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ABSTRACT

The U. S. Nuclear Regulatory Commission (NRC) contracted with the Lawrence
Livermore National Laboratory (LLNL) to conduct a study to determine' if the
probability of occurrence of a double-ended guillotir.e break (DEGB) in the
primary coolant piping warrants the current design requirements that safeguard
against the effect of DEGB. This report describes the results of an
assessment of reactor coolant loop piping systems designed by Combustion
Engineering, Inc. A probabilistic fracture mechanics approach was used to
estimate the crack growth and to assess the crack stability in the piping
throughout the lifetime of the plant. The results of the assessment indicate
that the probability of occurrence of DEGB due to crack growth and instability
is extremely small, which supports the argument that the postulation of DEGB
in design should be eliminated and replaced with more reasonable criteria.
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EXECUTIVE SIMMARY

The Nuclear Regulatory Commission (NRC) contracted with the Lawrence Livermore
National Laboratory (LLNL) , Livermore, Calif., to conduct a probabilistic
assessment of the primary coolant piping of all existing nuclear power plants
in the U.S. The goal was to determine if the probability of occurrence of
direct and indirect double-ended guillotine breaks (DEGB) is small enough to
safely eliminate the postulation of DEGB in the design requirement. Direct
DEGB is defined as pipe failure caused by crack growth and instability in the
piping; indirect DEGB is due to causes other than crack growth, such as the
failure of component supports.

Postulation of DEGB in the primary coolant loop piping has resulted in severe
design loading conditions and has therefore caused difficulties and excessive
costs in areas of design, construction, and maintenance. Furthermore, the
older operating planta, which were not designed for such loading conditions,
would require extensive plant retrofitting to meet the current requirements
that may be unnecessary. This report documents the work related to the direct
DEGB assessment done on the reactor coolant loop piping of Combustion
Engineering, Inc. (Ch) plants.

A probabilistic fracture mechanics approach was used to estimate crack growth
and to assess the crack stability during the lifetime of the plant. The
probabilistic theory accommodated the random nature of events and parameters
considered in this study. This analytical process is divided into two parts.
The first involves the calculation of a conditional leak or DEGB probability
at individual weld joints, given that a crack exists at that joint and a
seismic event of specific intensity occurs at the site at a specific time.
The second part, system failure probability analysis, is related to the
estimation of a leak or DEGB probability for the entire reactor coolant loop
piping system, taking into consideration all of the associated weld joints.

In the first part of the analysis, a Monte Carlo simulation technique was
used. The simulation starts with the random selection of crack sizes from a
distribution of crack sizes. Fracture mechanics theory was then applied to
calculate the growth of these cracks under normal and abnormal loading
conditions including earthquake load and to determine if pipe fracture, i.e.,
either leak or DEGB, would occur as the cracks grow during the lifetime of the
plant. Various plant activities related to crack and leak detections, such as
preservice inspection, hydrostatic proof test, and leak detection, are
simulated. The seismic hazard information related to the earthquake intensity
and the occurrence probability was folded into the second part of the analysis.

Two types of analyses were performed: a best -es timate analysis and an|

| uncertainty analysis. The former considers only the best-estimate models of
relevant parameters, and the latter takes into ac-cunt the uncertainty of the
models. The results indicated the following:

1. Leak and DEGB due to crack growth and instability are extremely unlikely
events in the reactor coolant loop piping of CE plants. Therefore,
elimination of the design requirements associated with DEGB in the
reactor coolant loop will not compromise plant safety.

. _ _ _ _ _
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i 2. The probability of earthquake-induced pipe failure through crack growth
and instability is much smaller than pipe - failure under other plant
conditions after the probabilities associated with the earthquake

intensity'and occurrence rate are taken into consideration. Therefore,

the results support the argument that the design requirement related to
the safe shutdown earthquake (SSE) combined with a loss-of-coolant
accident (IOCA) should be eliminated and replaced with more reasonable
criteria.

2
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PROBABILITY OF PIPF. FAILURE IN THE REACTOR COOIANT IDOPS
OF COMBUSTION ENGINEERING PWR PLANTS

VOLUME 2: PIPE FAILURE INDUCED BY
CRACK GROWTH

1. INTRODUCTION

1.1. Objective

In nuclear power plants, postulation of double-ended guillotine breaks (DEGB)
in the primary coolant loop piping has resulted in severe design loading
conditions that include asymmetric blowdown, pipe whip, and safe shutdown
earthquake (SSE) and DEGB load combination. These conditions cause
difficulties and excessive costs in areas of design, construction,
maintenance, and unnecessary radiation exposure of maintenance personnel. It

is believed by many that DEGB is an extremely unlikely event, and that
considering DEGB in piping design can do more harm than good. Furthermore,
the olaar operating plants, which were not designed for such loading
conditions, would require extensive plant retrofitting to meet the current
requirements that may be unnecessary.

The Nuclear Regulatory Commission (NRC) contracted with the Lawrence Livermore
National Laboratory (LLNL) , Livermore, CA, to conduct a probabilistic
assessment of the primary coolant loop piping of all existing nuclear power
plants in the U.S. , both pressurized water reactors (PWR) and boiling water
reactors (BWR) . The goal was to determine if the probability of occurrence of
direct and indirect DEGB is small enough to safely eliminate the postulation
of DEGB in the design requirement. Direct DEGB is defined as the DEGB caused
by crack growth and instability in the piping. Indirect DEGB is the DEGB
indirectly induced by causes other than crack growth, such as the failure of
component supports. This volume documents the work done on the direct DEGB
assessment of Combustion Engineering, Inc. (CE) reactor coolant loop piping.
In addition to DEGB assessment, the probability of leak was also estimated.

1.2. Scope and Limitations

Since the system design and the piping arrangement of reactors differ
significantly from one vendor to another, we did a vendor-to-vendor
assessment. In each assessment two separate evaluations were performed: DEGB
due to direct crack growth of flaws in the piping welds and DEGB indirectly ;

induced by sources other than crack growth, such as the failure of component
supports. This volume presents the results of our probabilistic assessment of
direct DEGB in the reactor coolant loop piping of plants designed by CE.
Volume 3 of this report (Ref. 1) addresses indirect DEGB in CE plants. The|
study of plants designed by Westinghouse (W) is the subject of a separate
report (Ref. 2) .

We used a probabilistic fracture mechanics approach to estimate the crack
growth and to assess the crack stability during the lifetime of the plant.
The probability theory accommodated the random nature of events and parameters
included in our discussion. Two types of variability, or uncertainty, in many
important parameters are considered. One, called random uncertainty in this

3
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study, represents the inherent physical randomness; the other, called modeling
uncertainty, is associated with the lack of knowledge or detailed information
about the parameters to describe them precisely.

The inherent randomness of each parameter was first evaluated and then
modeled. If the randomness is negligible, a deterministic number was used;
otherwise, a distribution was used to describe the random uncertainty. If the

influence of the modeling uncertainty on the estimate of pipe failure (PF)
probability was potentially significant for that parameter, another
distribution characterizing the modeling uncertainty was also assigned. Pipe

failure can be either a leak or a DEGB.

In the direct DEGB dnalysis, we used a Monte Carlo simulation to calculate the
leak or DEGB probability at a weld joint, considering the randomness of the
parameters. We used a Latin Hypercube sample design to generate a set of runs
to describe modeling uncertainty.

It is assumed that a failure can occur only if a crack exists initially in the
weld joint. It is believed that cracks of significant size, which have the
potential to grow into a leak or a DEGB, occur most often in the pipe weld
joints and are caused by imperfection of the welds. There are far fewer
cracks in the pipe itself, and the scratches or undetectable hairline cracks
usually will not grow to a uignificant size, because the stress intensity
factors at such small cracks are far below the crack growth threshold.
Therefore, this study concentrates on the cracks at weld joints of the reactor
coolant loop piping.

4
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2. DESCRIPTION OF COMBWITION ENGINEERING REACTOR COOIANT IDOPS

2.1. General Information

In the U.S., there are 10 CE plants (totaling 15 u-its), which can be divided
into four groups based on the vintage of the react i, the number of coolant
loops (usually two), the piping material used, e the types of component
supports. Table 2.1 shows the grouping of CE plar.:s and the characteristics
of their reactor coolant loops. Group A, Calvert Cliffs 1 and 2 (Md.),
Millstone 2 (Conn.), Palisades (Mich.), and St. Lucie 1 and 2 (Fla.),
represents the early model plants whose reactor energy capacities are
generally lower, compared with late model PWR plants. Group B consists of
only one plant, Fort Calhoun 1 (Nebr.), whose piping material is austenitic
stainless steel. All other CE plants are made of SA-516 Grade 70 ferritic
steel, Group C plants, Palo Verde 1, 2, and 3 (Ariz.), San Onofre 2 and 3
(Calif.), Washington Public Power Service System Unit 3 (WPPSS 3) (Wash.), and
Waterford (La.), are late model CE system 80 plants whose energy capacities
range from 1100 to 1300 MWe. Group D consists of only one plant, Maine Yankee
(Maine), which is the only three-loop plant manufactured by CE.

Table 2.1. Grouping of CE plants and characteristics of their reactor
coolant loops. a, b, c

Reactor
d Iftmops/ Net Pressure Te Th Pipe ID vessel peactor coolant

Plants $Pumpe MWe (psi) I'F) (*F) (in.) supports pump Support

Group A

Calvert Cliffs 1 and 2 2/4 850 2250 548 597 30/42 3 Spring hanger
and snubber

M111stane 2 2/4 828 2250 548 597 30/42 3 Spring hanger
Palisades 2/4 740 2060 538 593 30/42 3 Stitt
St.1,ucie 1 and 2 1/4 777 2250 548 597 30/42 3 Spring hanger

and snubber

Group B

Fort Calhoun 2/4 457 Supports were custom--~~ --- --- ---

designed by architect
engineering firm

Group C

Palo Verde 1, 2, and 3 2/4 1270 2250 565 621 30/42 4 Column and
snubber

San onof re 2 and 3 2/4 1100 2250 553 611 30/42 4 Column and
snubber

wPPSS 3 2/4 1240 2250 565 621 30/42 4 Column and
snubber

Waterford 3 2/4 1165 2250 553 611 30/42 4 Column and
snubber

Group D

Maine Yankee 3/3 790 2250 539 586 33/33 6 Skirt

a Por all plants, the lower steam generator support is a sliding bases
the upper support is a snubber and key.

b Pipina material is SA516 Crade 70 for all plants escept Fort Calhoun, which
has stainless steel pipes.

C Maine Yankee and Fort Calhoun were not included in this study.
d T, . coolant temperature downstream from the steam generator at 2004 power.
*T a coolant temperature upstream from the steam generator at 2004 power.h
I The let numbet identifies the discharge leg and tie suction legs
the 2nd number is for the hot leg.
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In our assessment of direct DEGB, we studied Groups A and C plants only.
,

'
Information for Maine Yankee was not available, and the fracture mechanics

~

characteristics of Fort Calhoun 1 reactor coolant loop piping are more similar
to those of W plants, since both are made of stainless steel. Fort Calhoun 1,*

therefore, .is -covered in the direct DEGB assessment of W plants (Ref. 2) and
in the indirect DEGB study of CE plants (Ref.1) .:

I

t 2.2. Plant Descriptica

i
I ' All CE reactors except Maine Yankee have two reactor coolant loops, each of

which has two branches. Each branch is a loop by itself and shares with the
j

: other branch a common hot leg and a common steam generator, which are
I substantially larger than that of the W_ reactor coolant loops. The reactor

coolant ' loop pipes are connected to loop components at both ends, and there
,

i are no intermediate supports.
'
+

| Figure 2.1 shows the general reactor coolant loop arrangement of a two-loop
system. The coolant flows from the reactor vessel to one of the steam

, generators through a hot leg with an inside diameter of.42 in. The loop"

branches into two suction legs at the steam generator. A reactor coolant
,

: Pump, located on each side of the steam generator, pump- the coolant back to
i- the reactor pressure vessel through a discharge leg. The inside diameter of
| the suction and discharge legs is approximately 30 _ in., which is compatible

W_ plants. TheL with the size of the crossover legs and the cold legs of

i reactor coolant loop - system is pressurized to approximately 2250 psi during
i operation.- The coolant temperature downstream from the steam generator is
i approximately 550'F,'while the temperature in the hot leg is 50 or 60*F higher.
$,

j The primary component supports of CE nuclear steam supply systems (NSSS) are
; generally composed of specially manufactured mechanical parts. Unlike the W_
| support system, CE systems have no standard structural steel members, thereby

eliminating welding. The reactor vessel is supported by columns at the
,

nossles. The steam generators are supported at two elevations: the upper
! support consists of keys in one direction and level-snubber arrangements in
}. the other s the lower support is a skirt with a sliding base that allows free
j thermal ~ expansion. The reactor coolant pump supports are generally the

: pin-and-column type with snubbers to resist seismic load. However, early

model supports have skirts and spring hangers. Figures 2.2 and 2.3 show

typical NSSS primary component supports.
,

Combustion Engineering, Inc. provided the pipe geometries for each of the
,

j For Group A plants, CE provided a composite plant using theGroup C plants.i

i thinnest _ pipe thickness of that ' group at the corresponding weld locations.
: Since pipe geometry varies only slightly among plants, the geometry of the
! composite plant still closely resembles the plants it represents.
,

There are ty' * tally 29 or 31 circumferential welds in each loop. Table 2.2'

! gives e d .sions of the pipe cross section at the welds for Group A
j compositt a. 4roup C plants. Since two branches of a' loop are almost

identical in ometry, only those welds that are different in geometry and
j

| loading are 1. ted. The pipe thickness at a weld is conservatively taken as
| the smaller of the pipe thicknesses on two sides of the weld. All CE plants

include a stainless steel clading of at least 1/8 in. on the inside surface of3

the pipes we did not' consider this additional thickness important to this
study.

6
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Figure 2.1., General arrangement of a CE reactor coolant loop piping.

Most welds are shop welds; there are only gbout two fleid welds in each leg of
the piping. The shop welds are believed to be of higher quality than the
field welds; however, we make no distinction between the two when estimating
lerk or DEGB probabilities. The welds were stress-relieved; therefore, we did
not include residual stress in our analysis.

Safe ends have been included as part of the reactor coolant loop piping in
this study, even though they are usually considered part of the components.
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Figure 2.2. General arrangement of CE reactor coolant supports.

We assumed that the welds are of the same material as the pipes. All

calculations are based on the material characteristics of SA-516 Grade 70
ferritic steel. We used these same material characteristics for the safe ends
of the components, even though SA-508 Class 1 carbon steel was used. We

believe the difference in the final results is small.

2.3. Ioading Conditions

Combustion Engineering, Inc. provided the loading conditions and the

associated loads on the cross sections of the pipe weld joints for Group A
Composite and for each individual Group C plant. Using envelope loads and the
thinnest pipe cross sections for Group A plants, we expected the analysis of
the composite plant to yield conservative leak and DEGB probabilities.
Considering the composite plant to be representative of Group A, and excluding
Maine Yankee and Fort Calhoun plants, we performed plant specific analyses.

