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STRESS ANALYSIS INCORPORATING FRACTURE MECHANICS AND MATERIALS
ASPECTS FOR COMPONENTS UNDER COMPLEX LOADING

P.H. HIRT, N. JAUSSI and M. PRODAN

MOTOR-COLUMBUS Consulting Engineers Inc., Baden, Switzerland

Received December 1985

The title deals with a complex subject. Stress analysis with consideration of fracture mechanics and material properties is
subject to research and development worldwide. A final answer is not possible. This is only an 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.

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
of the methods stress analysis, fracture mechanics and
probabilistic analysis as they are used by engineers
1-3] or in Research Institutes [4-6].

2. Example “pressure vessel nozzle”

A nozzle in the transition zone “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.
The internal pressure of the secondary loop, connecting
pipe loads and restraining forces had to be considered.
The 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
show the temperature and the stress distribution in a
section of the body at a certain time of a transient.

The nonlinear characteristic of the heat transfer
mechanism was considered in the thermal analysis.
The material used was steel X6 CrNi 1811 (1.4948).
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Fig. 1. Finite element mesh of the vessel nozzle.

0029-5493 /86 /$03.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)
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ISOTHERMS
/ A=¢70 K=500
B=473 L=503
c=¢76 =506
0=479 Ne509
E=282 0=512
Fat8S P=515
c=c88 0=518
H=£91 R=521
1=492 s=52¢
Jei97 T=527

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, are 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, Py, + Py),

— creep (for wall temperature > 427°C for austenite, an
option in the program),

— stress range (primary and secondary stresses without
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STRESS INTENSITY

A
A= 8.0E06 K= 88.0E06
B= 16.0E06 L= 96.0E06
C= 24.0E06 M=104,0€E06
D= 32.0E06 N=112.0€06
E= £0.0E06 0=120.0€06
F= ¢(8.0E06 P=128.0E06
G= 56.0E06 0=136.0€06
H= 64.0E06 R=144.0E06
I= 72.0E06 S$=152.0€06
J= 80.0E06 T=160.0E06

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 S, ;; and S, are stress allowables,
t, and ¢, are operating hours or allowable operating
hours for the actual stresses and are used for the creep
evaluation. '

Stress range/3S,, 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
Gl :

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

Pm /Szull (Pm i Pb) tu/tum Stress range s U
SzulZ : 3Sm

0.36 0.24 0.01 1.748 0.1616

* K.-factor =3.33.

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

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 J-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 calculate X
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:

K= F(-‘f, ®, 5),
¢ ¢ ‘

h/W>=1; ¢/W<0.25;
(1)
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Fig. 4. Semi-elliptical surface crack in a tensile disc.

1/2

P =f07/2<sin2¢ + (%)2 cos%) do. (2)

The symbols of egs. (1) and (2) are explained by fig 4.
Values of the correction function F(a/c, ¢, 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, ¢, 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 growth 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.

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 container”

A probabilistic failure analysis had to be performed
for a container carrying highly toxious contents [3]. In
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Table 2
Values of the function F(a/c, ¢, a/t) based on 3-D linear elastic FE calculations by Raju and Newman

a/c 6/t . %]

