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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 guillotirne break (DEGB) in the
primary coolant piping warrants the current design requirements that safequard
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 SUMMARY

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 oi
direct and indirect louble-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 plants, 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. (CE) 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-estimate analysis and an
uncertainty analysis. The former considers only the best-estimate models of
relevant parameters, and the latter takes into ac-ocunt 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.




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 Lhe design requirement related to
the safe shutdown earthquake (SSE) combined with a loss-of-coolant
accident (LOCA) should be eliminated and replaced with more reasonable
criterlia.




PROBABILITY OF PIPE FAILURE IN THE REACTOR COOLANT LOOPS
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
ear thquake (SSE) and DEGB 1load 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 ola:.r 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
plunts 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




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 DEGR analysis, 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
usuallvy will not grow to a <.gnificant 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.




2. DESCRIPTION OF COMBUSTION ENGINEERING REACTOR COOLANT LOOPS

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 reac i, the number of coolant
loops (usually two), the piping material used, & the types of component
supports. Table 2.1 shows the grouping of CE plan.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. Crouping of CE plants and characteristics of their re:
coolant loops. a, b, ¢




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).

2.2. Plant Description

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
other branch a common hot leg and a common steam generator, which are
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
are no intermediate supports.

Figure 2.1 showz the general reactor coolant loop arrangement of a two-loop
system. The cuolant 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 coclant back to
the reactor pressure vessel through a discharge leg. The inside diameter of
the suction and discharge legs is approximately 30 in., which is compatible
with the size of c¢he crossover legs and the cold legs of W plants., The
reactor coolant loop system is pressurized to approximately 2250 psi during
operation. The coolant temperature downstream from the steam generator is
approximately 550°F, while the temperature in the hot leg is 50 or 60°F higher.

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
nozzles. The steam generators are supported at two elevations: the upper
support consists of keys in one direction and level-snubber arrangements in
the other; the lower support is a skirt with a sliding base that allows free
thermal expansion. The reactor coolant pump supports are dgenerally 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
Group C plants. For Group A plants, CE provided a composite plant using the
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 ‘ally 29 or 3l circumferential welds in each loop. Table 2.2
gives (- sions of the pipe cross section at the welds for Group A
Composit. a ixoup C plants. Since two branches of a loop are almost
identical .in ometry, only those welds that are different in geometry and
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 of
the pipe; we did not consider this additional thickness important to this

study.
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Figure 2.1. General arrangement of a CE reactor conlant loop piping.

Most welds are shop welds; there are only about two field 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

leck 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 pilipes. 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. Loading Conditions

Combustion Engineerinrq, 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
geismic 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 pilpe ¢
minimal and are neglected in this study.

ross sections are
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Another loading condition worth mentioning is the thermal stress due to a
temperature gradient through the pipe wall thickness 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 histories of coolant temperature and pressure for several of these plant
transients.
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3. HETHOD OF ANALYSIS

3.1. Overview of the Methodology

We used a probabilistic fracture mechanics approach (Re:f. 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 tne analytical process. (See
Section 4 for details.)

The analytical process is divided into two parts. The first involves the
calculation of a conditional leak or DEGB probability at individual weld
jeints, 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 leak 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. Pailure 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).

Patigue 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




Select a Geometry and
weld joint material properties

* Initial crack size
distiibutions (‘g[h
Randomly » \r{b"T

select a crack

P (ab)

\

Preservice
inspection (PSI)

R
Probabilities of
nondetection Py,

"

\

Hydrostatic b/a= 10
proof test

(" Stress history
— postulated transients
— seismic events

>

A\

1 Crack growth
a/b

characteristics

Inservice da /
inspections (IS1) dn '

(

+ aK/(1 -R)®

Loop over time step

w
8
€
e
2
®
s
-
&
>
°
a
Q
o
ol

Loop over crack size samples

Failure : Failure criteria
assessment — critical net section stress
— tearing modulus instability

¥

Leak
detection

I L Leak detection

\d capability
Conditional leak and
DEGB probabilities

Leak with Egk
-
Leak w/o Eqk
DEGB with Egk
‘—
DEGB w/o Eqgk
t

Crack existence
probability

Calculate system: ( Seismic hazard
failure probability Jl information

Figure 3.1. Flow chart for the probabilistic assessment of piping integrity.




material characteristics and the geometric conditions of the pipe. The stress
state of the plant varies as the various loading events occur throughout the
plant life. Therefore, we monitor c¢r 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.

