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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government not any agency thereof, or any of their
employees, makes any warranty, expressed or imphed, or assumes any legal liabihty of re-
sponsibihty for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed m this report. or represents that its use by such third party would
not infringe privately owned rights.

NOTICE

Availability of Reference Materials Cited in NRC Pubhcations

Most documents cited in NRC publications will be available from one of the followmg sources:

1 The NRC Pubhc Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The Supenntendent of Documents, U.S. Government Printmg Of bce, Pmt Of fu e Bo= 37082,
Washington, DC 20013 7082

3. The National Technical information Service, Springfield, VA 22161

Although the hstmg that follows represents the majority of documents cited in NRC pubbcations,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu
ment Room include N RC correspondence and internal N RC memoranda; NRC Offece of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence, Commission papers; and applicant and
hcensee documents and correspondence.

The followeng documents in the NUREG series are available for purchase from the GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG series
reporis and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission,

Documents available from pubhc and special technical hbranes include all open hterature items,
such as book s, gournal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these hbraries

Documents such as theses, dissertations, foreign reports and translations, and non NRC conference
proceedmgs are available for purchase from the organitation sponsormg the publication cited.

Singte copies of NRC drafI reports are available free, to the emtent of supply, upon written reituest
to the Division of Technical information and Document Control, U S. Nuclear Regulatory Com
mission, Washington, DC 20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process -
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the onginating organization or, if they are American National Standards, from the
American National Standards institute,1430 Broadway, New York, NY 10018.
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ABSTRACT

In a study conducted for the Nuclear' Regulatory Commission by Pacific,

Northwest Laboratory, the sensitivity of through-wall crack probability to
input distributions was studied. Flaw growth characteristics were evaluated
for three pressurized water reactor plants (0conee 1, Calvert Cliffs 1, and a
hypothetical plant similar to H. B. Robinson 2). Three postulated pressurized
thermal shock-(PTS) transients were considered for each plant. This report
describes the results of mater.ial and flaw distribution assumptions on
calculated conditional failure probabilities for the three reactors under
postulated severe PTS transients. The reasons for the predicted sensitivities
are evaluated and are related to requirements for defining input distributions
for probabilistic failure predictions.
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SUMMARY

In a study conducted for the Nuclear Regulatory Commission by Pacific Northwest
Laboratory, the sensitivity of through-wall crack probability to assumed input
distributions and assumed flaw characteristics was evaluated for three
presurized water reactor (PWR) plants and three postulated pressurized thermal
shock (PTS) transients for each plant. This report describes the effect of
material and flaw distribution assumptions on calculated conditional failut6
probabilities for Oconee 1, Calvert Cliffs 1, and a hypothetical H. B. Robinson
2. The calculated probabilities are presented as a function of effective
full-power years (EFPY) or as a function of reference temperature for the nil
ductility transition (RT The reasons for the predicted sensitivities are
evaluated and related to Ng)u.g irements for defining input distributions for use
in probabilistic failure predictions.

1

Probabilistic calculations give an indication of relative failure probabilities
for selected conditions of interest. This study has shown how the absolute
failure probabilities are affected by specific assumptions made in the
calculations. The most critical uncertainty in making probabilistic failure
estimates was found to be the lack of knowledge about the flaw depth, length,

,

and position within the vessel wall. Critical review of these flaw assumptions|

is recommended when evaluating results from failure probability studies.
Uncertainties in material property distributions were found to be less,

significant than were the flaw uncertainties. Simulated parameters for
materials properties generally did not deviate from assumed mean values by more
than two standard deviations for cases of initiation. Therefore, knowledge of
these distributions in the tails beyond two standard deviations is not required
for the failure probability calculations. Analyses of initiation events
indicated a transition from failures caused by brittle materials and shallow
flaws at high failure probabilities to failures caused by ductile materials and
deep flaws at low failure probabilities.

| Increases in the uncertainty in the copper content and fracture toughness
' resulted in significant increases in the calculated failure probability. These

increases in failure probability were less than one order of magnitude.
Comparisons of finite length flaws to infinite flaws, buried flaws to surface
flaws, and inspected vessels to noninspected vessels each resulted in about two
orders of magnitude decrease in the calculated failure probability. The

,

assumed trend curve for predicting the irradiation shift in the RT was found'

to have a significant but not dominant influence on the calculated gilureN

probability.

At low fluences, ductile initiation of deep cracks was predicted; whereas at
high fluences, brittle initiation of shallow cracks was predicted. Failure
probabilities less than 10-5 were characterized by cracks deeper than 2.5 in.
and by copper contents that were near the assumed mean values. Failure
probabilities greater than 10-'' were generally characterized by cracks
shallower than 1 in.

|

The copper content was the only material property that sometimes required
knowledge of the distribution beyond two standard deviations of the mean. At

v

{
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intermediate failure probabilities, the average copper content for the
simulated initiations exceeded two standard deviations above the mean for a few
cases. The simulated fracture toughness values for an initiation event were
typically about one standard deviation, and never less than two standard
deviations, below the mean.

The assumptions of flaw length, position within the vessel wall, and inspection
had strong influences on initiation probabilities and also influenced crack
arrest after initiation. Finite length flaws compared to infinite-length flaws
required greater material embrittlement to achieve comparable failure
probabilities because of pinning constraints at the flaw ends. Buried flaws
did not initiate as readily as surface flaws because they had a lesser driving
force for initiation and were not as frequently within the near inner-surface
embrittled region. When the flaw size distribution was modified to account for
in-service inspection, the initiations and hence failures were reduced because
the assumed population of flaws was reduced.

vi
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1.0 INTRODUCTION

IPressurized th rmal shock (PTS) is an event that induces thermal stresses in
addition to pressure stresses during rapid cooling of a pressurized water
reactor (PWR) essel. At sufficiently low temperatures and high pressures,
there may exist a significant probability that a crack in a vessel may
propagate through the vessel wall. The probability of through-wall crack
propagation is determined by the driving force for crack growth and by the
fracture resistance of the vessel wall. The driving force is caused by thermal
and pressure stresses; the fracture resistance is a temperature-dependent
material property of the vessel wall. Thermal and pressure stresses are a
function of the transients in inner-wall temperature and pressure. Fracture

i resistance is a function of wall temperature, irradiation exposure (i.e., age
of the plant), material chemistry, material form (i.e., plate or weld metal)
and the initial unirradiated fracture resistance.

Probabilistic fracture mechanics methods are used to estimate conditionali

) failure probabilities given that a particular transient occurs. Distributions
i in material properties and flaw sizes are input parameters. The Vessel

Integrity Simulation Anal'ysis (VISA)1 and Over-Cooling Accident Probabilistic
(0CA-P)2 codes are Monte Carlo computer codes that have been used to calculate-

through-wall crack probabilities for the transients of the Integrated
Pressurized Thermal Shock (IPTS) pro

,
Oak Ridce National Laboratory (0RNL) gram.3 5 The OCA-P code is being used byto estimate the integrated risk from

! postulated transient
Northwest Laboratory (gents. The VISA code is being used by the Pacificto evaluate assumptions about input distributions and
also the calculational methodt of the probabiiistic analyses,,

This report describes results of VISA sensitivity calculations. Assumptionsa

made in the IPTS through-wall crack probability estimates were evaluated.
Three representative severe transients for each of the three plants (0conee,.