0.00 11.25 22.50 3575 45.00 56.25 67.50 78.75 90.00
0.20 0.20 0.617 0.650 0.754 0.882 0.990 1072 1.128 1.161 1173
0.40 0.20 0.767 0.781 0.842 0.923 0.998 1.058 1.103 1129 1.138
0.60 0.20 0.916 0.919 0.942 0.982 1.024 1.059 1.087 1.104 1.110
1.00 0.20 1.174 1.145 1.105 1.082 1.067 1.058 1.053 1.050 1.049
2.00 0.20 0.821 0.749 0.740 0.692 0.646 0:599 0.552 0.512 0.495
0.20 0.40 0.724 0.775 0.883 1.009 1427 1.222 1297 1.344 1.359
0.40 0.40 0.896 0.902 0.946 1.010 1.075 1.136 1.184 1.214 £.275
0.60 0.40 1.015 1.004 1.009 1.033 1.062 1.093 1120 1139 1.145
1.00 0.40 1229 1.206 1157 1.126 1.104 1.088 1.075 © 1.066 1.062
2.00 0.40 0.848 0.818 0.759 0.708 0.659 0.609 0.560 0.519 0.501
0.20 0.60 0.899 0.953 1.080 1237 1.384 1.501 1.581 1.627 1.642
0.40 0.60 1.080 1.075 1133 117D 1.247 1.302 1.341 1.363 1.370
0.60 0.60 1172 1.149 1.142 1.160 1.182 1.202 1.218 1.227 1.230
1.00 0.60 1:355 18 1.256 1.214 1.181 1:153 L2y 1.113 1.107
2.00 0.60 0.866 0.833 0.771 0.716 0.664 0.610 0.560 0519 0.501
0.20 0.80 1.190 T 1.345 1.504 1.657 1.759 1.824 1.846 1.651
0.40 0.80 1.318 1.285 1.797 1.327 1.374 1.408 1.437 1.446 1.447
0.60 0.80 1353 1.304 1.265 1.240 1.243 1.245 1.260 1.264 1.264
1.00 0.80 1.464 1.410 1.314 1.234 1193 1.150 1.134 1.118 k2
2.00 0.80 0.876 0.839 0.775 0.717 0.661 0.607 0.554 0.513 0.496

fig. 5 the geometry and the most important dimensions

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

fe(x)
's(‘)

i

I

t(x) :
4.1. Probability of failure by buckling : v
|
|
j

The deterministic calculations are the basis of the
following probabilistic analysis. The allowable maxi- S
mum pressure py,qg, . was determined to be 400 bar.
The actual external pressure p is 300 bar. The trivial
criteria of non failure p < py,aa,, 1S satisfied.

Sq \ R o X
(max S)\ (min R)

| |
1 |
1 f |
[ |

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.
LU So = mean value of the load, e.g. external pressure,
R, = mean value of the resistance, e.g. buckling load,
/ o 5 = “maximum” load acc. to the deterministic ap-
= proach,
: R, = “minimum” resistance acc. to the deterministic
S = ___{_ 3 approach,
- = p.q = fractions (see shaded areas),
: vo = R, /S, = safety factor acc. to the mean values,
/ / \ - ek v=R,/S, = safety factor acc. to min R/max §,
= failure probability,

Ps
fAx) = probability density function of the load,
Fig. 5. Geometry of the thick-walled vessel. F(x) = probability density function of the resistance.
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were used and the following assumptions were made:
Ry =2000 bar (5 X ( pyyaq,. = 400 bar)),

So = 220 bar (< p = 300 bar),
%% = 220 bar} standard deviations of R and S

50 bar (Or pbuckl,z and p)

The failure quotient p; is calculated with the ad-
ditional assumption of standard distribution and tabu-
~ lated values from reference books.

Os

Ro_ So
\/0,§+052

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

P=EM)=P(R<8)=["E®f(x)dx,  (4)

m::p(— )=cb(—7.9)=0.15><10‘14. (3)

F(x)=P(0<R<x)=[£(£) d&. (5)

The probability of failure Fj(¢) in the time interval
0, ¢) is:

o ’
Fy=ls {fo 2 p(){F(x)} £(x) dX}- (6)
r=0
With the help of the reduced equations derived from eq.

(6) Fy(2) is calculated. The method is extensively ex-
plained in [3].

ER)=t={1-3], (7)
Fi(t=1000y) =1.5x10"12,
Fi(1) =1—exp(—p;t), (8)

Fi(r=1000y)=1.5x10"12,

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.

An attempt shall be made to connect these three anga.

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 problemg
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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ZUSAMMENFASSUNG

Der Titel spricht eine verwickelte Thematik an. Das Thema "Festig-
keitsanalyse unter Berucksichtigung von Bruchmechanik und Werk-
stoffaspekten" ist weltweit Gegenstand von Forschungs- und Ent-
wicklungsarbeiten. Es kann dementsprechend in diesem Referat nicht
abschliessend behandelt werden. Es soll vielmehr versucht werden,

einen Beitrag zur Diskussion obiger Problematik zu leisten.