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 svuch. 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 cdesign 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 1leak 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 Probabili*y of the Reactor Coolant Loop 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" (Egk) is defined as ground motion with peak
free-field acceleration above a predefined “threshold®” agp, below which
little structural damage is expected. The value of ap 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 aj. In fact, we found that the estimate of system failure probability




would not change significantly over a broad range of values of ag. However,
varying ap does have interesting effects on the est "ates of the probability
of the individual scenarios.

l. One or more e‘'rihquakes during plant life and a failure occurring
simultaneously w. “h 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 .: 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 Scenarics 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, random 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
Bl AT MR

I : " l Simultaneous I f '
‘ Prior to 1st Egk | with 1st Eqk I After 1st Eqk '

gt i t |

| One or more

during plant life

g | Eqgks Event #2 Event #1 Event #4
g £ | during plant life

x € |
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g

25 No Eqks
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w

e e e — —

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 randomness, of flow stress can
be described, for example, by a mal pro ility distribution characterized
by a mean and stanaard deviation, Estimates of the mean and standard
leviation 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
estimated values of the mean and standard deviation and

description of the random variation of flow stress. This s 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 D X contributor to the modeling wuncertainty
agsociated with flow stress.

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

Uncertainties associated with the selection of 10d s 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
structural response, such as the response spectrum approach or the time
history approach.

Uncertainties associated with modeling various energy loss mechanis
structures by use of viscous damping.

Uncertainties associated with the Monte Carlc

estimation and sampling methods used in the probabili

Uncertainties associated with the description of the random

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
listributions to describe the inherent randomness for many of the parameters.
However, we found it necessary to quantify the modeling uncertainty
parameters. Since the random uncertainties o input parameters cont

the value of the probability of pipe fracture they are part of

fracture analysis and are included ir ¢ calculation process shown
Fig. 3.1. Modeling uncertainties are treated in a different manner
presented in Section 6.2,




4. INPUT INFORMATION AND SIMULATION MODELS 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 alsc listed in Table 4.1 for
compar ison.

Material properties

Initial crack size distributions
Inspection detection probability
Loads and stresses

Crack growth characteristics
Failure criteria

Leak detection capability

Crack existence probability
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 ksi is
assumed according to Refs. 4, 5, and 6. The poisson's ratio is 0.3.

The tensile and the fracture 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:

n
£ =2 *'x(f ) (4.1)
o S 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

a reference stress (usually the yield stress),
a material constant, and

the strain hardening exponent of the material.
(eg is related to o by €g = oo /E.)




Table 4.1.
DEGB.

Input information and simulation

models for calculation of direct

Input

Plants

Piping material

Type 316 or 304
Stainless Steel

SA516 Grade 70
Ferritic Steel

Random--modified Marshall dist. (Fig. 4.4)
Modeling--triangular distribution (Fig. 4.4)

Initial Depth**. a
crack

size Aspect
distribution ratio**,3

Random--truncated lognormal (Fig. 4.5a)
Modeling--lognormal (Fig. 4.5b)

Probability of
nondetection

Pyp = 1/2 (1-¢) ERFC (v 1ln A/A') + ¢

v = 1.60
A' = 0.98 in.?
€ = 0

v = 1,33
A' = 0.20 in.?
£ = 0.005

Stress history

Dead weight, pressure,

thermal expansion*,

Provided by W

Random--lognormal

Provided by CE

Random--logaormal

seismic** Modeling--lognormal Model ing-~lognormal
Crack growth model* (Vol. 2 of Figure 4.6 and
Ref. 2) Table 4.4

Failure criteria

Critical net
section stress

Tearing modulus
instability

Minimum detectable
leak rate

3 gpm

3 gpm

Crack existence

Poisson distribution

with rate perameter

Poisson distribution
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
curves **

Generic

Generic and site
specific

*Distribution was used in representing random uncertainty.
*Modeling uncertainrty was considered.
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Figure 4.1. Stress-strain curves for SA-516 Grade 70 carbon steel and type

304 stainless steel.




