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ABSTRACT

Based on the failure probability, the flaw acceptance standard of ASME
Code Sec. XI is examined with some concems weather the failure
frequencies are small enough. In this paper, the results of preliminary case
studies are described on the failure probability of reactor pressure vessels
(RPVs) with a surface flaw specified in Sec. XI. PFM code PASCAL was
used for casc studies. A PTS (Pressurized Thermal Shock) transient
prescribed by NRC/EPRI PTS Benchmark Study was used as an applied
load.

Analysis results showed that the conditional failure probability of a
RPV with an initial flaw of acceptable depth depends on the aspect ratio. In
the case flaw shapes are close to semi-circular, the failure probability are
higher than that of the cases aspect ration are less than 0.6 by one order of
magnitude due to the difference of fracture behavior at the surface point. A
case study for determining the acceptable flaws based on failure probability
was also carried out.

INTRODUCTION

A screening standard of small flaws, detected by ISI (In-Service
Inspection), that have no significant influence on the structural integrity of
Class 1 components through plant life is prescribed in the flaw acceptance
standard of ASME B&PV Code Sec. XI [1]. This standard has been
determined based on the postulated crack size in the design requirement for
protecting a RPV (Reactor Pressure Vessel) against the non-ductile fracture.
The acceptance standard for the RPV of an operating nuclear power plant
was determined based on the flaw size of one tenth of the postulated crack
size at design, Acceptable flaw depths for various aspect ratios were
determined based on the stress intensity factor of each crack under a normal
operational load [2].

Recently, on the other hand, a probabilistic methodology based on risk
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information is being introduced in regulations and codes related to the
structural integrity in USA. Some concems from the viewpoint of
probabilistic methodology against the deterministic flaw acceptance standard
aspect ratio, failure frequency is small enough, and how the non-detection
probability of inspection compares against acceptable flaws. Furthermore,
the use of probabilistic methods in determining failure may provide more
rational basis for the acceptable flaws. The failure probability based on the
probabilistic approach may be a good index for determining the acceptable
flaws,

In order to address the above issues, a study was initiated on the failure
probability of a RPV with a surface flaw specified in the flaw acceptance
standard of SecXI by using the PFM code PASCAL (PFM Analysis of
Structural Components in Aging LWR) [3-6]. A PTS (Pressurized Thermal
Shock) transient prescribed by NRC/EPRI PTS Benchmark Problem [7]
was applied as a transient load. Analyses were performed for flaws with
various aspect ratios with the parameter of neutron fluence. An evaluation of
RPV with a flaw which has Marshall flaw distribution [8] was also
performed to compare the failure probability. In addition, a study was also
carried out to construct the acceptable flaws based on the failure probability.

CASE STUDIES ON FAILURE PROBABILITY OF ARPV
(1) law Acceptance Standard of ASME Code SecXI
The flaw acceptance standard prescribed by Sec X1 is determined based

_on the postulated crack size in the design requirement of Secll for
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protecting a RPV against the non-ductile fracture. Specifically, the integrity
of a RPV is confirmed using a postulated flaw size of depth equal to
one-quarter of the thickness and aspect ratio of 1/3 (a/b, a: flaw depth, b: half
surface length) at the service level A and B load, while the acceptable flaw
size with aspect ratio of ab=1/3 for the RPV of an operating plant is
determined to be one-tenth of the postulated crack size at the design. For
other flaws with different aspect ratios, acceptable depths are determined by
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making the stress intensity factors even.

1t was confinned that acceptable flaws of this standard give nearly
uniform stress intensity factors for all aspect ratios under a normal operating
load and that the stress intensity factors at the deepest point is larger than that
of the surface point up to aspect ratio ab=0.8, while the stress intensity factor
at the surface point becomes larger than that of deepest point above a/b=0.8
2}

Figure 1 shows the acceptable flaw depth of ferritic vessels with wall
thickness oft00mm to 300mm. The acceptable flaw depths are about 2 % to
5 9% of wall thickness depending on the aspect ratio. As shown in Fig. 1, the
original standard established in 1974ed. was altered to accept deeper flaws in
high aspect ratios in the revision of 1983ed.

