j e t z t .  unse re  rn i t  g rossem Au fwand  be rechne te
Spannungsana l yse  we r t l os?  l ' 1üssen  w i r  r epa r i e ren  ode r  d i e
Komponen te  a1s  Ausschuss  be t rach ten?

Lösungsva r i an te :  D ie  spannungsana l yse  i s t  n i ch t  we r t l os ,  nu r
n i ch t  meh r  a l l e i n  aussage fäh ig .  s i e  muss  m i t  de r  B ruchmecha -
n i k  komb in ie r t  we rden .  Abe r  d  i e  sogenann ten  E in f l uss -  (  Ko r -
rek tu r -  )  Funk t i onen  ,  d i e  zu r  Be rechnung  de r  zusä  t z l  i ch  no t -
wend ig  gewordenen  b ruchmechan ischen  pa ramete r  w ie  K  ode r  J
e r f o rde r l i ch  s i nd ,  s i nd  komp lexe r  a l s  be i  de r  r e l a t i v  e i n -
f achen  Kon f  i gu raü ion  " sche ibe " .  Auch  d i e  ' v {e r ks t , o f  f aspek te
müssen  bezüg l i ch  K  und  J  e r \ . re i t e r t ,  we rden .

H ie r zu  sehen  w i r  g rundsä t z l i ch  zwe i  f , r ög l i chke i t en :

1 .  I ngen ieu rmäss ige  Hand rechnungen
Ienwer ten  aus  b ruchmechan i schen

und  sons t i gen  Re fe renzen

rni  t  Diagramrn- und rab; l -
Handbüche rn ,  Rege lwe rken

2 .  Du rch füh rung  von  neuen
mechan ischen  pa ra rne te r

pu te rp rog ra rnmen ,  d .  h .
e r s t  nu r  spannungsmäss

Berechnungen  de r  r e l evan ten  b ruch_
w ie  J  und  K  m i t  kos t sp ie l  i gen  Com_
e ine  quas  i  Neube rechnung  de r  zu -

i g  be rechne ten  Komponen ten .

A n w e n d u n g  v o n  d e n  E r -

i m  a l  l g e m e  i n e n  d a s  G e -

Gewisse  Uns i che rhe i t  bes teh t  i n  de r
kenn tn i ssen .  I n  de r  p rax i s  he r r schE ,
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f ü h 1 ,  C a s s  R e p a r i e r e n  b e s s e r  i s e  a l s  B e l a s s e n  v o n  k l e i n e n
F e h l e r n .

E i n e  a n d e r e  A r t  v o n  e u e r v e r b i n d u n g  w ä r e  d i e j e n i g e  z w i s c h e n
d e r  b r u c h m e c h a n i s c h e n  (  t s e  i s p i e l  S c h e i b e  )  u n d  d e r  p r o b a b i l  i -
s t i s c h e n  A n a l y s e  ( B e i s p i e l  d i c k w a n d i g e r  B e h ä 1 t e r  )  .  D i e  z u -
s ä t , z 1 i c h e  F r a g e s t e l l u n g  w ü r d e  i n  d i e s e n  F a l l  l a u t e n :  w i e
g e h t  r n a n  m i t  d e r  p r o b a b i l i s t i s c h e n  A n a l y s e  d e s  d i c k w a n d i g e n
B e h ä l t , e r s  v o r ,  w e n n  i n  d e r  B e h ä l t e r w a n d  e i n  R i s s  v o r l i e g t ?
Z u t  k j s u n g  d i e s e r  A u f g a b e  i s t  d i e  s o g e n a n n t e  p r o b a b i l  i s t i s c h e
B r u c h m e c h a n i k ,  e n t s t a n d e n  a u s  d e r  z u v e r l ä s s  i g k e  i t s a n a l y s e  u n d
d e r  d e t e r m i n i s t i s c h e n  B r u c h n e c h a n i k ,  h e r a n z u z i e h e n .

LITERATUR

Ir ] CASAFE (ComponenE Ana lys  i s  S t ress  and  Fa t , i que  Eva lua t i on  )
Benu  t ze r  -Handbuch  des  von  i 4o to r - co rumbus  i n  zusammen-
a rbe  i t  m i t  dem F IDES-Rechenzen t rum en tw i cke l  t en  Nachp ro -
zesso rs  f ü r  Spannungsana l ysen .

Baden  und  Zü r i ch ,  l 9B5
Hube r  ,  A .  / Jauss  i  ,  N .  / van  Wave ren  ,  N .  K .  :
Non l i nea r  The rma l .  Ana l ys i s ,  s t r ess  Ana rys i s  and  code
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E i n  b ruchmechan i sch  abges tü t z  t es  Ve r fah ren  zu r  Bes t im -
mung  des  E rmüdungsve rha l t , ens  bau te i l ähn l i che r  Sche iben
E i , lPA -Be r i ch t  N r .  213  |  Dübendo r f  ,  1993
HDR-S tu tzen  A2 ,  Te rnpe ra tu rve r lau f  und  Thermospannungen
fü r  r o ta t , i ons -symmet r i s ches  i 4ode11  .  E rR - r " t i t t e i l ungen
Nr .  T l ' 1 -32 -83 -39  und  -94 -19 ,  Würen l i ngen ,  l 9g3  und  19g4
HDR-S i che rhe i t sp rog ramm,  Geme inscha fEsbe r i ch t  N r .  3 ,
s tu t zen  A2 ,  Tempera tu r -  und  spannungsve r räu fe  i n f o l ge
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F ig .  5 :  De r  d i ckwand ige  Behä l t , e r

|  
, , , , , ,

|  +  f . (x )

so
Ro
sq
Rp
Pr  q
u0  =  *O /SO

v = *p/tn
Pf
f 

, 
( x )

f r ( x )

{o
I ünor s) \ (min n) I

s q \ R p  ( o
o r S ) \  h i n R )  !

? 1 I
I

l . { i t t , e lwe r t  de r  t äs t ,  t  z .  B .  Aussendruck
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