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Probabilistic Fracture Analysis of Carbon Steel Pipe for LWR Pining
T. FUJIOKA, K. KASHIMA

Central Research Insiiture of Electric Power Industry, Tokyo, Japan

ABSTRACT

Probabilistic fracture mechanics analysis of carbon steel pipe for light wa-
ter reactor piping was performed. Effects of influential factors were also
investigated. The results showed that those factors, excepting the factors
concerning initial crack size distributions, produce little influence on
failure probability.

1 INTRODUCTION

Applicability of leak-before-break design to Japanese light water reactor
pipings are energetically investigated. For this purpose, several research
activities have been carried out by several Japanese investigators. Through
their activities include various tests and analyses, proper models which
predict pipe failure behaviors simply and conservatively have been proposed.
Combining these models with some assumption of initial crack, proper evalua-
tion procedure which zssesses piping reliability shall be established.

This paper describes probabilistic fracture mechanics analysis of carbon
steel pipe for light water reactor piping employing:

(1) Japanese proposed models for deterministic leak-before-break
evaluations

(2) Probabilistic fracture mechanics evaluation method .employed in the
analyses of American ferritic steel pipes by LLNL (Lo, T. Y., 19836)

Effects of influential factors were also investigated in order to provide
information on accuracy of the analysis.

2 EVALUATED PIPE

Carbon steel pipe 26B/580 was analyzed in this study. The specifications of
the pipe are shown in Table 1. The weldment which joints SFVC2B and STS549 is
assumed to be contained in this pipe. One initial crack is postulated at the
severest loaded point in this weldment.

The mechanical properties of the two materials are shown in Table 2. These
are conservative values for design given in Japanese design standard (MITI,
Notice No. 501). In this analysis, the properties of SFVC2B are used for the
standard conditions (Case S) because the average of the design yield stress,
Sy, and the design tensile strength, Su, 1s lower than that of 3TS49.

The properties of S5TS49 also used for one of the reference cases (Case
Rl). The reference cases and the parameters for sensitivity study are shown
in Table 3.
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3 FATLURE EVALUATION MODELS
3.1 Postulated crack

A circumferential surface crack shown in Fig, 1-(a) 1s postulated on the i1n-
ner surface of the pipe. After crack depth, a, exceads pipe wall thickness,
t, the crack is treated as a through-wzll crack shown in Fig. 1-(b).

Both a and aspect ratio, Bf of the initial crack are assumed to be random
variables. The probability density function of a is as follows:
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where M is the expectation of a if t is positive infinite. The probabilistic

density function of B is as follows:
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where A is the standard deviation of ln(ﬁ); Bn is the expectation of B Cp is
the coefficient for range of B between 0 and 1. Both Eg. (1) and BEqg. (2)
were used in the analyses by LLNL. The mean values of Y, A and Bu zre given
in Table 4.

3.2 Inspections

The weldment i1s assumed to be inspected before the plant operation and de-
tected cracks must be repaired {PS3I). The probability of missing crack is
evaluated by equations employed in the analyses by LLNL.

In this analysis, neither in-service inspections (ISI) nor hydrostatic
proof tests are assumed to obtain conservative failure probability.

In one of the reference cases (Case R2), PSI is not assumed.

3.3 Crack growth law

The postulated crack is assumed to grow by fatigue only. The following bi-
linear curve is employed for the crack growth law:
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where AK is the stress intensity factor range in MPa¥m; (da/dN) is crack
growth rate in mm/cycle; and AKer is the stress intensity factor range at
the intexsection of the two lines. The mean values of the constants Ci, Ca,
m and M2 {in Table 3) are determined to correspond to the upper bound curve
of reference crack growth law for ferritic steels in water of ASME code sec-
tion XI (ASME, 1983).

For surface cracks, the stress intensity factors are calculated by equa-
tion for plates of Newman and Raju (Newman, J. C. and Raju, I. S., 1984).
For through-wall cracks, they are calculated by equation for pipes of Tada
and Paris (Tada, H., et al, 1985).