(2) PFM analyses on the flaw acceptance standard of ASME Code Sec.
X1 under a PTS transient

Pressurized Thermal Shock (PTS) is considered to be one of the most
severe events for a RPV of PWR. The integrity of a RPV has to be secured
even under such events. In this study, analyses of failure probabilities of a
RPV with a flaw which mect the acceptance standard was performed under a
severe PTS transient which was used by NRC/EPRI PTS benchmark study
[7). This PTS transient is determined by USNRC as representative of PTS
events. In addition, the failure probability of a RPV with the flaw depth of
Marshall distribution [8} shown in Table 1 is also examined. The frequency
of Small Break Loss of Coolant Accident (SBLOCA) was evaluated to be
10* to 10° per reactor year by the review of initiating event in USA [9]. The
SBLOCA is one of the initiating events of PTS and a postulated pipe break
of a small bore piping is applied to assess the integrity of RPV. The frequency
of the transient applied in this study, which causes more severe load than that
of the SBLOCA, may be around 10* per reactor year or lower.

Analysis input for the geometry, material properties and other
parameters are shown in Table 1. Figure 2 shows the input thermal hydraulic
transient of NRC/EPRI PTS transient and the time history of stress
distribution along wall thickness obtained by FEM analysis.

PFM code PASCAL [3-6], which has been developed in the flame
waork of the aging research program at Japan Atomic Energy Research
Institute, was used for the analyses of failure probability. Based on Monte
Carlo simulation, this code evaluates the conditional probability of crack
initiation and failure (through wall crack) of a pressure vessel subjected to a
transient loading. The time histories of temperature and stress distribution
along the wall thickness were obtained by an input data generator of
PASCAL. Figure 3 shows the time history of stress distribution.

Four cases of PFM analyses were performed as shown in Fig.3. In Case
1 and Case 2, the analyses of failure probability of a RPV with initial flaws of
the acceptable depths in SecXI or a flaw with Marshall distribution{8] were
carried out. In Case 1, the incremental crack extension both in the surface and
thickness directions are evaluated. As Case 1 analysis exactly follows the
crack extension process, a reliable semi-elliptical crack extension behavior
can be obtained. On the contrary, in Case 2, the crack initiation at the deepest
point of initial surface flaw is evaluated and the initial flaw is replaced by an
infinite crack subsequently to the crack initiation at the deepest point. Case 2
simulates the failure analysis in which the crack initiation only at the deepest
point is considered and corresponds to the acceptable flaw sizes with aspect
ratios 0.0t0 0.8.

For Case IM and Case 1Mac shown in Fig4, the analysis of a RPV

with an initial flaw of Marshall depth distribution was carried out. In Case
1Mac, the upper truncation of flaw depth was set at the acoeptable flaw depth
of ASME Sec.XI. Thus the analysis results with upper limit of acceptable

In each case, one longitudinal surface flaw is assumed and the failure
probabilities were calculated for some fast neutron fluence levels from 0.5 to
5.0 n/em’. Maximum fluence of 5.0 n/cm” was presumed to comespond to
end-oflife-fluence of aged PWR RPVs.

In addition to the above probabilistic analyses, deterministic failure
analyses were performed to compare the mean fracture toughness vs.
temperature curves for different fluences with loci of stress intensity factors at
the deepest point and surface point under the applied transient.

(3) Results of case studies
1) Deterministic analysis

Two cases of deterministic analyses with aspect ratios ab=04 and 0.8
are shown in Fig. 5. In general, the stress intensity factor at the deepest point
is larger than that of the surface point if the flaw aspect ratio is small and the
stress intensity factor at the surface point increases with aspect ratio. As
shown in Fig5, the locus of stress intensity factor at the surface point for
aspect ratio 0.8 is higher than that of the deepest point. On the other hand, the
trend of the stress intensity factors are opposite to aspect ratio 0.8 in case of
aspect ratio 0.4. Figure 5 also suggests that the neutron fluence about 5 % 10"
n/em’ is critical to cause the crack initiation at the surface point for aspect
ratio 08. For other cases, the crack initiation does not happen

2) Failure probability of a RPV with an initial flaw of the acceptance standard
by ASME Sec X1

Figure 6 shows the failure probability of a vessel with an initial flaw of
acceptable flaw for various aspect ratios. The failure probabilities scatter
about one order of magnitude. This means that even though the stress
intensity factors of initial flaws for various aspect ratios against an operational
load, failure probabilities are not uniform under a severe PTS event. The
failure probabilities for aspect ratio of 0.1 are minimum and those for 0.8 are
maximum. The difference between two curves is nearly one order of
magnitude in low fluence.