The loading conditions included in this study are dead weight, pressure and
thermal loads due to various normal and postulated plant transients, and

seismic load. The only significant axial force that exists results from the
pressurization of the reactor coolant system during operation. Since the

supports were designed to allow maximum free thermal expansion, they provide
very little resistance in the axial direction of the pipes. Axial forces that
result from all other loading conditions on the pipe cross sections are
minimal and are neglected in this study.

| 8
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Another loading condition worth mentioning is the thermal stress due to a
temperature gtadient through the pipe wall thickners as a result of coolant
temperature change during a transient. Table 2.3 lists typical postulated
thermal transients for a CE reactor coolant loop system. Figure 2.4 shows the
time histo::ies of coolant temperature and pressure for several of these plant
transients.'

.
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Table 2.2. Plant geometry and weld volumes of CE reactor
coolant loop systems.

Weld Radius Thicknest Volume Weld Radius Thickness Volume
no. (in.) (in.) (in.3)Plant no. (in.) (in.) (in.3)

1 15.000 3.0000 1896. 10 15.000 3.0000 1696.
2 15.000 3.0000 1896. 11 15.000 3.0000 1696
3 15.000 3.0000 1694. 12 15.000 3.0000 1894.

P8lo 4 15.000 3.0000 1894. 13 29.000 3.7500 3719

Verde * '' 000 3 0000 ' " * - '* 3' 000 3'M 3''-
4 15.000 3.0000 'G96. 15 21.000 3.7500 3711.
7 15.000 2.S000 1170. to 21.000 4.9300 45o1.
8 15.000 2.5000 1170. 17 21.000 4.1300 4501.
9 15.000 3.0000 1496.

1 18.250 3.0000 2044. 17 25.375 4.1250 S426.
2 18.250 3.0000 2064. 14 25.750 4.9060 7700.
3 18.108 3.0000 20S7. 19 10.250 3.0000 2044.
4 18.108 3 0000 2057. 20 18.250 3.0000 2064.
S 18.068 3.1250 2217. 21 10.188 3.0000 2057.

gan 6 'S.068 3.1250 2217. 22 18.148 3.0000 2057
7 18.230 3.0000 2064. 23 18.048 3.1250 2217.ohe
8 17.888 2.S000 1389. 24 18.064 3.1250 2217.
9 17.688 2.5000 1349. 25 18.250 3.0000 2064.

to 18.250 3.0000 2044. 28 17.448 2.5000 1389.
11 17.688 2.5000 1389. 27 17.688 2 5000 1389.
12 17.648 2.5000 1389. 28 18.250 3.0000 2064.
13 18.250 3.4060 2660. 29 t 7. 648 2.S000 1389.,

to 25.313 4.062S S250. 30 97.488 2.S000 1389.
IS 24.87S 3.7500 4396. 31 18 250 3.4060 2460.
16 24.87S 3.7S00 4396.

I 18.200 3.0600 2tSt. 10 17.7So 2.5000 1394.
2 18.250 3.0000 2044. It 18.250 3.0000 2064
3 18.250 3.0000 2044. 12 18 230 3.1875 2350.

gppsg 4 18.063 3.0000 2043. 13 2S.34S 4.1250 Sett.
S 18.063 3.0000 2043. 14 24.875 3.7500 4396.
6 18.063 3 0000 2043. 15 24.875 3.7500 4396.
7 17.750 2.5000 1394. to 25.375 4.12$0 5424.
8 17.7SO 2.5000 1394. 17 25.7$0 4.68SO Ff02.
9 17.750 2.S000 1394.

i 18.250 3.0000 2064. to 24.875 3.7500 4396.
I 18.250 3.0000 2064. 17 25.375 4.1250 5426.
3 18.188 3.0000 2057 18 18.250 3.0000 2004.
4 18.184 3.0000 20$7. 19 18.250 3.0000 2044
S 18.048 3.1250 2217. 20 18.168 3.0000 20S7.
6 18.068 3.1250 2217. 26 18.188 3.0000 20S7.
7 18.250 3.0000 2064. 22 18.045 3.1250 22t7.Waterford 8 17.688 2.5000 1389. 23 IS 048 3.1250 22tr.
9 17.688 2.5000 1349. 76 18.250 3.0000 2064.

10 18.250 3.0000 2064. 25 17.684 2.5000 1349.
11 17.688 2.5000 1389. 24 t ' . 488 2.5000 1389.
12 17.688 2.5000 1389. 27 18.250 3.0000 2064.
13 18.250 3.4040 2560. 28 17.668 2.5000 1389.
14 25.313 4.042S $250. 29 17.688 2.5000 1389.
IS 24.875 3.7500 4396

1 98.250 3.0000 2044. 17 23.375 4.1250 S424.
2 14.250 3.0000 2064. 18 25.750 4.9060 7788.

ij, _ 3 17.750 2.5000 1394. 19 18.250 3.0000 2044.
r'i e 17.750 2.5000 1394. 20 18.250 3.0000 2064

S 18.000 3.0000 2034. 21 17.750 2.5000 1394.
6 18.000 3.00C0 2036. 22 17.750 2.S000 1394

Group A 7 18.000 3.0000 2036. 23 18.000 3.0000 2036.
8 17.750 2.mo $394. 24 tem 3m 2036.Composite
9 17.750 2.5000 1394. 2S 18.000 3.0000 2036.

10 17.750 2.5000 1394. 24 17.7SO 2.5000 1394.
11 17. 7SO 2.5000 1394. 27 17.750 2.5000 8354.
12 18.250 3.0000 2064 28 17.750 2.5000 1394.
13 18.250 3.4060 2660. 29 17.750 2.S000 1394.
14 25.313 4.062S $250, 30 18.250 3.0000 2064
IS 24.075 3.7500 4394. 31 18.250 3.4060 2640.
to 24.87S 3.7500 4394.
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Table 2.3. Typical postulated thermal transients for a Cr; reactor coolant loop
system.

Lifetime

Transients Condition occurrences Reference

1. Plant heatup Normal 500 Fig. 2.4b .

2. Plant cooldown Normal 500 Fig. 2.4b

3. Plant loading 5%/ min Normal 15,000 Fig. 2.4c

4. Plant unloading 5%/ min Normal 15,000 Fig. 2.4c

5. 10% step lead increase Normal 106 100 psi
and t 10*F

6. 10% step load decrease Normal 106 t 100 psi

and t 10*F -

7. Normal plant variation Normal 106 t 100 psi

and t 10*F

8. Reactor trip 3

9. Loss of reactor coolant flows Upset 480 Fig. 2.4d

10. Loss of load ,
s

11. Operating basis earthquake Upset 200 Cycles
of max stress

12. Loss of secondarv pressure Faulted 1 Fig. 2.4e
,

13. Safe shutdown earthquake
(SSE)plus normal operation Faulted 1

at full power

14. SSE plus normal operation Faulted 1

at full power plus pipe

rupture

15. Hydrostatic test Test 10 ASME Code
Section III3125 psia, 160-400*F

16. Plant leak test -Test 200 Fig. 2.4f

2250 psia, 160-400'F

17. Safety injection check Test 160
v11ve test

12
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3. METHOD OF ANALYSIS

3.1. Overview of the Methodology

We used a probabilistic fracture mechanics approach (Ref. 3) to account for
| the randomness of the events and parameters associated with the operation of

the plant. This methodology enabled us to estimate the crack growth and to
assess the crack stability during the lifetime of the plant. Figure 3.1 is a
simplified flow chart of this approach. The left column shows the analytical
procedure. The right column shows the input information needed and the
various simulation models used for each step of the analytical process. (See
Section 4 for details.)

The analytical process is divided into two parts. The first involves the
calculation of a conditional leak ot DEGB probability at individual weld
joints, given that a crack exists at that joint, the plant experiences various
loading conditions at any time, and a seismic event of specific intensity
occurs at a specific time. The second part, " system failure" probability
analysis, involves the estimation of a Jeak or DEGB probability for the entire
reactor coolant loop piping system, taking into consideration all of the
associated weld joints.

" System failure" is defined as a leak or a DEGB occurring in at least one of
the weld joints of a reactor coolant loop during the lifetime of the plant. A
leak or a DEGB is also called a " pipe failure" in the subsequent discussion.
Throughout this report, the system failure probabilities are presented as per
annual basis, as is often done in engineering. However, it is important to
point out that the system failure analysis was actually carried out for the
entire duration of plant life and the system failure probabilities are not
necessarily uniform over this long duration. Plant life in this study is
assumed to be 40 years.

3.1.1. Failure Probability of a Weld Joint

For each weld joint of the piping system, we used a Monte Carlo simulation
technique to calculate the conditional leak or DEGB probability at any
specific time of the plant life. The weld joint was subjected to a stress
history associated with plant events, such as normal heatup or cooldown,
anticipated transients, and the occurrence of potential earthquakes.

The simulation starts with the random selection of sample crack sizes from a
sampling space (Appendix A) and the calculation of conditional probabilities
associated with these crack sizes. Fracture mechanics theory is then applied
to calculate ,the growth of these cracks and to determine if pipe fracture,
i.e., either leak or DEGB, will occur as the cracks grow during the lifetime
of the plant, various parameters related to crack and leak detections, such
as preservice inspection, hydrostatic proof test, inservice inspections, and
leak detection, are simulated (Fig. 3.1).

Fatigue crack growth takes into account the cyclic stress history of various
thermal transients and postulated seismic events. The failure criteria
applied involve either the critical net-section stress approach or the tearing
modulus instability approach, depending upon their applicability to the

17 '
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material characteristics and the geometric conditions of the pipe. The stress j
state of the plant varies as the various loading events occur throughout the
plant life. Therefore, we . monitor or calculate the state of the cracks,
considering the effects of these loading events as time progresses. The time

|~ of occurrence of these loading- events can be either deterministic or
[ stochastic. In this study, we treat the seismic events as stochastic and

assume them to be describable by a Poisson process in calculating the system
failure probability. Other plant transients are considered uniformly spaced
throughout the life of the plant. j

Most of the significant plant events, such as heatup and cooldown, are more or
less uniform in nature. Other events - are either insignificant, or we were ;

unable to determine a more suitable spacing other than uniform. The
'

preservice inspection was performed before the plant went into operation and
was evaluated as such. Inservice inspections were neglected in this study,

,

since such inspection programs vary greatly from plant to plant; they cannot
be modeled with reasonable confidence. Not considering inservice inspection
is conservative. The frequencies of transient events used in this analysis
are based on the postulations used in the plant design and are considered to
be conservative. Table 2.3 is a typical list of CE plant transients.

We assessed the effect of an earthquake of specific intensity on the failure
probability at each - weld joint at specific times during the plant life.
First, we determined the probability of failure with no seismic events. Then
we imposed earthquakes of specified intensity, usually expressed in terms of
peak ground accelerations, on normal operating conditions. The increase in
the failure probability after the earthquake was auded is the contribution of
the seismic event to the failure probability. This process was repeated for a
wide range of earthquake intensities.

The above calculation procedure yields the conditional leak or DEGB
probabilities (conditioned on the existence of a crack and on the occurrence
of an earthquake of given intensity) as a function of time for a specific weld
joint. This analytical process is repeated for all the welds in one loop of
the reactor coolant loop system. The two loops with a plant are assumed to be
identical in geometry and to have an identical stress history at each
corresponding weld joint.

3.1.2. System Failure Probability of the Reactor Coolant Imop Fiping

The results-of the Monte Carlo simulation described in the previous section
are the conditional failure probabilities of individual weld joints. These
probabilities are conditional on the existence of a crack at the weld and the
occurrence, at any specific time, of an earthquake with a specific peak ground
acceleration. Earthquake intensities expressed as peak ground accelerations
can range from zero to several times the safe shutdown earthquake value.

For ' this study, an " earthquake" (Eqk) is defined as ground motion with peak,

free-field acceleration above a predefined " threshold" ao, below which
-little structural damage is expected. The value of a0 is subjective;
however, in a sensitivity study (Section 5.2) we found that the estimate of
the probability of system failure is not significantly affected by the choice
of a. In fact, we found that the estimate of system failure probabilityo
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would not change significantly over a broad range of values of a0 However,

varying a0 does have interesting effects on the estisates of the probability
of the individual scenarios.

1. One or more e'rthquakes during plant life and a failure occurring
simultaneously w. th the first earthquake.

2. One or more earthquakes during plant life and a failure occurring prior
to the first earthquake.

3. A failure and no earthquake during plant life.

4. One or more earthquakes during plant life and a failure occurring after
the first earthquake.

Any of the above can imply system failure. Figure 3.2 graphically describes
these four scenarios in terms of (a) the number of earthquakes occurring
during the life of the plant and (b) the time of pipe failure relative to the
time of the 'first earthquake.

We did not consider the probability of Scenario 4, because the plant would be
shut down after an earthquake for complete inspection and repairs, and the
plant condition would be altered by then. The technical details of the
probability of Scenaries 1-3 can be found in Vol. 7 of Ref. 3. Appendix B

gives a brief summary of the probability calculations for these scenarios.

3.2 Uncertainty of Parameters

Two types of variability, or uncertainty, are associated with each of the
parameters considered in this study. One type, randon uncertainty, represents
the inherent physical variation or randomness of the parameters. Modeling

uncertainty, the other type, accounts for the lack of complete knowledge or
detailed information about the parameters to describe them precisely.

Time of Pipe failure
) ____q_____q' _____

! rior to 1st Eqk || Simultaneous | After 1st Eqk|P with 1st Eqk | |
|

|

p ___ _ __
( o
I E ! One or more

g , || during plant life
Eqks Event #2 Event #1 Event #4

|

gE|

| f,. I 1
map _____.

o =>

EE ;! uring plantlifeNo Eqks
Event #3

!" | d|
g

r

C |
w_____

Figure 3.2. The Venn diagram of system failure..
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To illustrate these two types of uncertainties, consider flow stress (the
average of yield and ultimate stresses) of a specific material as an example.
Because of the physical variability of materials and structures, flow stress
is inherently variable. The variability, i.e., randomness, of flow stress can
be described, for example, by a normal probability distribution characterized
by a mean and stancard deviation. Estimates of the mean and standard

.

Ideviation for a specific type of material can be derived from test samples.
If the number of test samples is limited, then we would be uncertain in the
estimated values of the mean and standard deviation and hence in our
description of the random variation of flow stress. This is modeling
uncertainty. Also, we might have some uncertainty about how well the normal
distribution describes the variability of flow stress. Perhaps another
distribution, e.g., the lognormal distribution, would be better. This
uncertainty would be another contributor to the modeling uncertainty

- associated with flow stress.

There are many sources of modeling uncertainty. Some additional examples are:

e Uncertainties associated with the selection of methods for modeling
soil-structure ' interaction phenomenon, such as the finite element
approach or the impedance approach.

* Uncertainties associated with the selection of methods for modeling
structure.1 response, such as the response spectrum approach or the time
history approach.

e Uncertainties associated with modeling various energy loss mechanisms in
structures by use of viscous damping.

e Uncertainties associated with the Monte Carlo simulation and other
estimation and sampling methods used in the probability analysis.
Uncertainties associated with the description of the randomness of othere

parameters in addition to flow stress.