'
Calvert Cliffs and H B. Robinson) were examined. The postulated transients
were provided b{'ORNL and the dominant events in the IPTS study for Oconee andCalvert Cliffs. The VISA calculations for H. B. Robinson were made before
the IPTS study was completed.5 Therefore, the transients examined for the
hypothetical H. B. Robinson vessel were not the dominant transients reported by
ORNL. Each sensitivity was evaluated for irradiation exposures ranging from
the early life exposure to the end-of-life plant exposure as expressed in terms

; of effective full-power years (EFPY). The hypothetical H. B. Robinson vessel
was evaluated beyond a realistic end of life to study sensitivities up to
reference temperature for the nil ductility transition (RT values near thePTS screening criteria.6 Longitudinal flaws were evaluate 00In) each case.

Uncertainty in material properties and flaw assumptions were evaluated. The-

method of estimating the RT and the uncertainty in estimating the copper andNDT

(a)0perated for the U.S. Department of Energy by Battelle Memorial
Institute.

,

1

|

.
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nickel contents of vessel welds were evaluated. Uncertainties in crack
initiation toughness and crack arrest toughness were also examined. Flaw

assumptions, such as the flaw length, initial flaw position within the wall,
and inspection effectiveness also were varied in the calculations to evaluate
their influence on through-wall crack probability.

:
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:
1 2.0 BASES FOR SENSITIVITY CALCULATIONS i

|
2.1 VISA CODE *

.

! The Vessel Integritiy Simulation Analysis (VISA) code is a Monte Carlo computer [
i simulation of.through-wall crack probability given a transient event. The code

,

calculates conditional failure probability based on random selection of
; parameters from assumed input distributions. For each set of :,imulated

'

' parameters, the driving force for crack propagation is compared to the material
resistance for crack propagation. If the driving force is larger than the '

resistance, the crack is assumed to initiate and propagate through the wall'

until it either' arrests part way through-the wall or propagates through the
wall. A simulation that results in through-wall propagation is counted as a

i failure. A si:::ulation that does not predict through-wall propagation is
; counted as a nonfailure. After a predetermined number of. simulations, usually
i one million, the number of failures is divided by the total number of
j simulations to obtain the conditional failure probability for the given set of
j assumptions.
J

j 2.2 INPUT DISTRIBUTIONS
I
; Two categories of input distributions were evaluated: material property
| distributions and flaw distributions,
i ,

] Fracture resistance is estimated through a series of relationships that i

describe the influence of weld chemistry and neutron exposure on the expected
|

:

i fracture toughness. Uncertainties in parameters in these relationships result
! in uncertainty in the final estimate of fracture resistance. The fracture
! resistance is calculated from knowledge of the material temperature and the
j material RT where RT is the nil ductility transition reference

temperature.DT,he materi$kTRT is calculated from statistical trend equations
N

Ti

that express RT as a functb of copper content, nickel content, neutron
exposure,andt$Tinitial unirradiated RT All material propertyi

distributionsareassumedtobenormaldiNNibutions,
.

i
i

;

The flaw distribution is obtained from evaluations of the probability of
occurrence of flaws for a range of depths. In addition to the flaw depth
distribution, there is uncertainty in knowing the flaw length and the flaw
position. If a weld has been subjected to inspection and repair of flaws after

;

fabrication, then the flaw size distribution has to be modified accordingly. ,

! 2.2.1 Material property Distributions
!

The copper and nickel content of pressure vessel welds has been determined from|

weld chemistry studies. In particular, the Babcock and Wilcox (B&W) st'udy 7,

i indicated expected variatio~ns in copper and nickel content within a given weld.'

A representative standard deviation of copper within a weld was determined to ;
L be 0.025% copper. A representative uncertainty based on all welds made from ~

copper-coated electrode wire was 0.065% copper. Therefore, in the present '

sensitivity study, the effect of weld-specific uncertainty, 0.025%, and the

!
3

.

|
|

'

'
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s'

effect of generic seld uncertainty, 0.065%, on calculated failure probabilities
were evaluated.

'

Nickel nncertainty was investigated by assuming no uncertainty (i.e., no
.

simulation of the nickel distributionhandsby assuming an uncertainty of 0.05%
that was estimated from the B&W weld chemistry study. Special consideration '

was given to Calvert Cliffs welds that were made using a three-wire technique
in which one wire was pure nickel.8 In that case, the welder introduced1

. variation in the nickel content by altering the feed rate of the pure nickel
'. wire. Therefore, nickel uncertainty for the Cs1 vert Cliffs sensitivity to

'? '! nickel w3s assumed to be either zero or 0.15% nickel.
4

Fluence uncertainty is caused by uncertainty in the vessel wall dosimetry
. measurements * and by the methods of predicting doses at a weld position given
. the dosimetry measurement at the surveillance capsule location, A conservative-

uncertainty of 30% of the expected fluence value was assumed for Oconee,_ '

Calvert Cliffs, and H. B. Robinson. '

i}>

~

was assumed to be 15*F and its sensitivity on? , UncertaintyintheinitialRT[wasnotevaluated. The uncertainty was based on
i

T
calculated failure probabiliti '

s of variation in the initial RT s from weldthe Combustion Engineering study
. That study reported a standard, deviation of 17 F for the NititalNy

i metal.v

J RT
NDT*

9 Statistical analyses of the irradiation indexed shif t of RT for pressure

T vessel materials have indicated the dependence of RT shiNTon copper
content, nickel-content, and fluence. Two trend cur b from statistical

:
! ' >

;- analyses were eramined in this study. The first, the PTS trend curve, was used
in the ORNL analysis of PTS vessel failure. probabilities using OCA.P. The

2 second is the weld trend curve. The PTS trend curve is based on a statistical
analysis-of measured shifts in RT obtained both from PWR plate and PWR weld

i metal surveil?ance specimens.10 E weld trend curve is based on a statistical
,

,

l

from weld metal surveillanceanalysisofmeasuredthiftsobtainedonl{1andfluence.12specimens for the influence of chenistry The weld trend curve
j has been pyoposed-as Regulation Guide 1.99 Revision 2. The trend curves for

RT have the form:
NDT

(1)iTgg7 = RD4DT(0) + CF * FF,>

where RTNOTIO) is,the initial RT and CF ar.d FF are the chemistry factor and
FhT,hePTScurve,fluence factn", respectively. t

'CE=(s10*470*Cu+350*Cu*Ni) (2)
-

- z
; ,

, . a nd' '

FF = (fluence /10 9)0.27 (3)1

,

. For the weld trend curve.
' ' CF = 360.* Cu f(1 + 1.36 erf((0.3 * Ni - Cu)/Cu + 1.0)) (4)

4

i -,

4s
'

f j
~

p

{
'

; a

/"
i.,v



and

FF = (fluence /1019) 0.28-0.1 logio (fluence /1019) (5)

. -

Fluence. is expressed in units of n/cm , E > 1 MeV.e

Uncertainty in fracture. initiation toughness, K I , and fracture arresttoughness, K ,wasassumedtobeeither10% orb 0%oftheestimatedmean
value. The kh% value is representative of uncertainty on the lower shelf,13
v| nile values closer to 20% may be representative of uncertainties in the
transition region.

