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ABSTRACT

The paper presents the results of application of the probabilistic fracture mechanies o the
reliability evaluation of structure with multiple closely located cracks and of structure showing
inelastic behavior at elevated temperatures, using the "PROOF” codel),

For the problem of more than one cracks, a probabilistic technigue was developed to simulate
events with coalescence of these eracks. For the problem of inelastic behavior at elevated
temperature, a technigue to snable simulation of the creep model and stress hysteresis at elevated
temperatures.

1 APPLICATION TO STRUCTURE WITH MULTIPLE CLOSELY LOCATED CRACKS

1.1 Probabilistic evaluation technigue

The probability, Pgt for fracture in mode £ (e.g. small leakage, large leakage, fracture) at time $is
given by following equation:

Pet= 2y Pt
p=1

where, ¥, is the probability {or the presence of v initial eracks, which ig usually approximated by
a Poisson’s distribution as follows:

Ay

vl

Y= e—4

where A is the mean number of initial cracks. P, gt is the fracture probability in condition with v
initial eracks., which is approximated by the Monte Carlo methaod as follows:
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are initial form of the 1st, ---v cracks (realized values by the Monte Carls method), belenging to the
ig, .1, cell, respectively. futy (al---av, y1yv)is a parameter for the fracture defined by following
eguations:

1. Afracture in mode | seeurred on any of eracks till time t in a structure
i having v eracks with shapes represented by (at, y1),--(ev, y»] respeciively.

0: The above crack did not occur at any cracks,
gi, i, shows a probability for the realized value of (q, ¥) to belong to the ith cell by the Monte Carlo
method. Inthe above, i1--1, show the numbers of permutaions for allocation of cracks to M cells
that divide the (a, v) space.
1.2 Coalescence of cracks
The coaleseence of eracks is evaluated on one-dimensional coordinate system for the simplicity, 1t
is assumed that N, cracks from kpp, th to ke + w1 th in the L group integrated. Then, the form
and center coordinate of the integrated crack are given as fallows:
1} Depth of coalescenced erack
aL, = max (@ket, -, akel + 10, —1)
2) Length of coalescenced erack

1€L+ NL“' 1
b, = > Picra
m= ¥y,

3) Coordinates of the center of coalescenced crack

XpL = (Ko, —brer,+ZExe, + N, -1+ brey +159,-1)

Then, the nurmber of cracks changes from its initial value, I to (N — Ny, -+ 1),

1.3 Application o piping with muliiple eracks
The reliability of a piping is caleulated based on the approach described in Section 1.2. The
analytical conditions are shown in Table 1. Conditions for cozlescence of eracks are evaluation
using the polar coordinates as follows:
1) When the kth and (k+ 1)th cracks integrate (k41 < u):
Ok —ORi+1 < 8,
2) When the Istand v th cracks integrate:
0r1—81, + 2r < 0,
where, J1; and 0rx 1.1 indicate the left end point of the kth crack and the right end point of

(k+1)th crack as viewed from the center coordinates of the erack of the kth crack, respectively. &
is a constant {¢ determine the coalescence.

E
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A replica exists which shows the changes in positioit and shape of the crack along the crack’s
growth as shown in Fig. 1. The figure shows a replica which indicates that, two of the [ive initial
cracks on a weld coalescenced at 13 years after plant start up and another crack integrated at 28
years plant start up, which lead to unstable fracture. When cracks integrates with each ofher, a
crack with greater length and depth are formed, which causes increased stress intengity factor and
acceleration of the crack propagation. As a result, both the leakage and fracture probabilities
non-linezrly increases to give values of P, ¢ (fracture probability with v initial eracks) as follows;

Fail
avure Mode 1 2 3 4 5
probability
|
P, | Leakage | 8x10-4 | 5x10-3 | 6X10~3 | 1x10-2 | 1X10-2
P,e | Fracture ~0 AX10-2 | 6X10-2 | 1X10~8 | 2X10-8
l i

With this result, the piping {ractures only when eracks coaleseence. The non-linzar increase of
the leakage probability for piping is evaluated sinee ii is conservatively treated on the one-
dimensional coordinates. The final fracture probability is given by the product with the
probability of presence of cracks y,. The presence probability depends upon the volume of weld
ling and the density of cracks. Assuming 400 em? and 1.0 X 10~3/em? for these values, the
probability for existence of a crack ig 0.4, leading o a condition with higher possibility for no crack
in existenee. The failure probahility at the final period of the plant life in these conditions is
68X 104 for leakage and 13X 10-2 for fracture, giving lower leakage probability and higher
fracture probability for fracture than for assumed single crack in existence. These results indicate
that they depend on the presence density of initial cracks and the volume of welded pertions with
possible cracks, requiring careful consideration on them.