A deterministic value can often be used to represent a parameter if the
variation is negligible; otherwise, a distribution is required. We used
distributions to describe the inherent randomness for many of the parameters.
However, we found it necessary to quantify the modeling uncertainty for five
parameters. Since the random uncertainties of input parameters contribute to
the value of the probability of pipe fracture, they are part of the pipe
fracture analysis and are included in the calculation process shown in
Fig. 3.1. Modeling uncertainties are treated in a different manner as
presented in Section 6.2.
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4. INPUT INFORMATION AND SIMULATION MODEIS INCLUDING UNCERTAINTIES

The following list represents the information needed for the probabilistic
fracture mechanics assessment of piping integrity. See Table 4.1 for a brief

summary of this information and related simulation models. Similar

information for Westinghouse assessment is also listed in Table 4.1 for
comparison.

e Material properties
Initial crack size distributionse
Inspection detection probabilitye

e Loads and stresses
e Crack growth characteristics
e Failure criteria
e Leak detection capability
e Crack existence probability

e Seismic hazard information

4.1. Material Properties

SA-516 Grade 70 ferritic steel was used by Combustion Engineering, Inc. for
their reactor coolant loop piping. Table 5-4 of Ref. 4 lists test data on
yield and ultimate strength values for this material from many documented
sources. Most of the information is based on room temperature conditions.
From this test data, we calculated the mean value of yield stress as 47.1 ksi
and that of ultimate strength as 76.8 ksi. The flow stress is therefore equal
to 61.9 ksi. These values were confirmed further by the test results

presented in a later paper (Ref. 5) . The variability of the yield and

ultimate stresses was neglected. The Young's modulus, E, of 30,000 kai is

assumed according to Refs. 4, 5, and 6. The Poisson's ratio is 0.3.

The tensile and the f racture properties are two material properties, that are
essential in the assessment of crack stability using the tearing modulus
approach (Section 4.6) .

4.1.1. Tensile Properties

To account for the nonlinear characteristics of material in assessing crack
problem, the following uniaxial stress-strain relationship is frequently used:

+ah
* # (4.1)=

0 0 \0
The first term on the right represents the linear-elastic portion of material
property, and the second term is associated with the fully plastic condition,
where

a0 = a reference stress (usually the yield stress),
= a material constant, anda
= the strain hardening exponent of the material.n

(co is-related to oO by c 0 * 00 /E.)
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Tablo 4.1. Input infermation cnd siculctien modals for calculation of dircet
DEG3.

Plants

Input w CE

Piping material Type 316 or 304 SA516 Grade 70
Stainless Steel Ferritic Steel

, s

Initial . Depth *+, a Random--modified Marshall dist. (Fig. 4.4)
crack Modeling--triangular distribution (Fig. 4.4)
size Aspect Random--truncated lognormal (Fig. 4.5a)
distribution ratio *+,3 Modeling--lognormal (Fig. 4.5b)

Probability of PND = 1/2 (1-c) ERFC (v in A/A') +c
nondetection v = 1.60 v = 1.33

A' = 0.98 in.2 ge = 0.20 in.2
c =0 c = 0.005

Stress history Provided by W Provided by CE

Dead weight, pressure,
thermal expansion +, Random--lognormal Random--loginormal
seismic *+ Modeling--lognormal Modeling--lognormal

Crack growth model* (Vol. 2 of Figure 4.6 and
Ref. 2) Table 4.4

Failure criteria Critical net Tearing modulus
section stress instability

Minimum detectable 3 gpm 3 gpm
leak rate

Poisson distribution Poisson distribution
Crack existence with rate perameter with rate parameter
probability * equal to 10-4 equal to 10-4

per cubic inch of per cubic inch of
weld volume weld volume

Seismic Poisson distribution Poisson distribution
occurrence
probability *

Seismic hazard Generic Generic and site
curves *+ specific

* Distribution was used in representing random uncertainty.
+Modeling uncertainty was considered.
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This stress-strain relationship, sometimes referred to as Ramberg-Osgood

material characteristics, can also be expressed as

f+ (4 2)e = .

- The stress-strain curve for SA-516 Grade 70 steel at 30*F generated by Failure
Analysis Associates, Palo Alto, Calif. (Ref. 6) was used. It was found that

5 are appropriate. Here, a is equal to 2.226 for146 ksi and n =D a
30,000 ksi. This curve is presented in Fig. 4.1.

o = 47.1 ksi and E =a
Two curves for Type 304 stainless steel (Ref. 7) were also plotted for
comparison.

4.1.2. Fracture Properties

The other material property used to assess the crack inst %ility problem is
the J-resistance curve, which represents the material's resistance to crack
extension. Tests to determine J as a function of crack extension are

._ available.

Figure 4.2 gives the results of a test for SA-516 Grade 70 steel (Ref. 8).
The J-resistance curve can be idealized by two straight lines. A blunting

line represents the artificial crack advance due to crack tip stretch. The
other line is determined by a least-square fit of the data beyond blunting.
The intersection of these two lines defines the initiation of real crack
growth.' The J-integral value corresponding to the intersection point is JIC'

an important toughness parameter. The slope of the second line (the R curve),
fdJ
{da

, is another important parameter for assessing crack stability. Based

( mat
on the test results of Ref. 8 for room temperature condition, the average

80 g g. g g g ;

70 - ~~-2
~ ~ ~ ~ ~ ~ ~ - - - _ _ _ _ _ _p__-60 - _______

"~~______________[ 50 - 304 SS _

, 40 -
% -

-

I ~

y 30-[ o0 = 30.0 ks ; E = 30.000 ksi;a = 1s

t'

20 .-
8 = 45.3 ksi; E = 31.000 ksi; a = 6.15; n = 5.09 _

0

10 -

SA516 Grade 70 o = 47.1 ksi; E = 30,000 ksi; a = 2.23; n = 5.0_
o

0 I I I I I I I

O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Strain, e (in./in.)

Figure 4.1. Stress-strain curves for SA-516 Grade 70 carbon steel and type
304 stainless steel.
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J vs Crack extension, SA516 Grade 70 (20% side grooves)
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Figure 4.2. J-integral vs crack extension test data for SA-516 Grade 70
steel.

IdJ
I . values of JIC and are 0.84 in.-k/in.2 and 12.9 k/in.2 Here,

/ I
|
dJ

) is usually multiplied by a factor E/o to make it dimensionless. The
2

1

[- (dalmat 0

l new parameter is called the tearing modulus of the J-resistance curve and is
' expressed as TJR. The test data for temperatures higher than room
temperature shown in Fig. 4.2 were not used since we did not have the
corresponding Ramberg-Osgood material curves for these higher temperature
conditions. It is believed that the use of room temperature material
properties will not significantly affect the results.

i

|
4.2. Initial Crack Sise Distributions

j In this study, we considered only circumferential cracks at the weld joints.
'

Two-dimensional cracks of semielliptical - shape on the interior pipe surface
(as shown in Fig. 4.3) are assumed. We used two parameters to represent this

,
crack shape. One is the crack depth as the other is the crack aspect ratio

| g, which is - defined as the ratio of half crack length b and crack depth (or
! b/a). The randomness of these two shape parameters was modeled, and the
j modeling uncertainties associated with them were quantified.
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Figure 4.3. Geometry of a semielliptical inner
Isurface crack.

4.2.1. Initial Crack Depth Distribution

Several distributions intended to model the inherent randomness of crack depth
were proposed in various studies (Fig. 4.4). Here, we used the Marshall

| distribution (Ref. 9), which is considered very conservative. However, we
modified it slightly to eliminate the physical impossibility of having a crack
depth greater than the pipe thickness h. The modified Marshall distribution

' has the following marginal density functions

* * (4.3)P (a) =

u(1-e~ !") u = 0.246 in.
r

The modifieo Marshall distribution is considered in this study to be the
best-estimate model of the crack depth distribution (Vol. 2 of Ref. 2). To
account for the modeling uncertainty associated with using the Marshall
distribution, we adopted a triangular distribution on the parameter 1/u ,,

'

0.246 in. of the Marshall distribution as the median or theconsidering u =

3 to envelop the
50th percentile. We used Eq. (4.3) with 1/p =

31stributions proposed by several investigators as the upper bound. The value
of 1/u for lower bound crack depth distribution is selected as 5.0. The

lower bound was conservative and discounted the distributions suggested by
Wilson, and Becher and Hansen as indicated in Vol. 5 of Ref. 3. Figure 4.4

also shows the upper and lower bound curves.

|

| 4.2.2. Initial Crack Aspect Ratio Distribution
!

!
A truncated lognormal distribution with the probability density function shown
as a solid line in Fig. 4.Sa was used to model the randomness of the aspect

i 26
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ratio 8 (Vol. 5 of Ref. 3). The distribution with p = 10-2 was
considered the best-estimate model (Vol. 2 of Ref. 2) . Here, p is defined
as the percentage of cracks with 8 greater than 5 and is equal to the shaded
area under the density function in Fig. 4.5a. To account for modeling

| uncertainty, the characteristic 8, was assumed to have a lognormal

distribution with a median (or _ 50th percentile) equal to the value of Sm
corresponding to o = 10-2 The u uncertainty limit on 8m waso = 10-1. pperI selected to correspond to Figure 4.5b shows the complementary
cumulative marginal distributions of the crack aspect ratio corresponding to1

! various uncertainty bounds of the modeling uncertainty.
!

4.3. Inspection Detection Probability

Ultrasonics is the most frequently used method of nondestructive inspection inr
'

nuclear power plant pipes. The probability of nondetection PND has been
quantified in many studies (Re fs. 3 and 10). Based on the available data,
PND'is adequately characterized by the following relationship:

PND * 1/.2(1-c) ERFC(v In[A/A']) +c (4.4),

where

'

A = w/4 aDB (2b < D )B
j w/2 ab (2b > D )'B
i D9 == ultrasonic beam diameter, andw/4 a'D *A*

B

ERFC is the complementary error function. A value of 0.005 is used for c to
represent the lower bound value of P The beam diameter of 1 in. was

'
~

ND.
used. For the cast austenitic stainless steel, v = 1.60 and a' = 1.25 in.

,

are used. In the case of the ferritic steel used in CE plants, v = 1.33 and
; a' = 0.25 in, are appropriate. These values reflect the fact that the large

columnar grains resulting from the casting process make ultrasonic inspection,

! less effective in the thick stainless steel pipes than in the ferritic steel

[ pipes.

! 4.4. Imade and Stresses

| The loading conditions ~ considered in this study are dead weight, pressure and
thermal loads due to normal plant operation and various postulated transients,r

| and seismic loads. Two types of thermal loads were considered. One is the
j uniform stress through the pipe wall thickness due to the thermal expansion
i along the pipe axis; the other is the stress caused by the thermal gradient
| across the thickness of the pipe. We refer to the stress due to thermal
, gradient as the radial gradient thermal stress or simply gradient thermal
! stress.
I

Combustion Engineering, Inc. . provided all the loads (Table 4.2) except the
i -gradient thermal stresses, which we calculated based on the elasticity theory

for axisymmetric bodies subjected to an axisymmetric temperature field as a
function of time (Ref . 11) . We used other loading conditions and the radial
gradient thermal stresses to calculate stress intensity factors to assess the

;,

| fatigue growth of the cracks in the pipe wall. Note that the gradient thermal
[ stresses were not used in the assessment of crack stability, since they are
|
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Table 4.2. Loads and stresses at weld joints of reactor
coolant loop piping for (a) Palo Verde, (b) San
Onofre, (c) WPPSS, (d) Waterford, and (e) Group A
Composite.

(a)
Palo Verde

WELD LOADINGS (IN-KIPS)
-WELD DEADWEIGHT WOMENTS THERMAL WOWENTS SEISMIC WOWENTS

NO TOR $10N BEN 0 LNG TOR $10N BENDING VECTOR-SUM

1 523. 709. 11181 16893. 3210.
2 523. 701, 11181. 15310. 3206.
3 82. 796. 886. 13423. 2924.
4. 346. 1682. 6713. 22024. 1370.
5 105. 320. 6478. 10966. 1066.

6 105. 323. $478. 9201. 1066.
7 30. 111. 2500. 4223. 1150.

8 4 211. 4092. 5563. 1319.

9 69. 129. 3292. 1219. 1405.
10 81. 129. 3292. 759. 1405.

11 26. 102. 569. 7831. 1451.

12 26. 225. 570. 10068. 1451.

13 2. 6469. 5. 68488. 9449.

14 2. 6308. 5. 66559. 9449.
15 2. 1350. 5. 758. 12235.

16 12. 3914. 47. 14034. 12988.

17 12. 4143. 47 14730. 12988.

WELD STRESSES (KSI)
WELD DEADWEIGHT THERMAL SE1SMIC WELD DEA 0wElGHT THERMAL SE1SWIC

NO STRESS STRESS STRESS NO STRESS STRESS STRESS

1 .307 7.180 1.241 10 .054 .800 .543

2 .304 6.623 1.239 11 .040 3.031 .561

3. .308 5.194 1.130 12 .087 3.895 .561

4 .657 8.706 .530 13 1.042 11.036 1.523

5 127 4.581 .412 14 1.016 10.725 1.523

~6 .128 -3.953 .412 15 .218 .122 1.971

7 .054 2.188 .551 16 .562 2.017. 1.867

8 .101 2.988 .632 17 .596 2.117 1.867

9 .053 .914 .543

(b)
San Onofre

WELD LOADINGS (IN-KIPS)
WELD DEA 0wElGHT WOMENTS THERMAL WCWENTS SEISMIC MOWENTS

NO TORSION BENDING TORSION SENDING VECTOR-SUM

1 523. 709. 11181. 22892. 6410.

2 '523. 70s. 11180. 15310. 6410.

3 54. 798. 3047. 13102. 7311.

4 56. 1615. 3063. 21959. 12813.

5 55. 1717. 3060. 22821. 12813.

6 105. 320. 6478, 10966. 12960.

7 105. 323, 6478. 9201. 12960.

8 54 102. 2447. 4254. 1552.

9 53. 204. 2455. 6455. 1742.

10 69. 129, 3292. 761. 1906.

11 ' 26. 102. 570. 7829. 3696.

12 26. 162. 571. 899S. 3696.

13 26. 225. $71. 10066. 3696.

14 2. 6469. 5. 68488. 12732.

15 2. 6307. 5. 66559. 12732.

16 2. 1350. S. 758. 8473.

17 12. 3914. 47. 14034. 7287.

18 12. 4143. .7. 14730. 7287.*
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(b)

San Onofre (con't)

WELD LOADINGS (IN-KIPS)
WELD DEADWElGHT WOWENTS ..iERWAL WOMENTS SEISMIC WOMENTS
NO TORSION BENDING TORSION BENDING VECTOR-SUM

-19 605. 413. 13618. 13521. 4825.
20 605. 411. 13618. 11756. 4825,

21 2. 587. 2967. 8738. 6216.
22 . 2. 1581. 2967. 20968.. 10603.
23 83. 325. 6639, 12202. 10603.
24 114. 316. 7566. 10066. 17554,

25 114. 320. 7566. 10739. 17554,

26 SS. 105. 2641. 5011. 1771.
27 58. 204. 2649. 6874. 1808,

28 95. 135. 3715. 555. 1839,

29 40. 95. 572. 8825. 3486.
30 40. 152. 573. 10095. 3486.
31 40. 213. 573. 11255. 3486.