Cyclic stress diagram in Fig. 2 is employed for fatigue crack growth eval-
uations. The diagram is conservatively prepared assuming design load events
for the piping.

3.4 Failure criterion

G-factor approach based on plastic collapse criterion is employed as failure
criterion (Asada, et al, 1989). In the G-factor approach, the maximum mo-
ment, Mmax, which causes unstable fracture is evaluated by dividing the limit
moment, Mv, by the G-factor, C:

Mpax = My,

(4)

where My is evaluated by assuming constant tensile stress, On, which corre-
sponds to the applied tensile load. G is experimentally evaluated as fol-
lows:

€77 (0.692 - 0.0115D)

[ 1 (2<D<6)
|
L+ (0,188 + 0.0104D)-logio8

{ 6 <D< 30
(5)

where D is the averaged pipe diameter in inches. Tf the applied moment ex-
ceeds Mmax, the crack is assumed to cause failure {unstable fracture) .
The maximum applied loads for the failure evaluation are given as follows:

Cm = StXSBp, Opn = SpXSp

where Sm is the design stress intensity in Table 2. The mean values of the
multipliers 3¢ and 3bv ,which are given in Table 4, are determined to be se-
vare including severe seismic loads.

The deterministic value of the flow stress, Orl, is assumed to be corre-
spond to the average of 5¢ and Su in the standard conditions.

Uncertainty of Or1 is taken into consideration in one of the reference
cases (Case R3). In the case, the distribution of Gf1 is assumed to be nor-

mal distribution. And the expectation of On is assumed to be 1.17(5y+su)/2,
the coefficient of wvariation to be 4.8%.

3.5 Leak rate and leak detections

The crack causes sufficient leakage to be detected is assumed to be re-—
paired. In this analysis, leakage exceeds 3 gpm (gallon/min) is assumed to
be detectectable corresponding to the analyses by LLNL.

The evaluation models for leak rate evaluations are corresponded to the
models employed in deterministic analysis by Hasegawa (Hasegawa, et al,
18893 .

In the reference case (Case R4), leak monitor is assumed to be excluded.
If the operation life is "very long®, failure probability in this case may
be very high (maybe nearly 1). The term of “very long” will be discussed
later.

4 RESULTS AND DISCUSSION
4.1 Effects of the change of conditions

Conditional failure probability, Pr (under condition of one crack exis-
tence), for each case during double the plant operation life of 40 years are
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shown in Fig.3. The figure shows that the effects of the changes of condi-
tions on failure probability are little excepting the case of "without PSI®,

The effect of excluding leak monitor is unvisibe in this figure. Therefore
the term of "very long” is thought te be much longer than {more than double)
usual planit operation life.

4.2 Sensitivity indexes

Sensitivity index of the i-th input parameter, ¥i, is evaluated by the fol-
lowing equation:
e, L%
oy = (——EV(;%)
"
o4 Pg (6)

where Pr is the failure probability due to the mean values of the parame-

ters. The uncertain bound of failure probability, Vee, is approximately esti-
mated using the values of i as follows:

n
. 2 2
Vpe™ = 2 CiiZVj(i
iml {7}

where Vi is the uncertainty bound of Xi.

The wvalues of @i obtained in the sensitivity study are shown in Table 4.
From Table 4, the parameters concern initial crack size distributions, M, A
and fn are thougit to be important. However uncertainties of the other pa-
rameters may produce little influence on fallure probability.

5 CONCLUSIONS

A probakilistic analysis of a carbon steel pipe for light water reactor pip-
ing was performed. The sensitivities of input parameters and the effects of
changes of conditions were also investigated. Major conclusions are as fol-
lows:

{1) The effects of input parameters on failure probability are little
compared with parameters concerning initial crack size distributions.
(2) The effect of excluding leak monitor is invisible within double of the

usual plant operation life.
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