The effect of including an uncertainty in the trend curve correlation was
evaluated by simulating a correlation error in addition to simulating copper,

,

fluence, and initial RT The simulated error was subsequently added (or
subtracted)'from RT UNe.rmined as in the standard predictions. The standard
deviation in the tr$N curve correlation was assumed to be 22*F.10

2.2.2 Flaw Distributions

lThe OCTAVIA flaw-size distribution '+ was used to ' simulate the flaw depth. For
the baseline calculations, the flaw is assumed to be infinitely long and'

located at the inside surface of the vessel. Furthermore, the OCTAVIA
distribution does not account for the expected benefits of in-service

] inspection.

| For conservatism and convenience, the flaw length for the standard condition is
assumed to be of infinite length in the axial direction. In reality, the flaws
have finite lengths and therefore require larger driving force for propagation
compared to the infinitely long flaws. A finite flaw is pinned at the ends,
which provides resistance to the crack increasing in depth. The dependence of
calculated failure probabilities based on finite length flaws was compared to
probabilities based on infinitely long flaws. The finite flaw was assumed to
have a length to depth ratio of 6:1.>

The effect of assuming that flaws are buried and randomly. distributed through
the thickness of the weld, rather than always at the inner surface, was
investigated. There is a larger driving force required for a buried flaw
than for a surface flaw of the same depth. Buried flaws are not located in the
inner surface region of maximum tensile stress. Also, the inrier surface has
the lowest toughness due to maximum fluence and minimum temperature. Buried
flaws randomly placed within the weld were simulated to compare probabilities
based on buried flaws to those on surface flaws. In the case of the buried
flaw, the flaw is first allowed to propagate toward the inner surface. The
flaw next becomes a surface flaw,' which is then allowed to extend toward the
outer wall of the vessel. For buried flaws, the flaw depth refers to the '

distance between the two crack tips.
1

i The flaw size distribution was modified to account for detection during in-
service inspection. The inspection was an ultrasonic examination for near-
surface cracks. Such an examination would exceed the effectiveness of the

5
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minimum code inspection performed at 'the time of vessel fabrication. Data from
a PNL report to the U.S. Nuclear Regulatory Commission was used to estimate
detection probabilities.15 For conditions of a vessel with a smooth clad
surface, the probability of detection of under-clad cracks was taken to be 95%
for cracks 0.25 in. or greater in depth. Subsurface or buried flaws were
taken to be undetectable if they were more than 1.25 in, below the inner
surface of the vessel.

I
l

!

!
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3.0 PLANT-SPECIFIC INPUTS

lSimulations were performed for each of the three plants. Hypothetical
chemistries and fluences were used for the case of the H. B. Robinson analysis

to evaluate sensitivities for conditions near the screening critieria of RT)Dd.plus two standard deviations equal to 270 F. The hypothetical values for H<

. Robinson in this study are not the same as those assumed in the ORNL study.s
: The critical welds for Oconee 1 and Calvert Cliffs 1 were identified and the

properties of the critical welds were used for the simulations. The transient
j events were selected from the ORNL analysis for each plant.3 5

3.1 WELD CHARACTERISTICS

I The mean values of critical weld chemistries and fluences are those used in the
ORNL reports for Oconee 1 and Calvert Cliffs 1. The plant critical weld
numbers and chemistries are shown in Table 1 along with the hypothetical
parameters for the case of H. B. Robinson.

The EFPY, fluence, and RT"Nre calculated from the PTS trend curve using a
values for the simulations are shown in Table 2.

RT 's listed in Table 2
van [of58.8"FfortwostandarddeviationsasstatedinthePTSRule. The
range of EFPY was selected to produce a range of RT
exceed the screening criteria as given in the PTS RUkd.that would approach or

.

| Similarly, the pressure and temperature transients for the plant-specific
i simulations were obtained from ORNL.3 5 These transients are representative of
I severe PTS events for the plants. The transients for each plant were as

follows:-0conee (TBVG4, MSLB1, and 6A), Calvert Cliffs (2.1, 2.4, and 8.3) and
j H. B. Robinson (6.6, 6.9, and 8.6).

i
'

TABLE 1. Assumed Mean Values for Weld Copper Content, Nickel Content, and
Initial RT f r Each Plant Evaluated, NDT

RTNDT(0),F
. Plant / Weld % Copper % Nickel

Oconee 1 0.29 0.55 20
SA1430

. Calvert Cliffs 1 0.21 0.87 -56
| 2-203
l

| H. B. Robinson Hypothetical 0.21 0.87 -56
for material property sensitivity

H. B. Robinson Hypothetical
for flaw assumption sensitivity '0.19 1.00 -56

|

|

| 7
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1

TABLE 2. Relationships Among Assumed Fluence Values, Calculated EFPY,
and RT

NDT
RTPlant EFPY. Fluence, 1018 n/cm2 NDT, F

Oconee 1 10 3.8 154
20 7.0 168
30 10.2 206
40 13.5 277

-Calvert Cliffs 1 10 18.9 184
20 37.9 222
30 56.8 247
40 75.8 267
50 94.7 283

H. B. Robinson Hypothetical 14.6 167
for material property sensitivity 43.0 224

98.8 281.

195.0 338

H. B. Robinson Hypothetical 43.0 214
for flaw assumption sensitivity 98.8 268

195.0 323

3.2 PARAMETERS OF SENSITIVITY ANALYSIS

Several uncertainties were varied in the probabilistic sensitivity calculations.
These parameters and uncertainties are shown in Table 3. The sensitivity of
failure probability to each was evaluated independently of the others. The
table shows the standard uncertainty values assumed for the baseline
calculations. The uncertainty values used for each sensitivity examination are
also shown. The uncertainties in material properties represent minimum
realistic values and maximum realistic values. The flaw parameters are
conservative and nonconservative conditions.

P
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TABLE 3. Standard and Sensitivity Values of Selected Parameters

Parameter Standard Value Sensitivity Value

Copper standard deviation 0.025 wt% 0.065 wt%

Nickel standard deviation 0.0 wt% 0.05 wt%
0.15 for Cal Cliffs

RT trend curve PTS Weld trend curve
NDT

Error in RT None Error added
NDT

K IK standard deviation 10% of mean 20% of mean
IC IA

Flaw position Surface Buried

Flaw length Infinite Finite (6:1 length-
to-depth ratio)

Inspection None Yes

,

9
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4.0 RESULTS

~ The sensitivities to material properties were found to be less important than
the sensitivities to flaw assumptions. Increasing the uncertainty in the
material property values caused increases in the predicted probabilities that
were less than a factor of ten, whereas changes in the flaw assumptions reduced
the probabilities by about two orders of magnitude.

Uncertainties in the assumed copper content and the assumed fracture toughness
were the most significant uncertainties in the material properties. Increasing
the copper standard deviation from 0.025% Cu to 0.065% Cu increased the
predicted failure probabilities by factors that were generally less than an
order of magnitude. Similarly, increasing the fracture toughness standard
deviation from 10% to 20% of its mean value increased the predicted failure
probabilities by factors that were less than five. The choice of trend curve
for predicting RT resulted in variations in predicted failure probability up
to factors of two.DTIncreasing the uncertainty in the nickel content from 0% toN

0.05% Ni did not significantly affect the predicted failure probability.
However, increasing the uncertainty up to 0.15% Ni did increase the predicted
failure probability by factors as large as three.

Flaw length, flaw position, and flaw inspection were assumptions that strongly
affected the predicted failure probabilities. Reducing the assumed flaw
length, assuming buried flaws instead of surface flaws, and inspection for
flaws each reduced the failure probabilities by two orders of magnitude. The
flaw length was reduced from an infinite length to one having a length-to-depth
ratio of six to one. The flaw position within the vessel was permitted to be
at a random depth in contrast to the standard base-case assumption of all flaws
being at the inner surface. Lastly, the flaw depth distribution was adjusted
to account for flaws that would be repaired after inspection.