WELD STRESSES (KSI)
WELD DEADwElGHT THERWAL SEISMIC WELO DEADwElGHT THERMAL SElSWIC
NO STRESS STRESS STRESS No STRESS STRESS STRESS

1 .215 8.096 1.734 17 .399 1.430 .743
2 .213 4.634 1.734 18 .335 1.193 .590
3 .217 3.614 1.990 19 .155 4.424 1.305
4 .440 6.005 3.487 20 .154- 4.023 1.305
5 451 6.021 3.366 21 .160 2.445 1.692
6 .086 3.113 3.404 22 .430 5.735 2.886
7 .090 - 2.766 3.505 23 .087 3.427 2.785
8 .038 1.619 .549 24 .086 2.976 4.611
9 .073 2.361 .616 25 .089 3.229 4.748

10 .037 .560 .515 26 .040 1.887 .626
11 .037 2.771 1.306 27 .074 2.517 .639
12 .058 3.184 1.306 28 .041 .583 .497
13 .053 2.348 .861 29 .035 3.123 1.232
14 .674 7.138 1.327 30 .054 3.571 1.232
15 .745 7.857 1.503 31 .050 2.625 .812
16 .159 .089 1.000

(c)
WPPSS

WELD LOADINGS (IN-KIPS)
WELD DEADwE1GHT WOMENTS. THERMAL WOMENTS SEtSulC WOWENTS
NO TORSION BENDING TORSloh BENDING VECTOR-SUM

1 1067. 1135.' 2853. 6209. 6636.
2- 1067, 1113. 2853. 5932. 6636.
3 .120. 1245, 133. 3842. 6366.
4 50. 3279. 306. 10075. 4576.
5 46. 303. 5966. 6771. 3783.
6. 46. 303. 5966. 6771. 3783.
7 28. 46. 3084 4783. 1737.
8 28. 205. 3313. 1984. 1904.
9 61. 182. 4316. 1708. 2092.

10 61. 287. 4316, 1688, 2092.
11 299. 320. 2148. 4479. 2163.
12 299. 355. 2148. 4508. 2163.
13 0. 8742. O. 67267. 21936.
14 0. 8569. O. 65600. 21936.
15 0. 670. O. 6695. 43015.
16 0, 3862. O. 25353. 48893.
17 0. 4439. O. 28235. 48893.
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(c)
50PPSS (ccus't) I

l

!

WELD STRESSES (KSI)
WELO DEADwElGHT THERMAL SE1SulC WELD DEADWEIGHT THERMAL SElSWIC i

t

NO STRESS STRESS STRESS NO STRESS STRESS STRESS

1 .355 1.718 1.749 10 .102 1.110 .735
2 .359 1.632 1.795 11 .102 1.277 .585 1

3 .338' 1.039 1.722 12 .103 1.197 .545
4 .904 2.778 1.261 13 .893 6.871 2.241

:5 .084 2.177 1.043 14 1.012 7.744 2.589
6 .084 2.177 1.043 15 .079 .790 5.078
7 .018 1.839 .610 16 .394 2.584 4.984
8 .072 1.026 .669 17 .380 2.414 4.180
9 .066 1.115 .735

(d)
Waterford

WELD LOADINGS (lN-KIPS)
WELD DEADWEIGHT WOWENTS THERMAL WOMENTS SEISWIC WOWENTS

NO TORSION BENDING TOR $10N BENDINO VECTOR-SUW

1 129. ~435. 5803. 5919. 18243.

2 129. 350. 5802. 5253. 18243.
3 1. 80. 2586. 5168. 17963.
4- 1. 207. 2594. 10338. 16208.

5 1. 251. 2593. 10719. 16208.
6 37. 234. 2085. 14531. 10347.

7 36, 251. 2085. 13439. 10347.
8 3- 35. 1307. 1418. 11210.

9 37. 153. 3522. 6698. 9680.
10 40. 32. 705. 612. 9827.'

'11 73. 205. 2633. 8354. 9841.
12 73. 284 2634. 9833, 9841.
13 1. 1878. 62. 29462, 13673.

14 1. 1755, 62. 28592. 13673.

15 1. 540. 62. 1792. 8954,

16 1. 393. 197. 5075. 7640.
17 1. 357. 197. 4848. 7640,

18 178. 427. 7065. 8557. 17111.

19 178. 334. 7065. 7276. 17111.

20 49. 71. 2564. 4193. 17293.

21 49. 169. 2564 12241, 17867.

22 49. 212. 2584. 12877. 17867.

23 43. 236. 2567. 14744. 13899.

24 43. 253, 2567. 13833. 13899.

25 14. 38. 1277. 1802. 10100.

28 14. 161. 1288 7551. 9188.

27 48. 37. 888. 512. 10853.
,

l. 28 78. 118, 2859. 8581. 11478.

| 29 78. 273. 2880. 10094. 11478.

WELD STRESSES (KSI)
WELD DEADWEIGHT THERMAL SEISWIC WELO DEADwElGHT THERMAL SEISMIC

NO STRESS STRESS STRESS NO STRESS STRESS STRESS

1 120 1.921 4.934 18 .048 .599 .902

2 .098 1.789 4.934 17 .038 .494 .779

3 .022 1.490 4.889 18 .120 2.858 4.828
4 .058 2.857 4.411 19 .097 2.355 4.828

5 .088 2.858 4.257 20 .021 1.239 4.707

8 .002 3.837 2.718 21 .047 3.388 4.883
7 .088 3.850 2.798 22 .058 3.384 4.893

8 .013 .591 3.983 23 .083 3.902 3.851

9 .055 2.521 3.422 24 .089 3.720 3.759

10 .011 .209 2.858 25 .014 .709 3.570

11 .075 3.025 3.479 20 .057 2.889 3.240

12 102 3.537 3.479 27 .013 .208 2.935

13 438 8.888 3.188 28 .048 3.105 4.057

14 .183 2.980 1.425 29 .098 3.828 4.057

15 .084 .212 1.057
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(e)
Group A Composite

WELD LOADINGS (IN-KIPS)
WELD DEADWElGHT WOWENTS THERMAL WOWENTS SEISMIC WOWENTS
NO TORSION BENDING TORSION BENDING VECTOR-SUW

I 1736. 1951. 225. 3380. 13584.
2 787. 1314 225. 3206. 13584.
3 154 926. 906. 1927. 13698.
4 155. 1832. 314. 3890. 14450.
5 155. 1660. 907. 4491. 14450.
6 212. 1011. 2972, 1834. 18099.
7 212. 993. 2972. 1641. 16099.
8 268. 660. 833. 2568. 15523.
9 114. 219. 561. 1943. 14998.

'O 338. 552. 1876. 1237. 14610.
11 337. 792. 1836. 2430, 14411.
12 884. 653. 2093. 4183. 14207.
13 131. 366. 2088. 4883, 14207.
14 84. 46247. 46. 43589. 33409.
15 1. 2634 47. 40779. 33409.
16 2. 299. 47. 6769. 31740.
17 10. 1463. 312. 17492. 25755.
18 480. 27072. 310. 18262. 25755.
19 1108. 1171. 47. 4447. 9831.
20 1108. 976. 47. 4161. 9831,
21 302. 510. 1278. 1143. 10320.
22 302. 1580. 764. 2437. 11903.
23 302. 1608. 1278. 3292. 11903.
24 307. 1043. 5479. 2219. 8428.
25 307. 1023. 5479. 1922. 8428.
26 295. 677. 1120. 4621. 8645.
27 296. 128. 948. 2785. 8843.
28 347. 545. 1738. 1065. 8893.
29 347. 774. 1618. 2840. 8968.
30 888. 640. 1668. 6255. 9131.
31 888. 722. 1667. 6894. 9131.

WELD STRESSES (KSI)
WELD DEADWElGHT THERMAL SEISWIC WELD DEADWEICHT THERMAL SEISulC
NO STRESS STRESS STRESS NO STRESS STRESS STRESS

1 .617 .915 3.674 17 .149 1.783 2.625
2 .385 .868 3.674 18 2.192 1.479 2.085
3 .327 .712 4.810 19 .376 1.203 2.659
4 .574 1.368 5.075 20 .332 1.125 2.659
5 .461 1.258 4.008 21 .194 .502 3.624
6 .284 .739 4.466 22 .560 .876 4.180
7 .279 .698 4.466 23 450 .946 3.302
8 .241 .932 5.451 24 .296 1.128 2.338
9 .082 .696 5.267 25 .290 1.0'2 2.338

'10 .211 .612 5.131 26 .249 1.646 3.036
11 .290 .961 5.061 27 .079 1.006 3.105
12' .237 1.198 3.842 28 .209 .545 3.123
13 .088 1.188 3.311 29 .285 1.078 3.149
14 4.820 4.543 3.482 30 .235 1.721 2.470
15 .311 4.814 3.944 31 .217 1.630 2.128
16 .035 .799 3.747
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small and self-limiting. We did a sensitivity study to determine the effect
,

1. .of radial gradient thermal stress and found that it does not contribute
significantly to fatigue crack growth for the reactor coolant loop piping
(Section 5.1). Therefore, only the uniform thermal expansion stresses were-

considered in our evaluation (Section 6) .

1 Throughout this study, we' considered only the normal stresses since they are
the largest and are oriented in the direction to most influence crack growth
or instability for circumferential cracks. For each loading condition, we
calculated the maximum . principal stress resulting from bending and torsional
moments and assumed that the calculated stress was normal to the pipe cross,

;

!
section. For reasons explained in later sections of this report, the maximum
normal stresses resulting from the axial force, and the bending and torsional'

moments thus calculated at the extreme fiber of the pipe were further assumed
to . act over the entire cross section of the pipe. We ignored the stress

variations along the circumference that 4.esult from bending.
i

i 4.4.1. Dead Weight and Pressure Loads
4

The dead weight load is generally not a dominating load compared with other'

loads in the piping system design. The pressure load was calculated as

| pRf/2R,h, where. p -is the internal coolant pressure, h is the thickness
! of the pipe, and Ri and R are the inside radius and the mean radius. We

m
neglected the variability of the dead load and the pressure load.

! 4.4.2. Uniform Thermal Expansion Loads
'

We believe that the thermal stresses calculated by design engineers are.

usually conservative, and that uncertainty exists in these calculated stresses
and is . mainly due to the difference in assumptions and calculation methods;

j
used by different engineers. We therefore made two assumptions (Vol. 2 of

; P.e f . 2) regarding uniform thermal expansion stress:
.

The variation in the calculated thermal expansion stress can be described,

i 1.

f
by a lognormal distribution with a median equal to 80% of the design
value.
There is only a 10% probability that the true thermal stress exceeds the.2.
design.

is consideredThe median, or the 50th percentile of the modeling uncertainty,
our best-estimate model of the thermal stress.

No random uncertair.ty - is

considered in this case.

4.4.3. Seismic Loads

The calculation of seismic loads, or stresses, is more complicated than . that!

I of other loads. It involves a chain of methodologies: the characterization|

of free-field ground motion, soil-structure interaction, structural response, |j Random and modeling uncertainties exist in each link
and subsystem respcnse. Due to the complexity of the calculations,

of the seismic methodology chain. in
and to the uncertainties, design engineers make conservative calculations,.

each step of the methodology chain. Efforts were made in the indirect DEGB
assessment of ' CE reactor coolant loops (Ref. 1) tu quantify both the,

f This was doneconservatism and the uncertainties of seismic response results.
in the stress calculation. We used;

by reviewing the analytical methods used
34
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Table 4.3. Distributions of seismic responses.

R 8R B u
Median Logarithmic standard Iogarithmic standard
response deviation due to deviation due to

Plant factor randomness modeling uncertainty

Palo Verde 1, 2, and 3 1.88 0.28 0.39

San Onofre 2 and 3 2.93 0.30 0.45

WPPSS 3 3.07 0.25 0.38

Waterford 1.38 0.22 0.35

Group A Composite 2.66 0.36 0.51

the results of the indirect DEGB assessment documented in Ref. 1 to model the
inherent randomness and to quantify the modeling uncertainty for the direct
DEGB assessment.

Table 4.3 is a summary of the variabilities of seismic stresses developed from
indirect DEGB assessment. The median response factors represent the
conservatism of the design calculation. In other words, they are the factors
required to scale down from the design responses to obtain the best-estimate
response values. The two other parameters, 8R and S g, are the
logarithmic standard deviations of the distributions due to randomness and to
modeling - uncertainty. Note that the values for Group . A Composite plant
represent the conservative lower bound of all Group A plants with respect to
the median response factor and the. widest spreads on distributions. The
median response factors and the associate lognormal distributions due to
randomness represent the best-estimate models of the seismic responses. They
correspond to the median, or 50th percentile, of the distribution due to
modeling uncertainty.

4.5. Crack Growth Characteristics

The suberitical fatigue crack growth is an important phenomenon that leads to
pipe failure under low-level cyclic stress conditions. There are sufficient
data available to characterize the fatigue crack growth rate (da/dn) for ASTM
SA-516 Grade .70 ferritic steel, which can be represented by Paris models in
terms of two ~ important parameters: the cyclic stress intensity factor AK and
the load ratio R.

The fatigue crack growth model used in this study is a modified version of the
reference fatigue crack growth model for carbon and low-alloy ferritic steel
contained in Appendix A of Section XI of the ASME code. It has the following
form (Ref. 12):

= Q[C AK ] (4.5)
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where the expression inside the brackets represents the ASME code reference
fatigue crack growth model (Fig. 4.6) and is dependent on the value of R. The

multiplication factor Q is a lognormally distributed random variable with
values for the logarithmic mean and standard deviation listed in Table 4.4 for
different values of R and AK.
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Figure 4.6. ASME reference fatigue crack growth curves for carbon and
low-alloy ferritic steels.
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Table 4.4. Constants associated with the random variable Q in the
fatigue crack growth model for carbon and low-alloy
steels: AK = ksiT in.; W = (R - 0.25)/0.4 ; W' =1-W.

Standard Deviation
Ranges for R and AK Mean of ln Q of in Q

R< 0.25

AK < 19 -0.408 0.542
AK > 19 -0.408 0.542

R> 0.65
AK < 12 -0.367 0.817
AK > 12 -0.367 0.817_

0.65 > R > 0.25
AK < 12 + 7W -0.367W - 0.408W' O.817W + 0.542W'
AK > 12 + 7W -0.367W - 0.408W' O.817W + 0.542W'

This fatigue crack growth model was developed from the same data base as the
ASME reference model. However, the ASME model was based on a 95% global
confidence limit for the mean of the data and was intended to be conservative
for design purposes (Ref. 13). The growth model used here and represented by
Eq. (4.5) is the best-estimate model of the data with randomness characterized
by Q. The ASME model is conservative by an approximate factor of 1.5 as
compared to the median of Eq. (4.5). In this analysis, we used a threshold
value of 2.58 ksi 6 . for AK (Ref. 4), below which the crack growth rate is
considered to be negligible.

4.6. Failure Criteria--Tearing Modulus Instability

Two criteria are available to assess the stability of crack growth in
structures that are stressed beyond the region of applicability of

linear-elastic fracture mechanics. One is the critical net-section stress
approach and the other is the tearing modulus stability approach.