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.

dJ
values of Jjpc and(—') . are 0.84 in.-k/in.2 and 12.9 k/in.?2, Here,
ma

da
(%f)lnt is usuvally multiplied by a factor B/ag to make it dimensionless. The
new parameter is called the tearing modulus of the J-resistance curve and is
expressed as Tgp. 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.

4.2. Initial Crack Size Distributions

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 a; the other is the crack aspect ratio
8. 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
modeling uncertainties associated with them were quantified.
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Figure 4.3. Geometry of a semielliptical inner
sur face crack.

4.2.1. 1Initial 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 function:

Psudhe 0<ac<h

Pla) = (4.3)

u (1-e"0/¥) u = 0.246 in.

The modifiea 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,
considering 4 = 0.246 in. of the Marshall distribution as the median or the
50th percentile. We used Eg. (4.3) with 1/u = 3 ¢to envelop the
4istributions proposed by several investigators as the upper bound. The value
of 1/u for lower bo'nd 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. In.tial Crack Aspect Ratio Distribution

A truncated lognormal distribution with the probability density function shown
as a solid line in Pig. 4.5a was used to model the randomness of the aspect
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ratio B8 (vol. S5 of Ref. 3). The distribution with o = 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 Bm was assumed to have a lognormal
distribution with a median (or 50th percentile) equal to the value of Bm
corresponding to p = 10"2. The upper uncertainty limit on B was
selected to correspond to o = 1071, Figure 4.5b shows the complementary
cumulative marginal distributions of the crack aspect ratio corresponding to
various uncertainty bounds of the modeling uncertainty.

4.3. Inspection Detection Probability

Ultrasonics is the most frequently used method of nondestructive inspection in
nuclear power plant pipes. The probability of nondetection Pyp has been
quantified in many studies (Refs. 3 and 10). Based on the available data,
Pyp is adequately characterized by the following relationship:

Pyp = 1/2(1-e) ERPC(v 1n[A/A')) +¢ , (4.4)
where
A = n/4 aDg (2b < Dg)
n/2 ab (2b > Dg),
DQ = ultrasonic beam diameter, and
A" = n/4 a'Dg.

ERFC is the complementary error function. A value of 0.005 is used for ¢ to
represent the lower bound value of Pyp+ The beam diameter of 1 in. was
used. For the cast austenitic stainless steel, v = 1.60 and a' = 1.25 in.
are used. 1In 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. lLoads 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,
and seismic loads. Two types of thermal loads were considered. One is the
uniform stress through the pipe wall thickness due to the thermal expansion
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.

Combustion Engineering, Inc. provided all the loads (Table 4.2) except the
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
c) WPPSS, (d) Waterford, and (e) Group







(c)
WPPSS (con't)

WELD STRESSES (KS!)
WELD DEADWEIGHT  THERMAL SEISMIC WELD DEADWEIGHT  THERMAL SEISMIC

NO STRESS STRESS STRESS NO STRESS STRESS STRESS
1 .35% 1. 718 1.749 10 102 1.110 .735
2 .359 1.692 1.795 1" .102 1.277 . 585
3 .338 1.039 1.722 12 .103 1.197 . 545
4 .904 2.778 1.261 13 .893 6.87 2.240
3 .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 (IN-KIPS)
WELD DEADWE IGHT MOMENTS THERMAL MOMENTS SEISMIC MOMENTS

NO TORS ION BEND ING TORS ION BEND ING VECTOR-SUM

! 129. 435, 5803. 5919. 18443,
2 129. 350. 5802. 5253. 18243.
3 7 80. 2586 . 5168. 17963.
4 , IF 207. 2594 10338. 16208.
S I 251. 2593. 10719. 16208.
6 k] g8 234. 2085. 14531 10347.
7 36. 251. 2085 . 13439 10347.
8 3 35. 1307. 1418 11210,
9 57. 153. 3522. 6698 . 9680 .