Figure 7 shows the failure probability vs. aspect ratio to determine the
dependency on the initial flaw aspect ratio for Case 1 and Case 2. Both cases
give identical and reasonably uniform failure probability up to aspect ratio
0.6. On the other hand, above 0.6, the difference in failure probabilities is
large. In Case 1, the crack initiation and incremental crack extension analyses
both in the surface and wall-thickness direction performed, while the crack
initiation at the surface point is not taken into account in Case 2. As Case 1
follows crack initiation and extension conscientiously, Fig. 7 indicates that
Case 2 analysis gives an unconservative evaluation of failure probability for
aspect ratio above 0.6 under a severe PTS transient. The maximum
difference between Case 1 and case 2 is larger more than one order of
magnitude.

As described in 2.1 and 2.2, the acceptable flaw depths up to aspect
ratios 0.8 are determined by the stress intensity factor at the deepest point
under a Service Level A and B, and Case 2 simulates the faiture analysis in
which the crack initiation only at the deepest point is considered, the
discrepancies of failure probabilities at aspect ratios 0.6 to 1.0 as shown in
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Fig 7 reveal that the flaw acceptance standard for surface flaw allows this
difference of failure probability under a severe PTS transient. Thus, the
discussion by which transient should be applied for determining the
acceptable flaw depth should be important, because the determination of
acceptable flaw depth depends on applied transient.

A slight dependency on the fluence level can also be scen. This
dependency is caused due to the difference of fluences between surface and
deepest points.

3) Failure probabilities of a RPV with an initial flaw depth of Marshall
distribution

In order to study the influence of flaw depth distribution on the failure
probability, a vessel with Marshall flaw distribution was examined. In this
study, two cases, i.e., Case 1M and Case 1Mac, were examined. In Case 1M,
failure probabilities of a RPV with Marshall distribution was calculated,
while in Case 1Mac, Marshall distribution with an upper truncation at the
acceptable flaw depth was examined.

The failure probabilities for Case 1M and Case 1Mac are compared in
Fig.8. It is seen that the failure probabilities in Case 1Mac are smaller than
that of Case 1M by the 1 to 3 orders of magnitude. This means that the
standard of Sec. X1 allows a flaw which gives the lower failure probability of
17100 to 1/10 than that by Marshall flaw distribution.

STUDY ON THE CONSTRUCTION OF ACCEPTABLE FLLAWS
BASED ON FAILURE PROBABILITY

As described above, it was shown that the failure probabilities of a RPV
with an initial flaw of the acceptable depth specified in Sec. XTI were not
uniform under the PTS transient and depended not only on the flaw aspect
ratio but analysis algorithm (Casel or Case2). From the concept of
probabilistic methodology, it may be reasonable to define the acceptable flaw
against a severe load applied to an aged RPV, because an aged RPV has to
secure the integrity under such condition Based on this premise, a
modification of the acceptance standard of Sec.XI is studied as described
below.

The mean failure probability at the neutron fluence of 5.0 X 10" n/em?
for initial flaw depths with aspect ratio a’b= 0.0 to 1.0 was used as the target
failure probability presuming that the fluence of 5.0 n/em? comesponds t
end-of-life-fluence of aged PWR RPVs. The flaw depth for each aspect ratio
was determined by sensitivity analyses.

In Fig. 9 the acceptable flaw depth vs. aspect ratio determined by this
study are compared with that of Sec. XL Flaw depths are smaller than those
of Sec. X1 above aspect ratio 0.7, while deeper flaws than those of Sec X1
can be accepted below 0.6, As the acceptable flaw depth is determined at the
fluence level of 5% 10° n/emy’, the dependency of failure probability on
neutron fluence is examined as shown in Fig.10. In Fig. 10, the conditional
failure probability of a RPV with an acceptable flaw by Sec.XI shown in
Fig 7 is also compared. Though failure probabilities are constant for all aspect
ratios of fluence 5.0 X 10" wer?, failure probabilities are not constant and a
small deviation from constant value is seen below fluence 5.0 10" nenr.
The deviation from a constantt failure probability of each fluence depends on
fluence level. This deviation becomes slightly larger for lower fluence. A
comparative difference exists in neutron imradiation embritflement, namely
fracture toughness, between surface point and deepest point due to
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attenuation of fluence along vessel wall, This difference in fracture toughness
between surface point band deepest point is largest in the case of fluence 0.5
X 10* n/em?. Though this situation may result in the above deviation in
failure probability, the deviation is not significant because the failure
probabilities are reasonably uniform for all fluences.