The net-section stress approach is a simple and convenient method (Ref. 14).
It is based on the experimental results of a center-cracked stainless steel
panel in tension. The crack is considered to be unstable when the ligament
net-section stress exceeds a critical value. The critical net-section stress
is usually taken as the flow stress. The net-section stress approach is
applicable only in very ductile materials such as the stainless steel used in
W reactor coolant loop piping.,

On the other hand, the tearing modulus approach using the elastic-plastic
fracture mechanics theory is the more logical approach. Using this approach,
we can assess the stability of cracks in both the radial and circumferential
directions. Instability in the radial direction results in a leak. However,
instability in both radial and circumferential directions must exist for a
DEGB to occur.

37

.- _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _



, - .- -_ . _ - -- .-

,
,

f

'
,

Crack instability occurs as theJJ-integral, J, and tearing modulus, T, exceed

the corresponding values JIC<and TJR of the material's J-resistance curve,'

i.e., '
i'

t

J 2. JIC

T>TJR
' Unfortunately, calculating J and T is a complicated a task and usually requires
a finite element procedure.

In the case of'CE reactor coolant loop piping, the tearing modulus stability'

approach is used. Ferritic material used in CE piping is less ductile than*

stainless steel, and failure can occur before the net-section stress criterion
is reached. It is further observed that the critical net-section stress is
dependent on the pipe diameter (Ref. 14); it decreases as the pipe diameter

,

increases. The use of the net-section stress approach might not be
appropriate for the hot leg of CE reactor coo ant loop piping since its inside/ l

diameter, which is approximately 42 in., might be too large to fall within the
,

' - range for which the critical net-section stress has been determined.
;

It is ~ impractical to use the finite element method of the tearing modulus
.

approach in a Monte Carlo simulation in which a large number of samples are,
i taken.. Tabulated solutions or solutions in formula form of J and T for

various crack sizes and many loading conditions are needed instead to use the
. computer economically.

. The J and T solutions for two-dimensional cracks shown as Case a in Fig. e 4.7
are nonexistent. Therefore, we based the stability assessment in the radial
direction on tabulated recults for part-through complete circumferential

- cracks (Case b) (Refs.15 and 16) . In the circumferential direction, we used

an approximate approach (Ref. 7) based on known linear-elastic solutions for
f

through-wall part-circumferer:tial cracks ,(Case c) (Ref. 17) and linear-elastici t
and elastic-plastic solutions ior center-c':acked panels (Ref. 18). Appendix C~

details the methodology for ' calculating J and T. Note that these existing

results or approaches are for straight-tun ' pipes under uniaxial tension. We
L

made the following assumptions to use these results for two-dimensional crack
geometry:

f

1. The J-integral and the tearing modulus in the radial direction of a
two-dimensional crack with' crack depth a and aspect ratio 8 are equal

;

to the corresponding values of a part-through complete circumferential
crack af the same depth a.

2.- - The J-integral and the tearing modulus in the circumferential direction
.of a two-dimensional crack with crack depth a and aspect ratio 8 are
. equal to the corresponding value of a through-wall part circumferential' '
crack with crack length equal to 2 x' a x 8

. Int reality, the values of the J-integral J and the tearing modulus T vary
along the crack front. To simplify the problem, the J-integrals and the
tearing moduli in the radial and circumferential directions described above
are defined as the equivalent values for the stability assessment in these two !

directions in accordance with Eq. (4.6). Figure 4.7 shows the varioue crack
'

geometries and the assumptions cited above.

3b
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"' Assumptions
2b

1. J, = J'e
J ,Tb b T, = T'

,

2. J = J'b b,

'

Tb = T'b

r*s

Figure 4.7a. Case as Two-dimensional
*

crack.

n J',,T',

,ce #
_ ' _8 5 ; ' ,' _? 9..; :-t

,4 ' .ga

J'b,T'b

s

Figure 4.7b. Case b: Part-through Figure 4.7c. Case c: Through-wall
complete circumferential part circumferential
crack. crack.

These two assumptions are believed to be conservative for calculating
J-integrals since J solutions for any two-dimensional cracks are bounded by
.these two extreme conditions (Ref. 19). The conservatism of J is small ifa
the crack length is large. This is also true for Jb if the crack depth is
close to the wall thickness. For a DEGB to occur , the crack will generally
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have.to be large in both depth and length. Therefore, these two assumptions
are not overly conservative for estimating DEGB probability. However, it

could be very conservative in the case of a leak.

In using the tearing modulus instability approach, the sampling space can be
divided into nine regions of crack states. The boundaries of these regions

can provide a guide in preparing a stratified sampling scheme for the Monte
Carlo simulation. This is explained in detail in Appendix A. The loads on
the piping are the combined effect of the axial, bending, ano torsional
loads. .The axial load is mainly due to the internal coolant pressure. Other
loadings,. such as the dead weight, thermal expansion, and seismic loads,
generally create bending and torsion. The J-integral solutions for Case b

(part-through complete circumferential) cracks in pipes under bending are not
available, and .the solutions for both case b and Case e due to the combined
action of . axial and bending are nonexistent. To utilize the available
solutions of pipes under axial load, the following calculation methods were
used:

1. Calculate the maximum principal stresses due to all loading conditions.
2. Assume that these maximum principal stresses are oriented in the axial

direction of the pipe and exist all around the circumference.
3. Assume that the compliance of the piping systen is infinity. This

implies that the applied tearing modulus will be high, thus promoting
instability condition.

This results in a rather conservative axial load for the estimation of DEGB
probability. However, it is not overly conservative for leaks where cracks
are located close to the angular position of the maximum principal stress.
Another conservatism also included in the failure assessment is the

consideration of all the displacement , controlled stresses since it is

impractical to make reasonable estimates in this study.

As , described earlier, the J-integral and the tearing modulus in the

circumferential direction were calculated based on an approximate method. To

assess the impact on the calculated system failure probability due to possible
inaccuracy of these J and T values, a sensitivity study was performed; the
results are presented in Section 5.3.

4.7. Imak Detection capability

In this study, a leak is considered to be detected once a crack results in 3
or more gpm of coolant leakage. Once the leak is detected, the crack is
considered to be fixed, and we assume that neither further crack growth nor

failure will occur. The calculation continues for the next crack in the Monte
Carlo simulation process. The method of calculating crack opening and coolant
flow is documented in Ref. 3.

4.8. Crack Esistence Prcebility

We calculated the crack existence probability based on the assumption that the
cracks ' in weld joints occur as events of a Poisson process (Vol. 7 of

40
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_ Ref. 3). The existence probability of exactly n cracks can be represented as
, follows:

-(v AV)/ n!
-

n (V A v) nP " e (4.7),

- where v is the weld volume of a weld joint, and A is the rate of cracksy-

per unit volume. It appears that a value of 10~4/in.3 is a reasonable
estimate for A The weld volumes for all CE plants considered are giveny.

_ in Table 2.2. Since the probability of two or more cracks existing in a weld
is small compared to the existence probability of one crack (P ) for typical1-

reactor coolant loop weld joints, we considered only singular cracks in this
- study.

4.9. Seismic Hazard Information
--

. There are three areas of interest in addressing the problem of seismic
hazard. One is the probability of earthquakes of specific magnitude or
intensity at the site of the plant. This is usually represented by hazard=

j curves. The other is associated with the occurrence time of a specific number
- of earthquakes during a given observation period. The third is the

characterization of the free-field ground motion of an earthquake, which is
usually characterized as the time history or response spectra with a specific
peak ground acceleration (PGA) . This topic is usually included in the seismic
analysis methodology chain to estimate the responses of a structure or a
component, as described in Section 4.4. The safe shutdown earthquake (SSE)
PGA values for CE plants can be found in Ref. 1. The PGA values for operatingj basis earthquake (OBE) is equal to half of those for SSE.

.

_

i 4.9.1. Seismic Bazard Curves
'_-
- To assess the seismic effect, seismic hazard curves are used to model the

frequency of occurrence of earthquakes of different intensity. Randomness of
earthquake magnitude is typically modeled by plots of annual frequency ofe

i exceedance vs. peak ground acceleration. Since we usually know very little
about the frequency of earthquakes of different magnitudes at the site of-

- interest, especially high intensity earthquakes, quantification of modeling
; uncertainty is essential. Modeling uncertainty is generally represented by" hazard curves with various subjective probabilities or corresponding to
- different percentiles of a distribution. The best-estimate seismic hazard

curve is the one corresponding to the median, or 50th percentile, hazard curve.

Generic and site specific are the two kinds of seismic hazard curves used in
f this study. We developed Eastern U.S. generic seismic hazard curves (Fig.

4.8) based on existing site specific hazard curves from six plantt located
east of the Rocky Mountains (Ref. 2) and used them for CE plants located east

- of the Rocky Mountains and that did not have site specific seismic hazard
= curves. Combustion Engineering, Inc. developed the site specific hazard
- curves for Palo Verde Units 1, 2, and 3 (Ref. 20) and San Onofre Units 2 and 3
9 (Figs. 4.9 and 4.10). The curves for WPPSS 3 (Fig. 4.11) were based on charts

-

of three return periods documented in Refs. 21 and 22. Extrapolation was
made beyond a 2500-year return period. We made no effort here to evaluate the

_ appropriateness of these hazard cur ves since earthquakes are not significant
contributors to system failure for the reactor coolant loop piping. We used

] them more as a gauge to study the effect of seismic hazard than as an accurate
} account of seismic hazard at the sites of interest.

_
~
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Figure 4.8. Generic seismic hazard Figure 4.9. Site specific seismic'

curves for sites east of hazard curves for Palo
the Rocky Mountains. Verde 1, 2, and 3.

4.9.2. Probability of Earthquake Occurrence
t

Earthquakes are usually' assumed to occur as events of a stationary PoissonI

process. . The probability of exactly n earthquakes occurring during a time
|-

interval of length t years.is given by

-A t / n! (4.8)t)" e 0 ,
j- Pn " (10

of earthquakes per year and.where . A is the expected rate or frequency _
(Vol. 7 of ' Ref. 3)0 Based on Eq. (4.8), it can be provedn=0, 1, 2, .....

~that the time to the first earthquake is an exponential random variable, i.e.,
thas probability density function Age'A0 , t > 0.

4.10. Other Input. f*

The hydrostatic proof tests were assumed to be performed during plant shut
' down when no load except dead weight exists in the piping. The test pressure

is assumed to be 3.125 ksi. The inservice inspection is neglected in this
study since such inspection programs vary greatly from plant to plant; it,

i cannot be-modeled with reasonable confidence. We get conservative results by
.not taking into account the ef fect of inservice inspection.
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5. SEIBITIVITY STUDIES

'5.1. W t of Radial Gradient Thermal Stresses Due to Thermsl Transients

During the lifetime of a plant, various thermal transients associated with
both normal ' operating and faulted conditions are postul' ted to occur. Thesea
transients cause . a time-dependent temperature fluctuation of the reactor'

; coolant, which in turn gives rise to pipe stresses over and above those
i resulting from restraint. of uniform thermal expansion. Because of the

circular pipe ' geometry, ' the stresses are axisymmetric and change only in the
radial direction. We therefore refer to them as radial gradient thermal

stresses.j.
As with other stress quantities, the component of the radial gradient stress'

of interest from a crack growth perspective is - the axial (normal) component
,

g(r,t) given by the following expression (Vol. 5 of Ref. 3):; o

o,(r,t) =[ T(r,t) - T(t) (5.1)' ,

+

.

I where
E and v = Young's modulus and Poisson's ratio,

a = the coefficient of thermal expansion,

T(t,t) - the time and position dependent temperature, and
T(t) = the average temperature across the pipe section.

- Evaluation of this quantity is a transient heat conduction problem. Once the
stresses are determined, they can be used to calculate the resulting stress
intensity factors in the calculation of fatigue crack growth due to the
transients.

The computation of radial gradient thermal stresses and associated stress
intensity factors is performed numerically (Ref.11) . Input required for each
thermal transient is the temperature and pressure time histories cf the
coolant, the weld joint geometry, and the material properties. The radial

" gradient thermal stresses are calculated at various positions through the wall
thickness for time increments starting from the - beginning of the transient
until after the' coolant temperature has reached an equilibrium value.
Corresponding stress intensity factors are then determined. Since the crack
growth mechanism of interest in this study is fatigue, the maximum change in
the stress intensity factors for each thermal transient cycle is required.
Consequently, the maximum _and minimum values are monitored through~ the
. transient time history. Output consists of these maximum and minimum stress
intensity factors as a function of location through the weld depth. These
factors then enter the crack growth model to determine the influence of the
particular transient.

,

Table 2.3 lists 17 typical postulated thermal transients for a CE reactor
coolant loop system. We found tha t several of these transients provided
stress ' intensity factors sufficiently close to the threshold value required
for crack growth to necessitate consideration. They ares

:1. Plant heatup and cooldown (transients 1 and 2) .
2. -Ioad and unload at St/ min. (transients 1 and 4).
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3. Step load / unload cycle 10% from full power (transients 5 and 6).
4. Turbine-reactor trip, loss of reactor coolant flow, and loss of load

(transients 8, 9, and 10).

To evaluate the effect of these transier ts on the failure probability of CE
reactor coolant loops, we first studied a single weld in the Palo Verde
Plant. Previous analysis of the Palo Verde plant had indicated that this weld
was subjected to the most severe thermal and seismic loads. Adding thermal

_ transients to the analysis of this weld would provide an upper bound for the
effect of the transients on all weld failure probabilities at the plant.

Two analyses were conducted. In the first, the weld was subjected to uniform
thermal loads resulting only from plant heatup and cooldown, and to seis.nic
stresses from four postulated earthquake intensities that ranged from ODE to
five times SSE. Weld leak and DEGB failure probabilities were calculated over
the lifetime of the plant. In the second analysis, the remaining therm:.1
transients were added to the loads already defined. The time variation in the
probabilities of leak and DEGB are illustrated in Fig. 5.1. We noe that the
impact of the additional thermal transients on leak prooability is
insignificant. The DEGB failure probability increases by less thar. a factor
of two. Because the additional transients have such small effect on the
calculated failure probabilities, we concluded that their impact on crack
growth must also be small compared to that of the uniform heatup and cooldown
thermal loads and the seismic loads. For this reason, thermal transients
other than heatup and cooldown and the effect of radial gradient thermal
stresses were excluded from the best-estimate and uncertainty analyses of the
CE reactor coolant loop piping.

We should point out that in this sensitivity study, the net-section stress
failure criterion was used instead of the more appropriate tearing modulus

' stability criterion. However, we believe that the conclusion will not be
affected by the difference in the failure criteria used. It is our experience

| that the tearing modulus s tability approach suggests earlier failure of
| = potential cracks compared to the net-section stress approach. The slopes of

the curves in Fig. 5.1 would be smaller if the tearing modulus stabilityj
' approach were used. Therefore, the tearing modulus approach stresses the

_

importance of a hydrostatic proof test before the plant goes into operation.

5.2 Effects of Earthquake Intensity Threabold

In Section 3.1.2, we defined an " earthquake" (Eqk) as the ground motion with
free-field PGA above a predefined intensity threshold a0, below which little
structural damage is expected. In this section, we describe the results of a,

- s tudy of the effects of a0 on the probability values of the four events
(called scenarios in Section 3.1.2) depicted in Fig. 3.2.