10 40. 32. 705. 612. 9827 .

1" 73. 205. 2633. 8354. 9841 .

12 73. 284 2634. 9833. 9841 .

13 R 1878. 62. 29462. 13673.

14 1. 178S. 62. 28592. 13673.

18 | 540. 62. 1792. 8954.

16 . 393. 197. 5075. 7640.

17 357. 197. 4848 . 7640,

18 178. 427, 7065. 8557. 17111,

9 178. 33¢. 7065. 7276, 17111,

20 49, 71. 2564. 4193, 17293.

21 49. 169. 2564 . 12241 17867,

22 45 . 212. 2564 12677. 17887,

23 43, 236. 2567. 14744, 13899

24 43, 253. 2567 . 13633. 13899 .

28 14. 38. 1277. 1802. 10100.

26 14, 161, 1288. 7551, 9166.

27 48 37. 88a. 8$12. 10853,

28 78. 118, 2659 . 8581 . 114786,

29 78. 273. 2680, 10084, 114786

WELD STRESSES (KS!)
WELD DEADWE IGHT  THERMAL SEISMIC WELD DEADWEIGHT  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 03¢ LA94 778
3 .022 1,490 4,889 18 .120 2.6%8 4.0208
4 .086 2.8%7 4.4 19 .097 2.35%8% 4. 820
L) .088 2.858 4.2%7 20 021 1.239 4.707
€ .082 3.8%7 2.718 3 047 3.368 4,883
7 .068 3.658 2.798 22 .05¢ 3.384 4.093
L] 013 .5 3.9683 23 .083 3.902 3.6
9 .088 2.5 5.422 24 .089 3.720 3.7%

10 011 209 2.658 23 014 .709 3.570

11 .07% 3.028 3.47% 28 087 2.088 3.240

12 102 3.5%7 3.479 7 013 .208 2.938

13 438 6. 888 3.188 28 048 5.108 4.087

14 183 2.980 1,428 2% 098 3.62% 4.087

18 084 212 1.087




(e)
A Composite

LOAD INGS N~-K|PS
DEADWE IGMT THERMAL MOMENTS
TORS ION DiNG BEND ING

1736 195! 225 3380
787 ! 225 3206
154 906 1927
158 1 314 3890
155 1660 907 449
212 1011 2972 1834
212 2972 1641
268 2588
114 1 1943
338 7 1237
337 2430
884 4183
131 4883
B4 43589
1 40779
6769

."92

18262

4447

4161

1143

237

3292
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small and self-limiting. We did a sensitivity study to determine the effect
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).

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 cCross
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 .esult from bending.
4.4.1. Dead Weight and Pressure Loads

The dead weight load is generally not a dominating load compared with othet
loads in the piping system design. The pressure load was calculated as
pr/ZRmh, where p» is the internal coolant pressure, h is the thickness
of the pipe, and R; and R, are the inside radius and the mean radius. We
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
used by different engineers. We therefore made two assumptions (Vol, 2 of
Pef. 2) regarding uniform thermal expansion stress:

1. The variation in the calculated thermal expansion stress can be described
by a 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.

The median, or the 50th percentile of the model ing uncertainty, is considered
our best-estimate model of the thermal stress. No random uncertainty is

considered in this case.

4.4.3. Seismic Loads

The calculation of seismic loads, or stresses, is more complicated than that
of other loads., It involves a chain of methodologies: the characterization
of free-field ground motion, soil-structure interaction, structural response,
and subsystem respcnse. Random and modeling uncertainties exist in each link
of the seismic methodology chain. Due to the complexity of the calculations
and to the uncertainties, design engineers make conservative calculations in
each step of the methodology chain. Efforts were made in the indirect DEGB
assessment of CE reactor coolant loops (Ref. 1) tu guantify both the
conservatism and the uncertainties of seismic response results. This was done
by reviewing the analytical methods used in the stress calculation, We used
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Table 4.3. Distributions of seismic responses.