CONCLUSION

A preliminary study for establishing the flaw acceptance standard based
on failure probability was described. The flaw acceptance standard of ASME
Code Sec. XI has been examined from the viewpoint of faiture probability
under a severe PTS transient by using PFM code PASCAL. The failure
probabilities of a vessel with an initial flaw specified by ASME Code Sec. X1
and subjected to the same fluence considerably depends on the initial flaw
aspect ratio. The result of case studies shows that the crack initiation at the
surface point of a semi-elliptical flaw is significant under a PTS load if the
flaw aspect ratio is large. Thus, the discussion by which transient should be
applied for detenmining the acceptable flaw depth is important.

The results for the case on a RPV with Marshall flaw distribution
suggests that the acceptance standard of Sec.XT allows a flaw which gives
the failure probability of 1/100 to 1/10 than that described by Marshall flaw
distribution.

A study to construct the acceptable flaw standard based on failure
probability was also investigated. In this study, flaw depths with different
aspect ratios which gave a constant failure probability were determined under
the PTS transient at the neutron fluence of 5 X 10" v/cm?.

Though the results obtained by this study suggest that the acceptable
flaw can be determined more rationally based on failure probability,
following items should be examined as the fiture works for establishing the
revised flaw acceptance standard based on failure probability.

+ Study on the role of overlay cladding

* Study on the effect of application of elasto-plastic fracture criterion on the
crack arrest behavior in upper shelf temperature.

« Discussion of the applied transient, i.., Service level A, B or C, D, for

determining the acceptable flaw depth
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T: Wall thickness

100mm<T<300mm

—6— Sec.Xl (1983-2001ed)
—— Sec.X| (1974-1980ed)

Acceptable flaw depth (a/ T.%)
w

0 1 1 1 1
0 0.2 04 0.6 0.8 1
Flaw aspect ratio, a/b (Depth/Half fength)

Fig.1 Acceptable surface flaw depth vs. aspect ratio for RPV in ASME
Code Sec.XI (1974ed-2001ed)
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Fig.3 Stress distribution during the PTS transient

Case 1 Case2
Case 1: Incremental crack extension both to the surface and thickness direction is evaluated.
An exact crack extension
behavior can be followed.

Case 2: Crack extension only to thickness direction is evaluated. The initial flaw is replaced
by an infinite edge crack subsequent to crack initiation. (Simple simulation of
failure at deepest point )

Initial flaw for various aspect ratios:

Case 1; Initial flaw with acceptable depth by ASME Sec.IX

Case 1M; Initial flaw depth with Marshall distribution

Case 1Mac; Initial flaw depth with Marshall distribution with an upper truncation at the flaw
depth of ASME Sec X1.

Case 2: Initial flaw with acceptable depth by ASME Sec.XI

Fig4 Analysis cases to determine failure probability
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Fig.5 Results of deterministic failure analysis for initial flaws with aspect ratio 0.4 and 0.8
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Fig.6 Conditional failure probability (Case 1) of a RPV with an acceptable flaw of ASME Code Sec. Xt
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Fig. 8 Comparison of failure probabilities between Case 1M and Case 1Mac
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Fig.9 Comparison of acceptable flaw depths in Sec,XI and by the present study

1.0E+00

1.0E-01

Conditional failure probability

1.0E-04 ¢

1.0E-05

1.0E-02

1.0E-03

—e— This study,f=5
—a— This study f=1
—tThis study f=2
—o—This study =5
—o—Sec.Xl, =5
—8— Sec.X| f=1
—a— Sec.XI f=2
—eo—Sec.XI f=5

0.2

04 0.6 0.8 1
Aspect ratio a/b

Fig.10 Comparison of failure probability vs. aspect ratio curves between ASME Sec. X1 and present study

8

Copyright © 2004by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use