The reactor coolant loop piping system of Palo Verde was used in this-

sensitivity study. The results are presented in Fig. 5.2 as solid lines.
stEvent $1, P[DEGB and 1 Eqk], and Event 82, P[DEGB prior to ist Eqk], are

the cases with .he first earthquake occurring during the plant life. The,

I third event, P[DEGB and no Eqk], is the case where no earthquake occurs during
kg-

plant life. It was observed that, in the range of ao where probabilities
were calculated (a0 > 1/8 OBE), the probability of Event 83 increases as

m il
-
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Figure 5.2. Effects of a0 on various failure events of the Palo Verde
reactor coolant loop piping.

the threshold a0 increases, while the probabilities of Event #1 and Event #2
decrease. The system failure probability, P[DEGB neglecting Event #4], is not
very sensitive to the variation of a0 However, it is not a constant
value. The system failure probability is 4.53 x 10-13 per plant year at

4.58 x 10-13a0 = 1/2 OBE and approaches a horizontal line with P[DEGB] =

at a0 = 1 OBE.

|
The above phenomena can be explained mathematically using Eqs. (B.1-B.3)

| presented in Appendix B. Thic will also shed light on the probability value

| for a0 < 1/8 OBE where no data were obtained. According to Eq. (B.3), the

! value of P[PF and no Eqk] is proportional to e~A T. Here, 10 is the0
j expected number of earthquakes per plant year and is related to a0 through
j the seismic hazard curve. Since the ordinate of the seismic hazard curve, or

~A ) , the larger the! the annual frequency of exceedance, is equal to (1 - e
and therefore thevalue of a0, the lower the corresponding value of 10

| larger the value of P[PF and no Eqk]. As a0 becomes very small, so does
P[PF and no Eqk] as indicated by the dashed line in Fig. 5.2.

| The failure probability of Event $1, P[DEGB and 1st Eqk], is very small
compared with those of Events #2 and #3. The probability of Event $2, P[DEGB

tAge-Ac of the integrand.prior to lat Eqk), is dependent on
t

0 is the density function of the random variable, the1eOHere,

occurrence time of the let earthquake (Vol. 7 of Ref. 3). It is also a

47
i

I
u



function of ap through the relationship ~between 10 and a0 The
Ufunction Age-AO approaches zero as ao approaches both zero and

infinity for any specific value of time t between zero and the plant life T.

ao increases from 1/8This explains the downward trend of P[ Event #2] as
OBE. For a0 less than 1/8 OBE, P[ Event #2] will continue to increase but
will eventually drop down to zero as a0 approaches zero. This is indicated
by the dashed line. J

If a0 is large, then earthquakes correspond only to very high PGA, and the
possibility of having an earthquake within the lifetime of the plant becomes
extremely small. Not only do the probabilities of Events il and #2 approach
zero, but the probability of Event #4, to which we haven't paid much attention
so far, will also approach zero. In this case, the calculated P[PF) , with or

without considering Event #4, will be very close to the probability of Event
#3. It is important to point out that Event #4 described here assumes that the
plant condition is not altered after the earthquakes.

In this study, we are not interested in very small values of ao since small
earthquakes rarely cause any damage as we learned from past experience. Here,
a0 was chosen to be 1/2 OBE for all CE plants except San Onofre, in which
1/5 OBE was used since San Onofre is in a seismically active zone. Based on
Palo Verde results, it is clear that the overall system failure probability.

P[DEGB] is not very sensitive to the variation of earthquake intensity
threshold a0 for a0 greater than 1/8 OBE. The selection of a0 value is
of no vital importance if the separate probability values of 5. e. . t s e2, 93,

and #4 are not of special interest. We believe that the earthquake intensity
thresholds chosen for CE plants are appropriate for our purpose.

It is believed that the pipe failure probability is independent of the
artificially defined earthquake intensity threshold, since the pipe failure is
a natural event and is dependent only on the plant conditions. In other

words, the system failure probability is not a function of a0 even though
a0 affects the division of the system failure probability among the four
scenarios (or events). It is important to point out that the calculated
system failure probability in this study is not a constant (or independent of
a) even if the contribution of Event #4 was included, because the effect ofo
the ground motions below the threshold a0 were neglected in the

calculation. However, we believe that the calculated value is a very good
approximation of the true system failure probability, since a0 was defined
as the PGA, below which little structural damage is expected.

5.3. Effects of Approximate J and T Values in the Circumferential Direction

As described in Section 4.6, the J-integral and tearing modulus in the
circumferential direction were calculated based on an approximate method.
Reference 7 compared the results obtained from this approxinate method with
the more accurate finite element approach using a specific pipe geometry with

1/8. The J-integral values calculated from the approximate methodb/vR =

closely match those of the finite element results. For larger cracks, e.g.,

1/4, the J-integral solutions from these two approaches start tob/wR =

deviate from each other. It was estimated in Ref. 7 that the calculation for
J could be in error by 20% in this case. A new study is under way at General
Electric (GE) to accurately calculate J and T in the circumferential direction
by use of the finite element method.
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.

We did a sensitivity study to assess the possible impact of the inaccuracy of
the approximate approach on the system DEGB probability. Wo subjective
multiplication factors defined as functions of crack length (Fig. 5.3) were
applied to the calculated J-integral values in the circumferential direction.
We believe that these modification factors are rather conservative; however,
this will become clearer when the new GE report documenting more accurate
solutions becomes available. Note that we did not vary the J and T values in
the radial direction since an accurate finite element me thod was used to
derive tabulated results in that direction.

The results of this sensitivity study are presented in Fig. 5.4 for system
.DEGB probabilities. Using modification factor f, the system DEGBi
probability increases by a maximum factor of 8.5. For the second modification
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f, the maximum increase inf, which is equal to twice offactor t2J-integral is a factor of 11.6, which is still not much more than one order of
magnitude. Since the system DEGB probabilities are extremely low, one order
of magnitude increase is considered to be of little significance. Therefore,

we believe that the approximate method used to calculate J-integral in the
circumferential direction is adequate for our purpose in this study. This
finding is not surprising since instability in both radial and circumferential
directions is required to induce a DEGB. In the radial direction, the f ailure

criterion was accurate and was not changed in this sensitivity study.
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6. ANALYSES AND RE3ULTS INCLUDING UNCERTAINTIES

As described in Section 3.2, the inherent randomness of all parameters was
described either by constants or by distributions and was considered in the
analytical process depicted in Fig. 3.1. In addition to the inherent
randomness, modeling uncertainties were estimated for five of the parameters
for which the effects of these uncertainties were considered to be

significant. The parameters with modeling uncertainties are crack depth,
crack aspect ratio, thermal expansion stresses, seismic stresses, and seismic
hazard curves. The models for those parameters whose modeling uncertainties

neglected are naturally the best-estimate models. For parameters for
were thewhich modeling uncertainties were considered, the best-estimate models are
models corresponding to the median, or 50th percentile, in their uncertainty

a best-estimate analysis
distributions. We performed two types of analyses:
and an uncertainty analysis. The former consi'ders only the best-estimate

The latter takes into account modeling uncertainty.models and parameters.

6.1. Best-Estimate Analysis

The best-estimate analysis uses the best-estimate models in calculating system
leak or DEGB probability in accordance with the analytical procedure depicted
in the flow chart in Fig. 3.1. The best-estimate analysis creates a single

failure probability for a reactor coolant loop piping.point estimate of the
The results for CE reactor coolant loop piping systems are shown in Table 6.1
for leak probabilities and in Table 6.2 for DEGB probabilities. It is a

important to point out that while best-estimate models were used for many
parameters, other parameters were based on conservative assumptions.

Therefore, this best-estimate analysis actually yields conservatively biased
results.

The best-estimate annual system leak probabilities for CE plants are rather
low and fall within a very narrow range varying from 1.5 x 10-8 to

are incredibly low. The
2.3 x 10-8 The best-estimate DEGB probabilities

Table 6.1. Best-estimate values of annual leak probability for CE reactor
coolant loop piping.

Event

il 02 83

Plants a0 PlPP Olst Eqk] [PF prior to let Fak) PlPFOno Eqk] PlPF)

Palo Verde
1, 2, and 3 1/2 OBE 4.51 x 10-11 9.42 x 10-10 1.40 x 10-8 1.50 x 10-8

San Onofre
2 and 3 1/5 OBE 5.81 x 10-10 2.06 x 10-8 3.64 x 10-10 2.16 x 10~8

WPPSS 3 1/2 OBE 1.0 3 x 10-10 1.99 x 10-9 1.60 x 10-8 1.81 x 10-8

Waterford 1/2 OBE 6.73 x 10-10 9.57 x 10-10 1.59 x 10-8 1.76 x 10-8

Composite 1/2 OBE 6.08 x 10-10 1.27 x 10"' 2.11 x 10-8 2.30 x 10-8Group A
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I Table 6.2. Best-estimate values of annual DEGB probability for CE reactor
|coolant loop piping.

Event

il #2 #3

Plants a0 P[PF Olst Eqk] [PF prior to let Eqk] P[PF Ono Eqk] P[PF] !

|

Palo Verde
1, 2, and 3 1/2 OBE 6.53 x 10-16 2.70 x 10~14 4.26 x 10~13 4.53 x 10-13

San Onofre
2 and 3 1/5 OBE 2.37 x 10-15 1.00 x 10~13 1.92 x 10-15 1.04 x 10~I3

WPPSS 3 1/2 OBE 3.34 x 10-16 6.44 x 10-15 5.43 x 10~14 6.11 x 10~14

Waterford 1/2 OBE 4.72 x 10-15 4.62 x 10-15 8.04 x 10~14 8.97 x 10-14

I
croup A
Composite 1/2 OBE 1.57 x 10-15 2.89 x 10-15 5.05 x 10-14 5.49 x 10~14

range for a DEGB is larger than that of a leak, with the low being
5.49 x 10-14 per plant year and the high being 4.53 x 10-13 Considering

the fact that the system DEGB probabilities are very low, then an order of
magnitude difference between the low and the high is still a relatively narrow

The closeness of best-estimate results among plants can be attributedrange.
to the fact that there are no dramatic differences in the reactor coolant loop
piping geometry and the operating loading conditions. The major difference is
the intensity of the seismic load. However, the effect of seismic load is

insignificant as will be explained later.

The probability values associated with the three events that constitute the
overall system failure probability are affected by the subjective threshold
peak ground acceleration value, which defines the earthquake. It is

interesting to otserve the following:

1. For a low earthquake threshold, as in the case of San Onofre 2 and 3,

Event #2, P[PF prior to ist Eqk], is the dominant event. In the case of a

higher earthquake threshold, as for the other plants, the dominance is
shifted to Event #3. ~ In both cases, the probabilities of Event il remain j

|small.
2. Event fl, P[PF and 1st Eqk], is much lower than either Event #2 or

Event 93. This indicates that our usual intuition about the likelihood of
an earthquake inducing high stresses in pipes and in turn breaking the
pipe is not necessarily correct if all the probabilities are taken into
consideration. It is more likely that the pipe will fail under other

circumstances.

The above observations are consistent with the results of the sensitivity
study presented in Section 5.2. In that study, it was concluded that the
earthquake intensity threshold ao does not have a significant effect on the
estimate of the system failure probability. However, it does affect the
division of the system failure probability among the four scenarios tha t

| constitute the system failure. As shown in Fig. 5.2, Scenario $3 is

| increasing while Scenario $2 is decreasing as ao is varied from 1/5 to 1/2,
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i-

p- OBE.. For values of a0 that are not very small, (e .g . , for a0 larger than
1/8 OBE), the system . failure probability is insensitive to the variations of
a0*

6.2. -Uncertainty Analysis

[ As described above, the best-estimate analysis results in a point estimate of
'

both~ leak and DEGB probabilities for each plant of interest using the-

parametric values or curves corresponding to the median of the distribution of
the modeling uncertainty. Here again, the values of the calculated leak or

| DEGB probabilities are not known with certainty. Therefore,.a range of values
i or a distribution for the leak and DEGB probabilities considering the whole
i range of modeling ' uncertainty is . is.portant in addition to the point estimate

produced in the best-estimate analysis. This provides uncertainty bounds on
leak and DEGB probabilities. inis analysis is called uncertainty analysis.

,

| . We used the Latin Hypercube sampling technique to develop a set of samples
; that could be used to estimate the distribution of leak or DEGB probability
! due to modeling uncertainty. The basic procedure for the uncertainty analysis
' using the Latin Hypercube (LHC) sampling technique follows. Readers are

referred to relevant -literature for a detailed description of this technique
(Ref. 23) .

1. For each parameter, divide the distribution due to modeling uncertainty
j into n equiprobable intervals.

| 2. Select a random value within each interval. A total of n values spread
over the distribution for each parameter is obtained. Repeat this process

4 for all a parameters for which modeling uncertainty is to be considered.
i 3. Randomly . combine a value without replacement from each . distribution to

form a set. A total of n sets of a values is obtained.. Each set includes
. a value for each of the a parameters. The n sets represent an LHC sample.
j. 4. Calculate P[ LEAK] and'P[DEGB] following the procedure presented in Section

3.1 and in Fig. 3.1 for each of the combinations. A total of n values is
obtained. '

; 5. Construct a distribution of leak or DEGB probability from these n values

| for each plant.

i

! This distribution provides the 'information regarding the effect of modeling
.

uncertainty ~ in the estimation process. Figure 6.1 is a schematic diagram of
' the uncertainty analysis using the Latin Hypercube sampling technique.
4

! We did the uncertainty analysis for all CE plants of interest, using a sample
'

size of 20 in each case. The combinations for CE plants are attached in
Appendix D. Figures 6.2 and 6.3 show typical system leak and DEGB
probabilities. The data are presented as empirical cumulative distribution

! functions. The upper and lower bounds as well as the 10th, 50th, and 90th
r Percentiles are marked.

L

| These data were also fitted with lognormal distributions, which are plotted as
: dashed lines in Figs. 6.2 and 6.3. Based on the fitted 'lognormal

I distribution, the leak probability has a median value u of 1.71 X 10-8
| events per plant year and a logarithmic standard deviation 8 of 1.06. The
;- 10th '' and 90th percentile leak probabilities are 4.4 X 10-9 and 6.6 X 10-8

per plant year. For the DEGB distribution, the p value is 2.3 X 10-13 and
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Figure 6.2. Empirical cumulative distribution function and lognormally
fitted curve for the leak probability of the Palo Verde reactor
coolant loop piping.

the 8 value is 4.42. The 10th and p0th percentile DEGB probabilities were
found to be 8.3 X 10-16 and 6.7 X 10-l' per plant year.

To summarize the uncertainty analysis, Figs. 6.4 and 6.5 plot the two extreme
f ailutt probability data points, upper and lower bounds, and the 10th and 90th
percentile P[PF] values for each of the CE plants considered. The data for
the annual DEGB robability vary from 0 to 8.4 X 10~11 However, it is safe
to say that 10- O per plant year seems to be the approximate upper bound
probability for a DEGD to occur in a CE reactor coolant loop. In the case of
a leak, the resulta vary in a narrower range with the extreme low being
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3. 3 . X 10-9 and the extreme high being 1.9 x 10~7 Therefore, 2 X 10~7
per plant year can be considered as the approximate upper bound for leak in a
CE plant.
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7. StBSIARY AIR COIICLUSIOIE

In nuclear power plants, the assumption of DEGB in the reactor coolant loop
piping has resulted in severe design loading conditions that include

asymmetric blowdown, pipe whip, and the safe shutdown earthquake and DEGB load
combination. Through a contract with NRC, we assessed all U. S. reactors

designed by Combustion Engineering, Inc. to determine the probability of DEGB
occurrence. As was expected, our findings indicate that direct DEGB is an
extremely unlikely event.