R “R u
Median Logarithmic standard Logarithmic standard
response deviation due to deviation due to
Plant factor randomness modeling uncertainty

Palo Verde 1, 2, and 3
San Onofre and 3
WPPSS 3

wWaterford

Group A Composite

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, Bg and 8y, 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 subcritical 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 AST™
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):

da m
dn - Q[C AK ]
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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.

da

1000 i T T | josmdy Snan Ik i g I T T T T
- * Linear interpolation is R
- recommended to account R
3 for ratio dependence of K :
- water environment curves, & 4
for 0.2 < R < 0.65 for >
i shallow slope: S ¢ 1
da X
s — =1.01x 10" @, AK'%
an Q, & 4
Q, =3.75 R +0.06 4
R = Koin/Kmax \ 2
.y S
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& 100 |- (air environment) =
- L da )
— = (0.0267 x 10~3) 5372 ]
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g ! dN AK3726 |
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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: 4K = ksiVin.; W= (R - 0.25)/0.4 ;: W' = 1 - W.

Standard Deviation
Ranges for R and AK of 1In Q

0.25
AK < 19
AK > 19

+367W - 0.408W' 0.B17W + 0.542w°'
+367W - 0.408W' 0.817W + 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% g3lobal
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 Eg. (4.5). In this analysis, we used a threshold

value of 2.58 ksi vin. for AK (Ref. 4), below which the crack growth rate is
considered to be negligible.

4.6. PFailure 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 irections must exist for a
DEGB to occur.




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

the corresponding values Jjro and Tggp of the material's J-resistance curve,
i.e..

J 2 Jre
(4.6)
T 2 Tyr

Unfortunately, calculating J &and T is a complicated 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 coolant loop piping since its inside
diameter, which is approximately #2 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
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 solucions for two-dimensional cracks shown as Case a in Fig. 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 2nd 16). In the circumferential direction, we used
an appruximate approach (Ref. 7) based on known linear-elastic solutions for
through-wall part-circumferertial cracks (Case c) (Ref. 17) and linear-elastic
and elastic-plastic solutions tor center-cracked panels (Ref. 18). Appendix C
details the methodology for calculating J and T. Note that these existing
results or approaches are for straight-tur pipes under uniaxial tension. We
made the following assumptions to use these results for two-dimensional crack
geometry:

1. The J-integral and the tearing modulus in the radial direction of a
two-dimensional crack with crack depth a &nd aspect ratio 8 are equal
to the corresponding values of a part-through complet. circumferential
crack ¢« f 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 3 are
equal to the corresponding value of a through-wall part circumferential
crack with crack length equal to 2 x a x 8.

In 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 stebility assessment in these two
directions in accordance with Eq. (4.6). Figure 4.7 shows the various crack
geometries and the assumptions cited above.
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Assumptions

Figure 4.7a. Case a: Two-dimensional
crack.,

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 Jy is small if
the crack length is large. This is also true for Jp, Lf the crack depth is
close to the wall thickness. For a DEGB to occur, the crack will generally




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, ana 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 c 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:

: 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 1is
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. Leak 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 Existence Prc* “bility

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




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

e And e at (4.7)

n
Ph = (v Ay) e

where v is the weld volume of a weld joint, and Ay 1is the rate of cracks
per unit volume. It appears that a value of lO"/in.3 is a reasonable
estimate for Ay The weld volumes for all CE plants considered are given
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 (Py) for typical

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
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 fresa-ficld 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 ir the seismic
analysis methodolagy 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 operating
basis earthquake (OBE) is equal to half of those for SSE.

4.9.1. BSeismic Hazard 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 of
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 ~f 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
thie study. We developed Eastern U.S. generic seismic hazard curves (Fig.
4.8) based on existing site specific hazard curves from six plant 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 Enaineering, Irnc. developed the site specific hazard
curves for Palo Verde Units 1, 2, and 3 (Ref. 20) and San Onofre Units 2 and 3
(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 curves 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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curves for sites east of hazard curves for Palo
the Rocky Mountains. vVerde 1, 2, and 3.