4.1 SENSITIVITIES TO MATERIAL PROPERTIES

The sensitivities to material property distributions are shown in Figures 1
through 3 for Oconee 1, Figures 4 through 6 for Calvert Cliffs 1, and Figures 7
through 9 for the H. B. Robinson hypothetical case. The copper, fracture
toughness, and trend curve effects on failure probability are shown and
compared to the standard baseline conditions. The conditional probabilities
of failure are shown in Table 4; the ratios of these probabilities to the
standard condition probabilities are shown in Table 5. Increasing the
uncertainties in copper content and the fracture toughness increased the
probability for failure because larger uncertainty allowed inferior materials
properties to be simulated more frequently. The choice of the weld trend curve
resulted in lower failure probabilities for Oconee but higher probabilities for '

Calvert Cliffs and H. B. Rnbinson compared to calculations based on the PTS
trend curve.

The influence of copper uncertainty was dependent on the assumed PTS transient
in addition to being dependent the assumed plant. In particular, the copper
effects were large for Calvert Cliffs transients 2.1 and 2.4, for which the
standard conditional failure probabilities were less than 10 '+.

11
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FIGURE 1. Calculated failure probabilities for Oconee 1 Transient MSLB1 for
increased copper content and fracture toughness uncertainty compared
to the standard uncertainties. Results for the assumed weld trend
curve are also shown.
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FIGURE 2. Calculated failure probabilities.for Oconee 1 Transient TBGV4 for
increased copper content and fracture toughness uncertainty compared
to the standard uncertainties. Results for the assumed weld trend
curve are also shown.
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FIGURE 3. Calculated failure probabilities for Oconee 1 Transient 6A for
increased copper content and fracture toughness uncertainty com-
pared to the standard uncertainties. Results for the assumed
weld trend curve are also shown.
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FIGURE 4. Calculated failure probabilities for Calvert Cliffs 1 Transient 2.1
for increased copper content and fracture toughness uncertainty
compared to the standard uncertainties. Results for the assumed
weld trend curve are also shown.
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FIGURE 5. Calculated failure probabilities for Calvert Cliffs 1 Transient 2.4
for increased copper content and fracture toughness uncertainty
compared to the standard uncertainties. Results for the assumed
weld trend curve are also shown.
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FIGURE 6. Calculated failure probabilities for Calvert Cliffs 1 Transient 8.3
for increased copper content and fracture toughness uncertainty
compared to the standard uncertainties. Results for the assumed
weld trend are also shown.
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FIGURE 7. Calculated failure probabilities for the hypothetical H. B. Robinson
Transient 6.6 for increased copper content and fracture toughness
uncertainty compared to the standard uncertainties. Results for the
assumed weld trend curve are also shown.
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TABLE 4. Calculated Failure Probabilities for the Material Property
Sensitivity study. All but the correlation ERROR results
are plotted in Figures 1 through 9.

'
FL&NT ELUINCE CCNDITICIIAL FAILUtt fB00&IILITY
TRAN$ltNT MlCM*1 STD CU N1 IIC VILD CORIIIATION

CUtVE (1808

OCoutt 3.ft+18 1.lt-Il i St l! 3.7t ll 4.lt-il 3.It-01 3.ft il

fl5LII 7.l!*ll f.It Il 8 4t-14 1.lt 84 1.78 94 4.!!-41 1.41-44

l.iteit 1.II 84 1.6t-83 1.4t 84 l.it Il 1.41 04 7.lt 84
1.4t+11 1.4t-Il 1.lt 83 1.3t 03 1.4t-13 f.lt 64 1.It 93

OCoutt 3.7tell 1.3t il 3.81 06 1.lt il 1.lt-il

TIVC4 7.ltell 1.lt-Il f.It-il 1.48 85 7.it il I.4t il 3.lt il

1.II+11 8.lt-il 1.48 44 7.st il 1.7t-84 5.it il 9.ft 15
1.4t+11 1.ft 14 4.4t 84 1.78 84 1.It-14 1.11 04 1.lt 34

0Cout! 3.7telt 3.lt il 4.3t il 1.lt Il 4.78 81 1.lt il 3.ft Il

61 7.It+18 1.11 04 1.lt 14 1 lt 84 3.7t 14 4.4t il 1.6t 44
1.ltelt 1.4t 14 4.3t-14 1.It 14 f.It 44 1.lt-84 3.ft 44
1.4t+19 1.6t 84 1.lt 13 1.ft 84 l.it il 4.ft 14 7.58 44

CAL CL l.ftelt 1.lt 14 3.lt 86
1.1 3.l!*lt 1.88 84 3 88 84

5.7telt 4 St 16 S.It 84 4,II 86 6.lt-46 1.lt il 3 It l4

7.4telt 1.78 11 1.11 83. 3.3t il 3.lt il 1.3t il 7.It 14
f.St+19 4.6! 15 1.ft 83 1.lt 94 1.It 14 5.ft Il 4.3t il

CAL CL l.ttelt 3.II 94 3.08 14
1.4 3.ltelt 3.15 14 8.lt 04

5.7t+11 4.11 14 1.ft-04 1.4t il l.ft Il 1.ft il 1.!! 06
7.6telt 1.48-il 3.lt 84 3.lt il 4.78 il 4.08 85 3.71 il
f.lt+17 4.lt il 1.18-13 8.4t Il 1.lt 04 1.lt 14 1.lt il

CAL CL 1.ft+11 f.6t il 1.lt 84
8.3 3.Itelt 1.lt 14 1.ft 84

1.7tell f.ft 64 1.11 93 l.lt il 1.lt Il 1.4t 83 l.it il

7.6telf 1.81-13 1.ft 93 1.lt 93 3.4t 43 3.18 13 1 It il

f.Stelt 1.It 43 4.lt il 1.4t il $.it il 3.lt il 1.4t il

R98 1.1telt 1.18-14 7.48 01 f.It 14 f.it 04 1.4t 45
4.4 4.II+19 l.3t 64 1.1t 93 1.4t 04 1.ft 14 l.it il

f.ftelt 1.lt 83 f.It il 1.48 03 4.4t Il 4.3t 13
1.Ite11 1.31 61 l.It it 1.lt il 3.18 61 7.It 93

16



r
--

TABLE 4- (continued)

NBR t.ltett 4.lt 06 1.lt-il 4.lt-le 1.lt te 4.It 84
6.1 4.It,lt 1.ft 01 1.18 03 1.BE 05 4.ft 01 l.6t 84

f.ft,lt 9.11 84 1.lt ll f.ft 04 t.it ll 1.4t il
1.lt,10 1.lt il 1.38 01 1.98 03 1.08 01 2.lt il

Ett 1.11 19 6.8t 04 9 18 01 6.It 04 6 It te t.lt il

I.6 4.18,19 1.3t 04 1.4t il 1.6t-04 1.4t 44 1.6t il
f.tt,19 1.ft-il 1.lt OS 1.ft 05 4.18 03 4.48-63
1 It,10 1.lt-01 1.ft-01 1.4t il 1.lt 01 0.78 03

The copper effect was small, nowever, for the Calvert Cliffs transient 8.3, in
which case the failure probabilities for the standard conditions were much
greater than 10 ''. The three transients for Oconee and H. B. Robinson all
showed approximately the same magnitude of enhanced probability caused by
assuming a large standard deviation in copper content compared to a small
standard deviation in copper content. The magnitude of the copper standard
deviation effect was not strongly dependent on the assumed irradiation fluence,
.i.e., EFPY,

The effect of the nickel standard deviation on calculated failure probability
was much smaller than that for copper, as seen in Tables 4 and 5. Increasing
the nickel standard deviation from 0% to 0.05% Ni for 0 onee and H. B. Robinson
resulted in no significant change in the calculated probabilities. However,
for Calvert Cliffs, increasing the nickel standard deviation from 0% to 0.15%
Ni increased the failure probability by factors as great as three. A larger
uncertainty was examined for Calvert Cliffs because of the pure nickel wire
used in the welding procedure.