We used a probabilistic fracture mechanics approach to estimate the crack
growth and to assess the crack stability during the lifetime of the plant.

eightOur results indicate that best-estimate leak probabilities for the CE

reactor coolant loops considered vary from 1.5 X 10-8 to 2.3 X 10 per
best-estimate DEGB probabilities vary from 5.5 X 10-14 toplant yeag The

4.5 X 10- These are extremely small probabilities, especially the DEGB.

probabilities. The uncertainty analysis produced distributions of the leak
and DEGB probabilities for each plant. The distributions reflect the

uncertainty due to lack of knowledge in the estimation process. The DEGB
-11probabilities can vary from 0 to 8.4 X 10 per plant year due to

uncertainty in the estimation process. The leak probabilities vary from
3.3 X 10-9 to 1.9 X 10-7 per plant year. Based on the results presented

in Section 6, we conclude the following:

1. Leak and DEGB due to crack growth are extremely unlikely events in CE
reactor coolant loop piping. Therefore, the elimination of DEGB

requirements in the reactor coolant loop design will not compromise plant
safety.

2. The probability of earthquake-induced pipe failure through crack growth is
much smaller than pipe failure under other plant conditions after the
probabilities associated with the seismic event are taken into

consideration. The small probability supports the argument that the
design requirement of the safe shutdown earthquake plus loss of coolant
accident combination should be eliminated and replaced with more

reasonable criteria.
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APPEIGIX As THE SAftPLIIIG SPACE ABID THE STATE OF CRACKS

Under the tearing modulus instability criteria, the sampling space of crack
sizes at a weld joint can be divided into several regions based on the range
of resultant loading conditions. The boundaries of these regions can be used
as a guide in preparing a stratified sampling plan for computational
efficiency under a Monte Carlo simulation. The sampling space is a two-i

dimensional space spanned by crack size parameters a/h and a/b , where a and
b are the crack depth and the half crack length, and h is the thickness of the
pipe. The values of a/h and a/b vary from 0.0 to 1. Figure A.1 shows the
sampling space. The shaded area on the lef t represents an infeasible region
because the crack length cannot exceed the circumference of the pipe.

To decide the boundaries, the minimum and the maximum loads that a weld joint
will possibly experience over the lifetime of the plant must be calculated

4 9
#

| 'k */,o~o
o d

*

Unstable Possibly unstable Stable
. .- >

-Infeasible region

G < B E)j(a h a
'

h h Leak h Leak n
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Figure A.l. The sampling space and the regions of crack states.
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first. Using the tearing modulls instability criteria, the largest crack
sizes a and b without creating instability can be determined by usemax aax
of minimum load. In other words, any crack sizes larger than a andmax
baax will ' certainly be unstable during plant life. By the same token,

a,gn and b below which stability is assured, can be calculated usingmin,
the maximum load. These upper and lower bounds of a and b divide the sampling

into nine regions as shown in Fig. A.l. Each region represents thespace
state of the cracks in that region.

~

The sampling scheme can be decided easily once the boundaries of these regions
are determined. If the double-ended guillotine break (DEGB) event is of
interest, we need only to take a few samples from region 1 since all the
cracks within this region will fail. We have to take numerous samples from

the "possible" regions 2, 4, and 5 since some of the samples will fail and
some will not. We have to also take samples from parts of regions 3, 6, 7, 8,
and 9, which border regions 2, 4, and 5, since the cracks might grow larger

and into the "possible regions". However, from our experience with combustion
Engineering, Inc. (CE) plants, the rate of crack growth is usually very
small. It is unlikely that the cracks in regions 3, 6, 7, 8, and 9 will
ind'uce a DEGB during the lifetime of the plant. Following the same analogy,
we can design a sampling scheme for calculating the leak probability. It

would include a few samples from region 3 and numerous samples from regions 2,
5, and 6.
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APPENDIX B: SYSTEM FAILURE PROBABILITY ANALYSIS

The information below briefly outlines the system failure probability
analysis. See vol. 7 of Ref. 1 for a more detailed description.

System failure is the occurrence of one of the following four events:
!

1. One or more earthquakes during plant lifetime and a pipe failure (leak or
double-ended guillotine break (DEGB)) simultaneously with the first
earthquake.

2. One or more earthquakes during plant lifetime and a pipe failure prior to
the first earthquake.

3. A pipe failure and no earthquake during plant life.
4. One or more earthquakes during plant lifetime and a pipe failure after the

first earthquake.

The fourth event is of little interest to us and is not calculated, since the
plant would have been shutdown for con.plete inspection and repair after an
earthquake, by which time the plant condition would be altered.

Following is a list of input information required for the system failure
analysis:

Conditional leak or DEGB probabilities as functions of time for individualo
weld joints as shown in Fig. B.l.

e Crack existence. probabilities.
Seismic hazard curve expressed as annual frequency of exceedance vs peake
ground acceleration (PGA) .

e Probability of earthquake occurrence. It is assumed that earthquakes occur
as part of a Poisson process.

The formulations of probability calculations for events of interest are as
follows. It is assumed that events of failure at weld joints are mutually
independent and the probability values are small.

'

Event 1: One or more earthquake in plant life and a pipe failure simultaneous
with the first earthquake (PF and 1st Eqk)

I

m T
st

P[PF and 1 Eqk] =nX Pg[ crack]X
a>a t=0g

P[PF and 1* EqklT = t, PGA = a]g F

f ' '
rGA 0 (B.1)

where P[PF3 and 1st EqkiTy a] is the conditional failuret, PGA= =

-probability at the ith weld joint simultaneous with the first earthquake given
that the 1s t Eqk occurs at time Tp t and with PGA = a (Fig. B.1), and=

l

l
i
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Figure B.l. Conditional failure probability at a weld joint.

Pi[ crack] = crack existence probability at the ith weld joint,
fpgg (a) = the distribution of peak ground acceleration given an

earthquake, which is dependent on the seismic hazard curve,
n = number of loops,
m = number of weld joints within each loop,
T = duration of plant life, and

0 = expected number of earthquakes per year corresponding to1

the earthquake intensity threshold so.

Event 2: One or more earthquake in plant life and a pipe failure prior to the
first earthquake (PF prior to 1st Eqk)

The probability of a pipe failure prior to the first earthquake depends on the
time Ty of the first earthquake.
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P[PF prior to 1 Eqk] =nX P [ crack] X j

i=1 J t=0 '

P[PF prior to l EqkiT = t)p

A0" # *

where P[PF1 prior to ist EqkiTy = t] is the conditional failure
probability at the ith weld joint prior to the first earthquake, given that
the first earthquake occurs at time Tp = t (Fig. B.1). .,

Event 3: Pipe fail 2re and no earthquake in plant life time (PF and no Eqk)

"
-A T

P[PF and no Eqk] = n X e X P [ crack] X P [PF fno Eqk] (B.3)
f

i=1
,

where P[PF lno Eqk] is the conditional pipe failure (leak or DEGB)i
probability at the ith weld joint, given that no earthquake occu rred during
plant lifetime (Fig. B.1). ',
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APPEIBIX C J-INTEGRAL AIW TEARING MODULUS
SOLUTIOMI PCR AXIAI4Y rnanen PIPES

Two criterla are available to assess the stability of cracks in structures
that are stressed beyond the region of the applicability of linear elastic
fracture mechanics. One is the critical net section stress approach and the

! other is the tearing modulus stability approach. The net section stress
' approach is applicable only in the fully plastic situation where the average

stress in the remaining ligament of a cracked section is close to or exceeds
the material flow stress. The tearing modulus approach does not have this
restriction and is applicable to elastic-plastic material behavior. In
Appendix C, only the tearing modulus stability approach considering the
J-integral and tearing modulus will be discussed.

The J-integral, which was defined by Rice (Ref. 2) as a path-independent line;

integration around the crack tip, is a measure of the plastic state near thej'

crack tip. The tearing modulus is the slope of the J vs crack extension curve
modified by a multiplication factor E/oh to render it dimensionless,
i.e.,

T= (c.1)
0 T

The subscript of ' represents a partial derivative with A fixed. TheT
a is the total displacement of the system including the cracked body asT
shown in Fig. C.1 and 14 defined as

AT*a+CM P (C.2)

where

,
CM = the compliance of the structure connected in series with the

| cracked body,
'

P = the external load, and
a = the load point displacement of the cracked body.

! Here, a is equal to the sum of a, the load point displacement due toc
the crack, and a the displacement of the body without the crack innc,
Place. Using Eq. (C.2), the tearing modulus of Eq. (C.1) can be rewritten as

+ (" ~
*

Mp , p
l 0 - -

< >

Crack extension initiates when the crack driving force, i.e., the J-integral,
at the crack front exceeds the critical value JIC of the material's
J-resistance curve. However, to have a sustained crack propagation tha t
results in a catastrophic fracture, the tearing modulus T must also exceed the
corresponding material characteristics TJR in the J-R curve. They can be,

i writi.en as
!

69

|

|
<



|

n P, AT

4

h" %
*

I

.

h P, o
|

,

I

|c da

I
o

(??TT
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>

J>JIC (initiation)
_ (C.4)

T>TJR (propagation)
_

Equation- (C.4) . constitutes the instability criteria in the elastic-plastic
region of .the material. Thts material J-resistance curve is usually obtained
by experiments, and a standard ASTM procedure is available for determining
JIC (Ref. 3) ' from the results of the experiments.

The tearing modulus stability approach is a realistic and logic approach for
addressing elastic-plastic fracture mechanica problems. However, the

calculations involved in this approach require sophisticated analysis, which
usually employ a finite element method, or a finite difference method. It is

tedious, time-consuming, and requires a lot of computer' time, which would be
impractical for solving our crack stability problems under the Monte Carlo
simulation where a large number of crack size samples are taken. Tabulated
results _ of J and T, or results in formula form, are needed to use the computer
economically. Recent development of an elastic-plastic estimation procedure
'(Refs. 4,'5, 6, and 7) made it possible to use an engineering handbook type of
approach. The idea is to estimate the solution by combining the

linear-elastic solutions and fully plastic solutions by - simple approximate
formulae for several parameters such as the J-integral and load point
displacement due to crack Ac. For a Ramberg-Osgood material property,
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h=h+a (C.5),

0 0 0)

the formulae are of the form

J = J' (a ) + Jp(a, n)e)
(C.6)

p
oc"Oc ("e) + a (a,n) . ;

The parameters with superscript e represent the elastic contributions based on
a, which is Irwin's effective crackan adjusted crack length (or depth) e

length (or crack depth) corrected for stain hardening. It can be written as
(Ref. 8)

(C.7)a =a+4ry ,e

where

!" ~ \ | | (C.8)r = ,y 8w (n + 1/ (a0/
i

and

*" 2 (C.9).y,
0)

>'
is the limit load of theHere, Kg . is the stress intensity factor and PO

cracked body. For plane stress, 8 = 2 and for plane strain, 8 = 6.

The elastic solutions are of the following form:
;.

2
e .;' ^p /La

(#0
.(C.10)

a' = $' P .

c c
O)

.

The formulae for M and l' and the associated parameters for many
-simple bodies and crack geometries are' available in handbook forms such as-
those in Ref. 9.

The-fully plastic solutions represented by-superscript p are of the form'

|
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Jp , f [f P.,,,)n+1
^

,

0
(C.11)

'

3p,3.P .P,,,,,
n

,c c P |
)

where. JP and A@ are functions of the material properties and geometry
of the cracked body. They are independent of the load P. This makes it

j possible to calculate the values of parameters in jP and A$ using a

finite element analysis and a single loading condition (Ref. 10). Once the

parameters in 3F and A@ are determined for various crack geometries
R) and material properties (such as a and n) , they can be(such as a and i

! tabulated in handbook format just like the elastic solutions,

i

References S- and 11 present the formulae for. $P and A@ and the

associated parameters in tabular form for several simple cracked bodies. Sto

of these cracked bodies, which are of special interest in this study, are
listed as follows:

cylinder with part-through complete circumferential crack under uniaxiale
tension.s

e Cylinder ~ with through-wall part circumferential crack under uniaxial'

tension.

The solutions for these cases are presented in the followino:

Case b: Part-through circumferentially cracked pipe under uniaxial tension
(Fig. C.2)

(
The elastic-plastic estimation procedure (Ref. 5) yields the tollowing formular

[ R hi
'* I

f ^e ,aF i I 2 2

3 (h , RO) > 0J ~"

wR -R
O

(C.12)

g)[a- -R
| 21

4aF {f' 0) ~"
i 0*e , ,

# wR -R
O

| and-

| / Rhg
Hj ,n,c=ao0 *0

(C.13)

! i\'*p = a e aHl a
A (h, n, RO/}

a ,

c 0
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J

where
, ,

2 2 2
R (C.14)P = a w R

0 0 0 i+a- .

1, 2, 3, 5, 7, and 10, andF, g, and Hg for n =Parameters F, ag
a/h = 1/8, 1/4, 1/2, - and 3/4 in tabular form are available in Ref. 5 for
R1/h = 5, 10, and 20. Harris (Ref. 10) indicates that extrapolation beyond
a/h = 3/4 is appropriate and does so for n = 4 and 5 and R /h = 5 and 10 byi

curve fitt.ing the data.

Case c: Through-wall part circumferentially cracked pipe under uniaxial
tensicn (Piq. C. 3) .

! Reference .11 presents an approximate solution .for a through-wall part
circumferentially cracked pipe under remote tension. The solutions are in the'

following form:

2
e / R) 0

*

b , h/J =F
E

(C.15)

c " 'A e'
and

/ b I$ Rhp=a
* ~ /w R J h' "' 50 *0

(C.16)

$E=ac ' "' '
0 A

where

P w-4- are sin sin ,.and M.W
_ O" 0

-.
,

R= RO+ i
*

Here, F and F can be obtained from the elastic solutions presented iny 3

|
Ref. 12. However, the fully plastic solutions for H and H using aJ A

' finite element method are not available. Reference 11 presents an approximate
| approach for calculating H and Hg. Figure C.3 illustrates the basic.J'~

idea.

The solutions for a cracked pipe is approximated by the solutions of a single
edged crack plate (SECP) in tension multiplied by a correction factor (CF) to
account for the effect of pipe curvature as follows:

(C.18)y = H , pipe = (CF) * H ,SECPH .JJ
|

!
! The correction factor Cf is the ratio of the elastic solutions of pipe and

SECP.
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Figure C.3. Through-wall part circumferential1y cracked cylinder under uniaxial

tension (Case c).
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[HJ, pipe \
| (C.19)CF = . ,

(J,SECP/ elastic

This. approximate approach takes advantage of the fact that both elastic and-

fully plastic solutions are readily available for SECP in Refs. 9 and 12.

<

.