2 APPLICATION TO STRUCTURES WITH INELASTIC BEHAVICR
2.1 Creep crack propagation model

The creep crack propagation is often taken as a serious problem in the crack propagation analysis
for structures with high thermal stress ai elevated temperatures. In these cases, evaluation of
steady state load which aceelerates the ereep is most significant for the crack propagation
analygis. The creep crack propagation is evaluated by following equations;

da ol
a

C* =AjeFunc (Jp)
@
g =Hfjegh
where, C is a coefficient obtained by reevaluation of the creep crack propagation speed using C* 2,

Funeld ) is the J-integral for the surface crack?), Aj is a coefficient to give the creep propagation
speed with application of Norton rule. and n is the power in Rangberg Osgood rule.

2.2 Steady state stress
Densting the plastic strain at a time as egP, plastic strain with given stress increment or total

strain inerement ¢ is given using the configuration equation in the single axis stress field as
follows:



AH = @l

__EE
b0 = Tmor %
<\} d P = 1
e w do

eP = ggP4-deP

- where g = y o= -1 eP = Acsgnoosn

By eliminating de, £F, we oblain.

T

Bk
H’ — Blegl A= |V =)
H=fleot gy de
This is & non-linsar equation for I, which can be solved by the Newton method as follows:
Pulling
ER’ Y

F(H"} = ' BlegP + TS del

and make a repetition ag follows:

Hinl = e
He 41 = e —————
[ (Hn)
YWhen I’ is caleulated from the above, a step of plastic caleulation is performed as follows:
do= R
MRS
do
GeP =
EE
gP = gF - deP

-

The effect of displacement is given by
da = cdeP

where, « is the cenier of vielded surface and C is a constant.

By infroduction of a step to solve the non-linear equation of H' by the Mewton method, the
sorfiguration squation can be solved with quick conversion, enabling it to be applied to the
probabilistic fracture mechanics which requires more than ten thousand simulation
operations.
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2.3 Application to portions near the surface level of FBR

The analytical conditions are shown in Table 2. Fig. 2 shows the stress cycle obiained by the
elastic analysls, which follows the Polsson's process. Changes in the stress hysteresis and vield
stress obtained by the analysis are shown in Fig. 3, in which the hysteresis is given for 6 years
after plant start up. Cumulative leakage probability is given in Fig. 4. Those for assumption of
consiant application of steady state stress at fkg/fmm?2 and 11.7 kg/em? which accelerate the creep
are also given in Fig. 3.

3 CONCLUSION

Multiple cracks often oceur at close locations In actual welded potions. In the paper, the auther
extends the sampling scheme by the Monte Carlo methed and introduced simple erack conlescence
model to reflect this situation fo the probabilistic fracture mechanics.

Caleulation of siress which accelerates creep ai steady state is most significant for analysis of
structures with inelastic behavior at elevated temperatures. The auvthor successfully caleulated
the fraciure probability by incorporating a simulation method of the configuration squation at
elevated temperature into the probabilistic fracturs mechanics model in this paper.
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Table 1 Analysis conditions of a pipe with multiple cracks

MATERIAL BUS 316
DIMENSIONS 32B/10 MM
FREQUENCY OF LOAD POISSON PROCESS MEAN 10/YEAR
INITIAL CRACK POSITION UNIFORM DISTRIBUTICN

Table 2 Analysisconditions of a high temperature structure with large thermal stress

MATERIAL SUS 3186
CALCULATED LOADBY STARTUP +35 kg/mm?—— 10 kg/mm?2
BELASTIC ANALYSIS SHUT hOWN — 25 kg/mm?2
SCRAM +15 kg/mm2— — 35 kg/mm2
FREQUENCY OF LOAD STARTUP I/YEAR
SHUT DOWN I/YEAR
SCRAM 10/ YEAR
STARTUP AFTER SCRAM : 10/YEAR
CRACK ]
\ = :
/ CRACK. 2ff / /
CR V= 71NN [ 7D
\ Y 3 )//\_\‘{
onuce 2 N -/ \
““ — CRACK & /
CRACK 3 L CRACK 5 \ e CRACK 3
CRAGK 4 CRACK 3

INITIAL CONDITION

Fig. 1

13 YEARS AFTER
PLANT START UP
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28 YEARS AFTER
PLANT START UP

Crack coalescence behavior shown in ene of replica
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Fig.2 Load history caloulated by elastic analysis
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Fig.4 Cumulative leak probabilities as a function of time
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