Increasing the assumed standard deviation in fracture toughness, K from 10%
to 20% of its mean value resulted in higher failure probabilities.IC,heT

fracture toughness uncertainty had an effect that was similar to but smaller
than the copper uncertainty effect. Typical increases in failure probability
are shown in Table 5 and range from no increase for H. B. Robinson transient |

8.6 at a fluence of 1.5 x 1019 n/cmr to an increase by a factor of 4.2 for
Calvert Cliffs transient 2.4 at a fluence of 5.7 x.1019 n/cm ,r

In addition to assumed material characteristics, the calculated failure
probability is dependent on the method of calculating the irradiation-
shifted RT Calculated failure probabilities for two choices of trend curve
areshown50T. Figures 1 through 9. The weld trend curve resulted in lower
failure probabilities for Oconee conditions and higher failure probabilities
for Calvert Cliffs conditions compared to the PTS (standard) trend curve. For

weYST values below 270*F, the H. B. Robinson probabilities were higher for the
RT

trend curve compared to the PTS trend curve. The trend curve choice had
the largest influence of one order of magnitude on failure probability for
H. B. Robinson. For Oconee, the trend curve choice generally did not change
the predicted failure probability by more than a factor of two.

17
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TABLE 5. Ratios of the Calculated Failure Probabilities for the Material
Property Sensitivity Cases to the Appropriate Standard Case

FL&IIT ft9tNCE STS StilSITIVITT C&ltllTHIBat0 C&lt

TlallSitiff NICR'1 fi!L9lt CU NI E!C Vtt0 Cotttt&TIOsl

P900 CVIVE 8880t

0C0litt 3.ftell 1,Itt il 1.9 1.1 1.4 1.1 1.4

IISLII f.Itell f.llt il f.1 l.l 1.8 8.44 1.8

1.Itelt 5. tit 04 4.9 l 1.9 8.41 1.4 i

1.4telt 1.40t il 1.5 l 1.7 8.41 1.1 |
|

OCoutt 1.ftell i
'

T9VC4 f.Itell 3.14t il 1.7 0.11 8.1 0 le 1.4

l.iteit 1 Ilt il 3 4 f4 1.3 8.41 1.1

1.4telt 1.ftt 64 1.4 0.91 3.8 0.11 1.1

OCOsitt 3.ftell 1.40E 11 1.1 0.75 1.1 0.33 1.1

&& f.Itell 1. lit 44 1.5 1 3.1 0.19 1.4

1,ltelt 1 40t 14 1.4 1.1 3.1 0.03 1.5

1.4telt 5.401 44 1.1 1 3.1 0.04 1.4

C&L CL 1.ftelf 1.llt 94
1.1 3.Itelf 1.00t 04

1.ftelt 4, tit 84 !!I 1 1,1 1.1 0.75

f.4telt 1.ftt Il 44 1.9 1.8 1.4 9.44

f.ltelt 4.46t-il 40 1.1 1.3 1.1 0.91

CAL CL 1.ftelt 3.llt 04
1.4 8.Itelt 3.llt te

1.ftelt 4. lit 84 41 1.1 4.1 4 0.17

f.4teit I alt il il 1.1 3 1 1.7

f.Stelt 4.ltt il 11 1.t 1.1 1.4 1.3

CAL CL l.ftelf f.40t il

8.3 3.11 19 5.llt 04
1.78 1t f.ftt 04 1.1 1.1 1.1 1.1 1.1

f.48,19 1.46t 11 1.4 1 1.1 18 1.1

f.Stelt 1.10t 61 l.4 0.9 1.1 1.1 4.91

N88 l.Stolt f.llt 64 8.4 I i 1.4

4.4 4.1telt 1.llt 04 17 1.1 1.3 63.

f.ftelt 1.548 11 8.9 0.97 1.8 1.7

1.48,10 1.348 01 1.4 0.91 1.4 0.14

ligt 1.ltelt 4.06t.04 4.3 1 1.1 1

4.9 4.Itelt 1.798 01 ft 1.1 1.9 f.4

f.ftelt f.165 84 1.5 1.1 1 l.1

1.ltell 1.808 01 1.1 l 1.1 0.39

N00 1.lteit 4.098 14 14 I i 1.5

1.4 4.1telt 1.118 84 le 1.1 1.4 11

9.ftelf 1.ftt 01 3.5 l i4 14
y

1 itelt 1.198 91 1.1 1.1 14 07
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FIGURE 9. Calculated failure probabilities for the hypothetical-

,

i H. B. Robinson Transient 8.6 for increased copper content |

| and fracture toughness uncertainty compared to the stan- i

j dard uncertainties. Results for the assumed weld trend |
'

curve are also shown.
!

f

i

Adding uncertainty to the RT p
calculated failure probabilikNs.rediction did not significantly increase the

.

Typically, adding uncertainty to the trend;

curve correlation increased the failure probability by less than 50% as seen in
Tables 4 and 5.4

:

| 4.2 ANALYSIS OF SIMULATED VALUES FOR INITIATION
!

Uncertainties in copper content and fracture toughness were evaluated in.

relation to flaw depth and relative ductility for the simulated initiation
events. The evaluation indicated that simulated copper contents for
initiations were usually less than two standard deviations above the specified

j mean values. Simulated fracture toughness values were generally one standard
i deviation below the specified average values. High failure probabilities were
i

i
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i
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associated with initiations dominated by brittle initiation of shallow flaws,
whereas low failure probabilities were associated with initiations dominated by

j ductile initiation of deep flaws.

Parametric trends as a function of calculated failure probability for each of
the three plants are shown in Figures 10 through 12 and Tables 6 through 8.
The data plotted in Figures 10 through 12 include failure probabilities'

calculated for the standard, copper, and K sensitivity conditions for each
plant. The copper content and fracture tokhness values are referenced to the
assumed mean values and normalized by the assumed standard deviation. With ,

i increasing failure probability, the average simulated initiation had a smaller i

flaw depth and a lower value of T-RT With increasing failure probability,
the average simulated copper content Ns. low at the extremes, i.e., low andN

high probabilities, but high at intermediate failure probabilities. The
simulated fracture toughness values were not strongly dependent on the failure
probability.

The simulated copper contents for initiation were high at intermediate failure
probabilities because the flaws were shallow enough to be affected by
irradiation and because failures occurred in the transition region of the
fracture toughness curve where Ri sensitivities are important. For flaws
deeper than 2.5 in., the flaw tip N beyond the zone of significant irradiationg

damage and therefore is not strongly influenced by the simulated copper
content. Failure probabilities less than 10 ' were of a ductile type and were

values greater thanassociated with flaw depths greater than 2.5 in., T-RT
200*F,andcoppercontentslessthanonestandarddevi$Nonabovethemean
value. Failure probabilities greater than 10'$ and less than 10~3 were
associated with copper contents near to or greater than two standard deviations
above the mean value. For H. B. Robinson, Figure 12, a decrease in simulated
copper content was evident with an increase in failure probability above 10~3
This indicates that for very high failure probabilities, the failures occurred
on the icwor shelf for K On the lower shelf, the fracture toughness is
insensitive to the RT gbn.d hence the assumed copper content. Therefore, the
simulated copper contNs for initiation should approach the mean copper
content at high failure probabilities on the lower shelf.