J

't

+
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! APPEWII D IATIN HIPERCIBE SAMPf2 Ct3BINATIONS

A computer program was written to generate the Latin Hypercube sample
combinations. Table D.1 illustrates the output for the reactor coolant loop
piping of five Combustion Engineering, Inc. (CE) plants. A total of 20
combinations was used in the uncertainty analysis of each plant.i

|
The top line .of the output characterizes the distributions for several
parameters associated with the input information or simulation models for the
crack depth, crack aspect ratio, thermal stress, and seismic stress. These
distributions describe the uncertainty associated with modeling the input when

* . calculating the conditional failure probabilities at individual weld joints.
_

The uncertainty' distributions for these parameters, as outlined in Table D.1,
are as follows:

e Tri(3,5)

Triangular distribution - with domain (3,5) for the parmeter a of the
modified Marshall distribution. Alpha (a ) is equal to 1/u according
to Eq. (D.1) .

*
(D.1)P (a) = .

j u (1-e )

Here, u = 0.246 in. corresponds to the median of the triangular distribution.

e (U2, S2)
Lognormal distribution for the parameters 8m of the truncated
lognormal distribution for the initial crack aspect ratio.

'O 2 8<1'

( *'_ Pg (S)
'=< - ~ \" /

*
C

0 0>1:

g(2w)1/2 *A

In Table D.1, U2 and S2 represent the median and the standard deviation of
and .Cg associatedin (S ) . The sample values of 8me A8,

with the truncated lognormal distribution for crack aspect ratio are shown as
,

columns 2, 3, and 4.

e (U3, S3)

Iognormal distributions for the uncertainty factor at associated with
; the modifier 0.8 of the design thermal expansion stress. The median (U3)

and the standard deviation (S3) of in (At) are derived based on the
following assumptions regarding the uniform thermal expansion loads:'

1. The variation in che thermal expansion stress can be described by
lognormal distribution with a median equal to 80% of the design value.

2. There is only a 10% probability that the true thermal stress exceeds
the design.

i.

t

77

_ . _ _ _ . _ _ . - . _ _ _ _ . _ . . _ _ _ _ _ _ _ _ - . . , _ _ . . _ _ _ . _ . - . _ . _ . - - - _ _ , , . -



Table D.l. Latin'' Hypercube sample combinations for CE reactor coolant loop
' piping for (a) Palo Verde, (b) San Onofre, (c) WPPSS, (d) Waterford,*

and - (c) Group A Composite.

(a)
Palo Verde |

j

TRl(3.5) (U2.S2)=(0.29.0.086) (U3.53)=(0. 0.1547) (U4.S4 K4)=(0. 0.39.1.88)

Sample Alpha Beta Lambda C Beta Delta t Delta a

1 3.747E+00 1.299E+00 5.118E-01 1.438E+00 9.296E-01 6.925E-01
2. 3.862E+00 1.370E+00 3.609E-01 1.403E+00 7.599E-01 9.015E-01
3 3.057E+00 1.460E+00 6.154E-01 1.368E+00 8.820E-01 5.375E-01
4 4.294E+00 1.411E+00 5.870E-01 1.386E+00 9.930E-01 2.350E-01
5 4.223E+00 1.436E+00 6.016E-01 1.377E+00 7.473E-01 5.282E-01
6 3.424E+00 1.238E+00 4.620E-01 1.475E+00 7.731E-01 5.633E-01
7 3.518E+00 1.161E+00 3.864E-01 1.538E+00 7.176E-01 6.740E-01
8 4.379E+00 1.285E+00 5.009E-01 1.446E+00 8.382E-01 3.809E-01
9 4.575E+00 1.355E+00 5.511E-01 1.410E+00 8.638E-01 7.423E-01

'10 4.147E+00 1.319E+00 5.261E-01 1.427E+00 5.780E-01 1.179E+00
11 3.629E+00 1.331E+00 5.350E-01 1.421E+00 8.024E-01 4.901E-01

19.535E-01 2.980E-0112 4.767E+00 1.267E+00 4.862E-01 1.456E+00
13 3.814E+00 1.213E+00 4.392E-01 1.493E+00 8.940E-01 4.634E-01
14 3.665E+00 1.539E+00 6.567E-01 1.343E+00 1.367E+00 6.469E-01
15 4.083E+00 1.452E+00 6.160E-01 1.368E+00 6.813E-01 8.075E-01
16 3.920E+00 1.083E40 2.820E-01 1.637E+00 8.172E-01 6.076E-01
17 3.966E+00 1.394E+00 5.764E-01 1.393E+00 7.889E-01 4.554E-01
18 4.458E+00 1.540:+00 6.569E-01 1.343E+00 6.446E-01 3.475E-01

'19 4.010E+00 1.254E+00 4.754E-01 1.465E+00 7.291E-01 4.331E-01
20 4.252E+00 1.342E+00 5.423E-01 1.416E+00 6.949E-01 3.926E-01

(b)
San Onofre

TR1(3.5) (U2.S2)=(0.29.0.086) (U3.53)=(0. 0.1547) (U4.S4.K4)=(0. 0.45.2.93)

Sample Alpha Beta 1.ambda C Beta Delta t Delta a

1 3.631E+00 1.293E+00 5.072E-01 1.441E+00 6.818E-01 4.897E-01
2 3.369E+00 1.360E+00 5.546E-01 1.408E+00 7.246E-01 4.401E-01
3 4.496E+00 1.652E+00 7.083E-01 1.315E+00 5.778E41 7.624E-C1

1
' 4 4.027E+00 1.331E+00 5.349E-01 1.421E+00 8.417E-01 2.684E-01

5 3.911E+00 1.161E+00 3.861E-01 1.538E+00 9.517E-01 4.226E-01
6 3.240E+00 1.113E+00 3.274E-01 1.592E+00 7.533E-01 2.798E-01
7 4.322E+00 1.285E+00 5.007E-01 l.446E+00 8.296E-01 3.415E-01
8 4.277E+00 1.435E+00 6.009E-01 1.377E+00 7.114E-01 1.493E-01
9 3.768E+00 1.396E+00 5.774E-01 1.392E+00 7.562[-01 3.367E-01

to 4.122E+00 1.238E+00 4.622E-01 1.475E+00 8.121E-01 3.927E-01
11 4.092E+00 1.501E+00 6.371E-01 1.355E+00 9.030E-01 5.745E-01
12 4.222E+00 1.374E+00 5,637E-01 1.401E+00 7.976E-01 2.995E-01
13 3.660E+00 1 346E+00 5.450E-01 1.414E+00 1.046E+00 1.799E-01.

14 3.815E+00 1.407E+00 5.841E-01 1.388E+00 8.591E-01- 3.759E-01
15 4.408E+00 1.477E+00 6.246E-01 1.363E+00 9.294E-01 6.148E-01
16 3.869E+00 1.312E+00 5.214E-01 1.431E+00 7.8tSE-01 3.137E-01
17 4.828E+00 1.451E+00 6.103E-01 1.371E+00 6.336E-01 5.040E-01
18- 4.000E+00 1.254E+00 4.755E-01 1.465E+00 9.785E-01 2.144E-01
19 3.466E+00 1.264E+00' 4.839E-01 1.458E+00 6.592E-01 2.091[-01
20 4.673E+00 1.210E+00 4.365E-01 1.495E+00 8.804E-01 2.378E-01

,
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(c)
WPPSS

TRl(3.5) (U2.S2)=(0.29.0.086) (U3.53)=(0. 0.1547) (U4.S4.K4)=(0.,0.38.3.07)

Sample Alpha Be ta Lambda C Beta Delta t Delta a

1 4.541E+00 1.281E+00 4.974E-01 1.448E+00 8. 338 E-01 2.697E-01
2 3.773E+00 1.246E+00 4.693E-01 1.469E+00 7.179E-01 4.344E-01
3 3.816E+00 1.457E+00 6.137E-01 1.369E+00 9.849E-01 2.033[-01
4 3.542E+00 1.236E+00 4.606E-01 1.476E+00 6.863E-01 6.674E-01
5 4.111E+00 1.268E+00 4.876E-01 1.455E+00 8.740E-01 3.656E-01
6 4.028E+00 1.333E+00 5.363E-01 1.420E+00 7.379E-01 3.119E-01
7 4.072E+00 1.189E+00 4.165E-01 1.512E+00 6.593E-01 5.474E-01
8 4.731E+00 * 479E+00 6.256E-01 1.362E+00 9.262E-01 3.856E-01.

9 4.426E+00 1.391E+00 5.742E-01 1.395E+00 1.063E+00 3.299E-01
10 4.665E+00 1.399E+00 5.793E-01 1.391E+00 7.990E-01 3.504E-01
11 3.620E+00 1.423E+00 5.941E-01 1.382E+00 8.278E-01 2.521E-01
12 4.277E+00 1.201E+00 4.278E-01 1.502E+00 4.925E-01 2.582E-01
13 4.194E+00 1.339E+00 5.400E-01 1.418E+00 7.279E-01 1.627E-01
14 3.958E+00 1.317E+00 5.248E-01 1.428E+00 6.354E-01 2.334E-01
15 3.282E+00 1.555E+00 6.642E-01 1.339E+00 8.558E-01 3.034E-01
16 3.905E+00 1.366E+00 5.585E-01 1.405E+00 7.733E-01 4.103E-01
17 3.680E+00 1.352E+00 5.495E-01 1.411E+00 9.023E-01 4.490E-01
18 3.859E+00 1.050E+00 2.212E-01 1.702E+00 8 108E-01 1.857E-Of
19 3.351E+00 1.498E+00 6.355E-01 1.356E+00 9.484E-01 4.870E-01
20 4.361E+00 1.303E+00 5.141E-01 1.436E+00 7.583E-05 2.943E-01

(d)
Waterford

TRl(3.5) (U2.S2)=(0.29.0.086) (U3.53)t(0. 0.1547) (U4.S4.K4)=(0. 0.35.1.38)

Sample Alpha Beta Lambda C Beta Delta t Delta a

1 4.385E+00 1.265E+00 4.847E-01 1.458E+00 8.235E-01 5.772E-01
2 4.234E+00 1.112E+00 3.252E-01 1.594E+00 6.817E-01 1.346E+00
3 4.159E+00 1.380E+00 5.678E-01 1.399E+00 8. 849 E-01 7.696E-01
4 3.850E+00 1.291E+00 5.056E-01 1.442E+00 6.659E-01 1.037E+00
5 3.199E+00 1.444E+00 6.064E-01 1.374 00 1.058E+00 7.30$E-01
8 3.750E+00 1.295E+00 5.085E-01 1.44C +00 8.188E-01 8.456E-01
7 4.851E+00 1,404E+00 5.82SE-01 1.389E+00 7.234E-01 9.059E-01
8 3.859E+00 1.593E+00 8.825E-01 1.329E+00 7.052E-01 1.187E+00
9 4.488E+00 1.535E+00 8.544E-01 1.345E+00 8.859E-01 8.358E-01

10 3.973E+00 1.345E+00 5.442E-01 1.415E+00 7.807E-01 5.380E-01
11 3.507E+00 1.430E+00 5.982E-01 1.379E+00 9.207E-01 2.979E-01
12 3.791E+00 1.393E+00 5.760E-01 1.393E+00 9.034E-01 8.743E-01
13 4.221E+00 1.340E+00 5.542E-01 1.408E+00 8.378E-01 8.283E-01
14 3.832E+00 1.218E+00 4.418E-01 1.491E+00 7.882E-01 5.035E-01
15 4.008E+00- 1.312E+00 5.212E-01 1.431E+00 9.884E-01 7.238E-01
18 4.757E+00 1.334E+00 5.371E-01 1.420E+00 8.083E-01 5.571E-01
17 4.075E+00 1.234E+00 4.587E-01 1.478E+00 7.388E-01 4.489E-01
18 3.380E+00 1.478E+00 8.239E-01 1.383E+00 7.728E-01 8.194E-01
19 4.294E+00 1.185E+00 3.913E-01 1.533E+00 8.512E-01 9.314E-01
20 3.902E+00 1.248E,00 4.890E-01 1.470E+00 9.793E-01 1.080E+00

i
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(e)
Group A Composite

TRl(3.5) .(U2.$2)=(0.29.0.086) (U3.53)=(0. 0.1547) (U4.54.K4)=(0. 0.51.2.66)

Sample Alpha Beta tambds C Beta Delta t Delta e j

1 4.101E+00 1.305E+00 5.160E-01 1.435E+00 6.158E-01 9.096E-01

2 3.732E+00 1.381E+00 5.683E-01 1.398E+00 8.475E-01 6.983E-01

3 4.266E+00 1.076E+00 2.709E-01 1.648E+00 7.312E-01 2.177E-01
-4 4.651E+00 1.492E+00 6.323E-01 1.358E+00 6.979E-01 3.623E-01
5 4.535E+00 1.259E+00 4.797E-01 1.461E+00 8.780E-01 4.220E-01
6 3.837E+00 1.411E+00 5.869E-01 1.386E+00 9.427E-01 7.82SE-01
7 3.337E+00 1.233E+00 4.572[-01 1.479E+00 6.398E-01 2.864E-01
8 4.922E+00 1.339E+00 5.402E-01 1.417E+00 8.049E-01 3.241E-01

9 4.008E+00 1.263E+00 4.830E-01 1.459E+00 7.496E-01 2.518E-01
to 3.786E+00 1.423E+00 5.941E-01 1.382E+00 7.633E-01 2.878E-01
11 3.277E+00 1.383E+00 5.695E-01 1.398E+00 8.937E-01 5.627E-01
12 4.210E+00 1.222E+00 4.476E-01 1.4sSE+00 1.095E+00 5.146E-01

13 4.138E+00 1.365E+00 5.577E-01 1.40$E+00 7.071E-01 6.150E-01
14 3.930E+00 1.461E+00 6.157E-01 1.368E+00 8.203E-01 1.004E-01

15 4.362E+00 1.278E+00 4.956E-01 1.449E+00 9.204E-01 4.766E-01
Ir 3.989E+00 1.312E+00 5.211E-01 1.431E+00 6.582E-01 3.397E-01

17 . 3.696E+00 1.570E+00 6.718E-01 1.335E+00 9.807E-01 3.875E-01
18 3.577E+00 1.504E+00 6.388E-01 1.354E+00 8.633E-01 4.321E-01
19 4.403E+00 1.330E+00 5.338E-01 1.422E+00 7.701E-01 1.755E-01

20 3.501E+00 1.166E+00 3.9190-01 1.533E+00 7.994E-01 2.293E-01

Sample multiplication factors at are presented as column 5 in Table D.l.

e (U4, S4, K4)
Ingnormal distributions for the uncertainty factor a associated withs
the saodifier 1/R. Here, R is the median respon.se factor representing the
conservatism of the design calculation. This factor is required to scale
down from the design responses to obtain the best-estimate response
values. In Table D.1, K4 and S4 represent the median response factor R

I and the logarithmic standard deviation of A The variable U4 was nots.
used and should be disregarded. The sample values of the uncertainty
factor a are shown in column 6.s

The seismic hazard curves vary significantly from one site to another. The
modeling uncertainty associated with the seismic hazard curves used for CE
Plants was, therefore, handled on a plant-by-plant basis. However, the Latin

Hypercube samples for seismic hazard curves were selected in the same fashion
as the other parameters presented above.

For each plant, twenty sample seismic hazard curves were selected, each of
which corresponds to a Latin Hypercube sample ' set shown in Table D.l. To

represent a sample seismic hazard curve (associated with a percentile level of
the distribution due to modeling uncertainty), many data points along the

curve are needed.
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