Der Vortrag befasst sich mit drei Beispielen zu dem im Titel ge-
nannten Proolemkomplex. Dazu werden eigene und Gemeinschaftsarbei-
ten benutzt. Wegen der Fllle der behandelten Fragen wird eine kon-
densierte Darstellung mit Hinweisen auf Referenzen geboten. Die
Beispiele sind ein Behdlterstutzen, eine sogenannte bauteildhn-

liche Scheibe, und ein dickwandiger Behdlter.

1. EINFUEERUNG

Von besonderer Bedeutung fur die Sicherheit von Nuklear- und
Chemieanlagen ist die Integritdt ihrer Komponenten, 4. h. Be-
hdlter, Rohrleitungen und anderer Anlagenelemente. Beim mecha-
nischen Nachweis dieser Integritdt bzw. der Festigkeit werden
u. a. die Methoden der Spannungsanalyse, der probabilistischen
Zuverldssigkeitsanalyse und der Bruchmechanik benutzt. Der
Einsatz von Computerprogrammen ist dabei unumgdnglich. Je

nach Art und Grdsse des Problems sollten aus Kostengrinden die
angewendeten Programme (FEM/Schalen) optimal ausgewdhlt wer-
den. Dem Ingenieur muss also heute eine Palette von Programmen
fir eine angepasste, optimale LSsung der Aufgaben zur Verfi-
gung stehen.



Im folgenden wird anhand dreier Beispiele gezeigt, wie Span-
nungsabsicherungen, probabilistische Analysen und Bruchmecha-
nik auf druckfihrende Komponenten von Ingenieuren angewendet
werden, sei es in einer Ingenieurunternehmung [1 - 3], sei es
in Versuchs- und Forschungsanstalten {4, 5].

BEISPIEL BEHAELTERSTUTZEN

Es stellte sich die Aufgabe, eine Spannungsanalyse durchzu-
fihren. Gegenstand war eine Nuklearkomponente, ein Stutzen
und der Uebergang zum Aussenmantel und Zentralrohr eines spe-
ziellen Wdrmetauschers [2]. Der Stutzen schliesst sich schrig
der Behdlterwand an (nicht rotationssymmetrisch), wodurch
eine dreidimensionale Modellierung notwendig war. Fig. J
zeigt die Geometrie des Rechenmodells. Mit diesem Finite-
Elemente-(FE-)Modell, bestehend aus 5500 dreidimensionalen
8-Knoten-Elementen oder aus rund 7600 Knoten, wurde eine
Festigkeitsanalyse erstellt. Hierbei wurde von einem redu-
Zierten Belastungspaket ausgegangen. 11 instationdre Tran-
Sienten der Temperaturen des Kihlmittels Natrium wurden durch
5 spannungsmidssig abdeckende Transienten eingegrenzt. Innen-
druck infolge des Sekunddrkreislaufes, Rohrkr&fte und Ver-
spannkrdfte aus dem Gesamtwirmetauscher waren zu erfassen.
Die Berechnungen der Stahlstrukturteile wurden mit den Pro-
grammsystemen ANSYS (Temperaturfelder) und NASTRAN (Span-
nungs- und Verschiebungsfelder) ausgefiihrt. Fiir einen einzeln
herausgegriffenen Zeitpunkt einer Temperaturtransiente zZelgen
Fig. 2 und 3 in einem Langsschnitt die Isothermen und Iso-
spannungen (zweifache Tresca-Spannungen). Aus den Ssog. Grund-
lastfdllen wurden Lastkombinationen erstellt. Bei der Tempe-
raturberechnung waren die nichtlinearen Abhdngigkeiten der
Warmelbertragungsmechanismen an der Strukturoberfldche und in
der Struktur zu berucksichtigen. Der Werkstoff war der Stahl
X6 CrNi 1811 (1.4948).

Spannungsabsicherung

Im Anschluss an die Spannungsanalyse musste der Nachweis er-
bracht werden, dass die errechneten Spannungen innerhalb der
von ASME-Code und anderen Regelwerken vorgeschriebenen Gren-
zen liegen. Diese Absicherung der Spannungen wurde mit einem
dreidimensionalen Absicherungsprogramm CASAFE gemdss ASME-