The Oconee calculations did not show high simulated copper contents because the
1assumed nean content was high, 0 ?9%, compared to Calvert Cliffs, 0.21%, and

;
' H. B. Robinson, 0.21%. Wnen the assumed mean value was low, the simulated

copper contents were high relative to the assumed mean value. In addition, the

sensitivity to copper uncertainty was affected by the VISA code assumption that
the copper content could not exceed 0.4% Cu, For the assumed high uncertainty
in copper content, the mean plus two standard deviations, 0.13%, was 0.42% and
was above the 0.4% cutoff. Therefore, the average simulated copper content for |

|Oconee was restricted by the assumed upper limit for copper content.

The simulated fracture toughness values for initiation showed a weak dependence !
,

on the magnitude of calculated failure probability. The average toughness"

values were about one standard deviation below the assumed mean values as seen
in Figures 10 through 12. The lowest simulated tnughness values were for the
Oconce transient, but even f6r~that case, the average values never were less

;
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than two standard deviations below the assumed mean value. The reason for the
lack of dependence of.the fracture toughness uncertainty on the calculations is
that the fracture toughness distribution influenced ductile fai'Jres at low
fluences, as well as brittle failures at high fluences. Therefore, the
sensitivity of failure probability to fracture toughness uncertainty at low
probabilities was similar to that at high failure probabilities.

4.3 FLAW ASSUMPTIONS

Assumptions of flaw length, position and inspection strongly affected the -
calculated failure probability as shown in Tables 9 and 10 and in Figures 13

| through 17. Finite-length flaws, buried flaws, and inspection caused one to
two orders of magnitude decrease in the probabilities compared to assumptions
of long, surface flaws and no in-service inspection. Of the three flaw
assumptions in-service inspection had the least influence on the predictions.
The predicted failure probabilities of ten approached 10 6, which is the lower
limit of the VISA calculation for one million simulations. Therefore, some of

,

i
the apparent variations that are evident in the flaw assumption sensitivities

= are caused by the relatively poor statistical confidences for low-probability
i calculations.

The assumptions of finite length flaws, buried flaws, and in-service inspection
caused decreases in the calculated failure probability because flaw initiation

,

; was less frequent. Pinning at the ends of finite flaws decreased the stress
j intensity factor for initiation at the point of maximum flaw depth. Buried
; flaws had a reduced probability of being within the brittle inner part of the

vessel wall and hence were less susceptible to initiation. Buried flaws also
have lower values of stress intensity factor and hence most often did not
propagate through to the outer wall. In-service inspection decreased thei

number of flaws and hence decreased the number of flaws that could initiate.

{ The assumed finite length of the fla'w resulted in pinning restraint that
' inhibited initiation at the point of maximum depth. Once a finite length flaw

initiated, its length was extended to a long flaw and subsequent propagation
was predicted in the same manner as a long flaw.'

! Reduced failure probabilities for buried flaws compared to surface flaws were
caused by a reduction in the number of flaws present near the brittle inner
surface and by a reduced driving force for propagation. The assumed flaw

,

; position had a minor influence on arrest, but a major influence on flaw
initiation. The VISA code assumes that the buried flaw first extends to the
inner wall. The resulting surface flaw then propagates toward the outer wall.
The outward propagation was calculated in the same manner as for the surface
flaw of the standard reference case; therefore, no significant differences in
the arrest frequency are expected once the flaw initiates. The average size of
initiated flaw was ircceased by the buried flaw assumption for the Calvert

| Cliffs and Oconee calculations. The average depth of an initiated flaw was not
i significantly affected by the buried flaw assumption for H. B. Robinson.

The assumption of in-service inspection and repair caused a decrease in the I
4

flaw initiation frequency and an increase in the fraction of initiations that
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arrested. Inspection generally reduced the average simulated flaw depth for
the initiation as calculated for H. B. Robinson. If the flaw depth was shallow
for noninspection, as for Calvert Cliffs, inspection had little effect on the
average simulated flaw depth.

The high average simulated copper contents that were observed for the standard
conditions were not evident for the cases of modified flaw assumptions. In
particular, the Calvert Cliffs and the H. B. Robinson simulated copper contents
were about one standard deviation lower for the finite flaw, buried flaw, and
in-service inspection than for the standard case. The average simulated copper
content for Oconee was not sensitive to the flaw assumptions because the
simulated copper contents were moderately above the mean even for the standard
conditions.

1

I

!

!

I,

|

|

|
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TABLE 6. Average Simulated Parameters for Initiation for Oconee 1 Conditions.
The copper content and fracture toughness values are referenced to
the assumed mean values and normalized by the assumed standard
deviation. Also shown are the calculated initiation and failure
probabilities for each condition-

SENEITIVITT TLUENCE falLUtt INITIATION SIMUL &TtD SINULATED $1RIL&TED SIMUL &TED

TI&M$ltiff MitR*1 F401 7808 C0FFER IIC O!PTH T-ITNOT

NORMall!!D NORMell!!D IN f

STD 6.991+18 1.14t-il 1.llt-il 1.05 1 31 1 41 13

TSVC4 1.Ilt+19 4 llt-il 8.llt-il 1.31 -1.11 1 66 6

1.35t+19 1.l?t 44 1.lft-44 1 il 1.01 1.04 I

CU 3.74t+tl 1.158-il 1.131 15 8.88 1.33 1.74 116

TITC4 6.fttell f.151 45 f Ilt il 1.18 l.11 1.01 4

1.Ilt+11 1.43t 14 1.43t-44 1.19 1.17 I fl 15
,

1.35t+19 4.llt-14 4.601 44 l.01 -l.13 1.14 -15

E!C 3.74E+18 1.llt il 3.13t-il 1.78 l 79 1.34 Il

TITC4 6.fttell 7.618 83 1.49E 84 8 93 -1.74 8.49 16

1 litelt 1.65t 84 3. tit-84 4.86 -1.68 8.78 1

1 35t+19 5.83!-44 7.75t-04 8.75 -1.61 6.61 -18

|

| STD 3.74t+18 3.Ilt-Il 3.llt il 4.11 -1.11 1 11 78

} 61 6.998,18 1.111 14 1.111-04 4.48 1.18 1.11 !!

1.81! 19 1.61t 14 1.64t 84 4 41 1.51 1.83 4

1.11t+19 3.561 14 5. lit 04 1.44 1.33 8.94 18

! f! NITE 1.111,19 1.198 16 1.018 16 1.14 ,e ! II 5

l ILAV 1.35t+19 1.11! 14 8.801 16 1.44 1.11 19

61.

SUt!!D 3.74tell 4.llteil 1.llt 16 1.48 1.50 43

| TLAW 6.fttell 3.llt 16 3 Ilt-16 4.44 1.75 ll

!
&& l.lltelt 7 181-16 f.Ilt 16 8.18 1 44 11

1.35t+11 f.Ilt 86 1.48t il 1.76 1.38 11

IN5tIVitt 3.74t+18 S.Iltell 1.Ilt l6 6.45 1.00 41

| INSPICTION 4.ff!*lt 3.661 16 1.llt-il i 11 8 93 9
'

&& t.llt+11 8.Ilt 86 3,48t il 5.11 8.78 3
'

1 35telt 1.111-05 5.14t il 1.44 1.74 13

I

|

1

i

i
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, TABLE 7. Average Simulated Parameters for Initiation for Calvert Cliffs 1
Conditions. The copper content and fracture thoughness values are
referenced to the assumed mean values and normalized by the assumed
standard deviation. Also shown are the calculated initiation and
failure probabilities for each condition.

SENSITIVITY ILUENCE falLUtt INITIATION SIMULATED $1MULATED SIMULATED 5!MULATED

TR&NSI!NT NICM*1 FROI. Pt00. C0FFtt KIC CIFTH T-RTMDT

NORMall!!D NORMALl!!D IN. f

STD 1.lttelt 3.88t-16 3.101-16 1.11 -1 et 3 il !!6
1.4 3.7tt+19 3.Ilt 84 3.Ilt 14 0.11 -1.84 3 il 139

5 48t+19 4.588 14 4.101-14 8.88 -1.13 1.88 143

7.30telt 1.691-15 1.491 15 1.48 -1 14 1.34 14

f.47t+19 4.588 15 5 lit-15 1.71 -1.19 8.99 -16

CV 3.44C+19 1.ltt 14 1.Itt-04 1.11 0.84 9.44 87

1.4 7.58telt 5. lit 14 1.06t-84 1.95 -I 14 f.49 -Ilt

9.47t+19 1.llt-83 t.llt il 1 11 -l.13 8.47 -117

KIC 1.48t+19 1.ft! 85 1.Ilt-85 1 14 -1 56 1.11 13

1.4 7.38t+19 4.738 11 5.37t 01 1.94 -l.41 8.14 -15

9.47t+11 1.45t 84 1.40t-84 1.54 0.41 0.75 17

STD 1.lft+19 f.41t-45 f.Ilt 65 I 11 -l.14 1.14 -7

8.3 3.791+19 5.16t 64 5.16t 14 1.84 -0.95 1.73 -19

5.48Eelt f.44t-84 9.46t 84 1.48 1.01 8.48 ft

7.llt+11 1.711 83 1.75t 43 4.94 -l 19 8.47 -141

9.47telt 1.14t il 1.141-93 0.00 l.43 1.61 -lli

TINITE I.it!*tt 1.001-16 1.ftt-il 4.84 1.87 1

ILAV 3.79t+19 4.44t 14 4.46t-il I.68 1.18 -17

8.3 1.44telf 1.llt 14 1.15E 04 1.44 1.48 -48

7.18telf 6.748 11 1.74E 14 0 44 1.!! 84

f.47t+11 1.11t 14 3 14t 14 1.61 1.11 Ill

,

IUt!!D 1.lttelf 1.Ilt 44 3.Ilt 14 1.14 1 Il 13

TL&W 3.7tt+19 1. lit il 1.30t 85 0.91 1 44 18

8.3 5.48t+19 l.Ilt il 1.14t 61 8.74 1.43 49

7.14t+11 1.ftt-il 3.Ilt il 4 46 1.14 -70

9.47telt 3. lit 11 4.315 45 1.44 1.13 -13

IN$tITICL 1.lftelf 1.Ilt 14 9 lit l4 5.71 1.44 4
|

Ill5PICT10ll 3,7tt+19 1.38t 11 4.388 83 4 44 0 77 41

8.3 3.44tett 3.411 45 6.901 05 9 il I 41 fl

7.llt+19 7.918 15 1 14t 84 1.44 8.16 ti
i

1.47t+11 f.3tt 61 1.115 64 1.41 0 11 lit
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TABLE 8. Average Simulated Parameters for Initiation for the Hypothetical
H. B. Robinson Conditions. The copper content and fracture toughness
values are referenced to the assumed mean values and normalized by
the assumed standard deviation. Also shown are the calculated

i initiation and failure probabilities for each condition.

I SENSITITITT ILUENCE TAILUlt INITIATION $1ML&ft0 $1MLAftO SIMLLTID $1MULATIO

TIAN51 TNT NfCM'1 F800. F800_ C0fftl I!C DEFTM T-ITEDT

NORMAll!EO HDERAL!!!D IN. I

STO l.46telt 4 lit-06 4.llt-li -l it -0.01 3 44 377

6.9 4.38t+19 1 fit il 1.ftt-il 1.40 -4.81 1 S4 Il

9.liteit f.138-64 f.!!!-14 1.40 -1 il 1.11 -7

l.fttell 5.71t 11 5.71t 13 1.00 1,64 1 11 -16

CU l.44telt 1.588-45 1.19t il 1.17 -0.74 1.16 49 I

j 4.9 4.34t+19 1.18t 83 1.11t 83 1 97 -0.51 1.11 16

'
t.lltelt 4.ftt 93 4.ftt 83 1.11 -I 16 0.43 Il

1.95t.18 1 17E 11 1.17t 11 1.17 8 43 0.51 -111

i

i IIC l.44telt 5.llt 16 5. lit-li l 18 1.04 3.19 331

| 4.9 4 Ilt+19 4. fit il 5.111 61 1.00 1.14 1.13 14

j 1.Iltelf 1.111 03 1.411 03 1.40 -0.77 1.01 19

j 1.95t+10 l.Ilt-il 1.Ilt 81 0.84 l il I 41 -11

.i

i f! NITE 4.38telt I litell 1.801 66 1.31 1.88 77 :

j FLAW t.Iltelt 1.181-14 1.30t Il 1.40 1.41 11

4.9 1.11telt 1.36t 84 1.341 14 1 18 8.99 48 |

1

IUtttD 4.188e19 I lit li 1 lit 14 1.44 1.75 !!!

TLAV t Ilteit 3.Ilt 86 I tit il 1.15 0.93 11

4.9 1 titell 5.17t il 7.llt-81 'l il 1.95 11 i

>

IN$tiflCE 4.Illett 8.lltell 1.Ilt 84 1 il l Il 41

IN5!!CTION t. lit +19 1 lit il t.itt il 1.16 i ft 5
,

; It 1. tit +18 1.131 14 1 lit 84 1 18 8 41 67

i
i
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TABLE 9. Calculated Failure Probabilities for the Flaw Assumption
Sensitivity Study

PLANT FLUENCE CONDITIONAL PAILURE PRODADILITY
TRANSIENT N/CM*2 STO FINITE DURIED INSERVICE

TLAV FLAV INSPECTIOtt

OCONEE 3.7E+18 2.8E-05 (1.0E-6 1.0E-06 (1.0E-6

MSLBt 7.0E+18 9 2E-05 (t OC-6 i OE-06 4.0E-04

1 OE+19 5.2E-04 (1.0E-6 5 OE-06 2.4E-05

1.4E+19 1 4E-03 (1 OC-6 1.9E-05 8 2E-05

OCONEE 3 7E+18 (1.0E-6

| TSVG4 7 OE+18 2 SE-05 (1 OE-6

l 1,0E+19 8 OE-05 (1.0E-6
l 1 4C+19 1 9E-04 (1.0E-6

OCONEE 3.7E+18 3.0E-05 (1.0E-6 <!.0E-6 (1 OE-6

6A 7.0E+18 1 1E-04 (1.0E-6 3.0E-06 3.0E-06

1 OE+19 2.4E-04 1 OE-06 7 OE-06 8.0E-06

1 4E+19 5 6E-04 8 OE-06 9 OE-06 1 2E-05

CAL CL 1 9E+19 9.6E-05 1.0E-06 2.0E-06 2 OE-06

8.3 3.8E+19 5 2E-04 4.7E-06 h.0E-05 6 SE-05

5.7E+19 9.7E-04 2 OE-05 1 8E-05 3.4E-05

7.6E+19 1.8C-03 8.8E-05 2.7E-05 7.9E-05

9 5E+19 2 3E-03 1.2E-04 3 8E-05 9 3E-05

HDR 1 SE+19 9.0E-04 (1.0E-6 (1 OE-6 (1 OE-6

6.6 4 3E+19 1 3E-04 (1 OE-6 2.0E-06 i OE-06

9 9E+19 2.5E-03 9.3E-04 2 7E-05 8 9E-05

2.0E+20 1 3C-02 2 7E-04 9 3E-05 5 CE-04

HBR 1 SC+19 4 OE-04 (1 CE-6 (1 CE-6 (1 OE 6

6.9 4 3E+19 1 7E-05 (1.0E-6 1.0E-06 (! OE-6

9.9E+19 9.tE-04 1.0E-06 3.0E-04 2 OE-05

2.0E+20 5.8E-03 2 4E-05 5.6E-05 2 0E-04
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TABLE 10. Ratins of the Calculated Failure Probabilities for the Flaw
Assumption Sensitivity Cases to the Appropriate Standard Cases

PLANT TLUENCE STD SENSITIVITY CAEC/ STANDARD CAEETRANSIENT N/CM"2 FAILURE r! NITE DURIED IN3ERVICE
PROD. FLAV FLAV INEPECTION

OCONEE 3.70E+18 2 80E-05 3.60E-02
MSLBt 7 00E+18 9.20E-05 1 10E-02 4.40E-02

1.00E+19 5.20E-04 9.50E-03 4 60E-02
1.40E+19 1 40E-03 1 30E-02 5.70E-02

OCONEE 3.70E+48
TBVC4 7.00E+18 2.50E-05

1 00E+19 8.00E-05
1.40C+19 1.90E-04

OCONEE 3.70E+18 3.00E-05
6A 7,00E+18 1 10E-04 2.70E-02 2.70E-02 '

1 00E+19 2 60E-04 3,40E-03 2.70E-02 3.10E-02 i

1,40E+19 5 40E-04 1,40E-02 1 40E-02 2 20E-02
'

CAL CL 1.90E+19 9 40E-05 4.00E-02 2,00E-02 2 00E-02
8.3 3 80E+19 5 20E-04 1.30E-02 1.90E-02 2.90E-02

5 70E+19 9 70E-04 2.10E-02 4.90E-02 3,50E-02
7.60E,19 1.80E-03 5.00E-02 1 50E-02 4.50E-02
9 50E+19 2 30E-03 4 70E-02 1 50E-02 3.60E-02

HDR 1.50E+19 9,00E-04
4.4 4.30E+19 4 30E-04 1 40E-02 7.90E-03

|9 90E 19 2 50E-03 3,70E-03 1 10E-02 3.40E-02
'

2.00E+20 1 30E-02 2.10E-02 7 10E-03 3 80E-02

HDR 1 50E+19 4 00E-04
6.9 4 30C+19 1 70E-05 5 90E-01

9 90E+19 9 10E-04 1 10E-01 3 30E-03 2.20E-02
2 00E+20 5.80E-03 4,40E-03 9,60E-01 3 50E-02

i
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The effects of material property distributions and flaw assumptions on
calculated conditional failure probability were studied. The results
demonstrated that flaw uncertainties are more significant than are material
property uncertainties. The sensitivities identified in this study indicate
recommendations for evaluating methods used for conditional failure probability
calculations.

Assumptions concerning flaw characteristics affected the failure probabilities
in a critical manner. Therefore, the significance of the calculations has to
be evaluated in light of understanding the flaw assumptions made for the
calculations. If the calculations are made based on assumptions not commonly
accepted, then a sensitivity study is needed to demonstrate the effect of the
alternative assumption on the calculated failure probability. A strong effect
would suggest that an evaluation of the merits of the alternative assumption
should be made. This study has demonstrated that assumptions concerning the

| length of a flaw, the position of a flaw within the vessel wall, and the!

! effects of in-service inspections and repair are examples of flaw assumptions
that need to be evaluated in sensitivity studies. These flaw assumptions were'

found to have significant effects for all cases examined and therefore are
expected to be important for most pressurized thermal shock analyses. However,
lacking strong justification, the flaws should conservatively be assumed to be
infinitely long, at the surface, and not inspected.

The effect of material property uncertainties on calculated failure
probabilities was less important than were the efft. cts of flaw assumptions.
Also, material property distributions are better established than are flaw
distributions. Therefore, plant-specific knowledge of materials can be used in
calculations to provide a more realistic estimate of expected failure
probability. The. uncertainties in copper content, nickel content, and fracture
toughness in this study were both realistically small for specific welds and
realistically large for generic welds. The difference between results for the
small specific uncertainty and the large generic uncertainty generally did not
have dominant effects on the calculated failure probabilities.

The uncertainty in copper content sensitivity had a strong effect only for
failure probabilities that were less than 10 4 Such low failure probabilities
are not of practical interest to PTS risk. The copper content uncertainty is
not expected to affect the calculated failure probability'by more than a factor
of three for PTS conditions that produce predicted failure probabilitiesi

greater than 10~4
!

| The nickel content uncertainty generally had an insignificant effect on the
calculated failure probabilities and therefore need not be included in a
failure probability study. The only significant effects of nickel content
uncertainty occurred for conditions that resulted in insignificant failure
probabilities that were lower than 10 4

| Increasing the uncertainty (standard deviation) in the fracture toughness from
10% to 20% of the. assumed mean value increased the predicted failure
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probability by a factor of less than five. A 10% uncertainty in toughness is a
realistic estimate for failures approaching the lower shelf on the fracture
toughness-versus-temperature plot, at which. conditions the predicted failure
probabilities are relatively high, i.e., greater than 10 ''. For these
conditions, there is a lack of justification for selecting the larger, 20%
uncertainty. At conditions of lower failure probability, a larger uncertainty
might be justified because the fracture toughness is being estimated in the
transition region between brittle and ductile failure.

The fracture toughness is less well established in the transition region and
therefore a larger, 20%, uncertainty might be justified. However, because the
failure probabilities are low in the transition region and because the fracture
toughness sensitivity is small, the assumption of a 10% uncertainty in fracture
toughness is considered to be appropriate.

Adding an error simulation to account for uncertainty in the trend curve-

correlation did not significantly affect the predicted failure probability
compared to not simulating the correlation error. Because the effect was found
to be small, the correlation error need not be included in the prediction of
failure probability.

The analyses of simulated values for initiation events indicated,that the
extreme tails of the material propec.j distributions were not significantly
influencing the predicted failure probabilities. The predicted failures were
typically caused by simulated values that were within two standard deviations
of the assumed mean values. Therefore, the input distributions for the
material property estimates need only be understood out to about two standard
deviations from the mean values. The copper content distribution and the
fracture toughness distribution are experimentally established within the
two-sigma range and therefore are appropriate distributions to use.

The analyses of the average flaw depth and the average T-RT for initiations
indicated that there is a transition in fracture mode from E tile failure of
deep- flaws at low failure probabilities to brittle failure of shallow flaws at
high failure probabilities. This transition should be considered when
examining the relative importance of material property input distributions on
predicted failure probabilities. For example, the copper content distribution
was found to have its greatest effect at intermediate failure probabilities
because of the influence of copper on the brittle and ductile failure modes.
Uncertainty in the fracture toughness distribution becomes more important at
lower failure probabilities because the failures become independent of the
irradiation induced properties and more dependent on the unirradiated
properties.

-
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