4.9.2. Probability of Earthquake Occurrence

Earthquakes are usually assumed to occur as events of a stationary Poisson
process. The probability of exactly n earthquakes occurring during a time
interval of length t years is given by

Pp = (g t)" e0t /n! , (4.8)

where ), js the expected rate or f{requency of earthquakes per Yyear and
n=0,1, 2, «+... Based on Eq. (4.8), it can be proved (Vol. 7 of Ref. 3)
that the time to the first earthquake is an exponential random variable, i.e.,

has probability density function Aoe"ot. t > 0.

4.10. Other Input

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
cannot be modeled with reasonable confidence. We get conservative results by
not taking into account the effect of inservice inspection.
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5. SENSITIVITY STUDIES

5.1. Impact of Radial Gradient Thermal Stresses Due to Thermal Transients

During the lifetime of a plant, various thermal transients associated with
both normal operating and faulted conditions are postulated to occur. These
transients cause a time-dependent temperature fluctuation of the reactor
coolant, which in turn gives rise to pipe stresses over and above those
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.

As with other stress quantities, the component of the radial gradient stress
of interest from a crack growth perspective is the axial (normal) component
o,(r,t) given by the following expression (Vol. 5 of Ref. 3):

o, (6,8) = T [rese) - F0)] (5.1)
where
E and v = Young's modulus and Poisson's ratio,
a = the coefficient of thermal expansion,
T(g,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 thermsl 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 tue
particular transient.

Table 2.3 lists 17 typical postulated thermal transients for a CE reactor
coolant loop system., We found that several of these transients provided
stress intensity factors sufficiently close to the threshold value required
for crack growth to necessitate consideration, They are:

1. Plant heatup and cooldown (transients 1 and 2).
2. lLoad and unload at 5%/min. (transients 3 and 4).




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:s 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. 1In the first, the weld was subjected to uniform
thermal loads resulting only from plant heatup and cocldown, and to seismic
stresses from four postulated earthquake intensities that rangea from OBE to
five times SSE. Weld leak and DEGB failure probabilities were calculated over
the lifetime of the plant. In the second analysis, the remaining *“hermul
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 see that ‘he
impact of the additional thermal transients on leak probability is
insignificant. The DEGB failure probability increases by less tha~ 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 stability 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 stability
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 Barthquake Intensity Threshold

In Section 3.1.2, we defined an "earthquake”™ (Egk) as the ground motion with
free-field PGA above a predefined intensity threshold apg, below which little
structural damage is expected. In this section, we describe the results of a
study of the effects of ap 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.
Event #1, P[DEGE and ISt Egk], and Event §#2, P[DEGB prior to 18t Eqk], are
the cases with _.he first earthquake occurring during the plant 1life. The
third event, P[DEGB and no Eqgk], is the case where no earthquake occurs during
plant life. It was observed that, in the range of a; where probabilities
were calculated (ap > 1/8 OBE), the probability of Event §#3 increases as
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Figure 5.2. Fffects of ay on various failure events of the Palo Verde
reactor coolant loop piping.

the threshold a, 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 ap. However, it is not a constant
value. The system failure probability is 4.53 x 10-13 per plant year at
ag = 1/2 OBE and approaches a horizontal line with P[DEGB] = 4.58 x 10713
at ag = 1 OBE.

The above phenomena can be explained mathematically using Egs. (B.1-B.3)
presented in Appendix B, Thic will also shed light on the probability value
for ag < 1/8 OBE where no data were obtained. According to Eq. (B.3), the
value of P[PF and no Egk]) is proportional to e oT, Here, 1y is the
expected number of earthquakes per plant year and is related to a, through
the seismic hazard curve. Since the ordinate of the seismic hazard curve, or
the annual frequency of exceedance, is equal to (1 - .-x)' the larger the
value of ag, the lower the corresponding value of i, and therefore the
larger the value of P[(PF and no Egk]. As a, becomes very small, so does
P[PF and no Egk] as indicated by the dashed line in Fig. 5.2.

The failure probability of Event #1, P[DEGE and 1%% Egk], is very small
compared with those of Events #2 and #3. The probability of Event #2, P[DEGB
prior to 1% Bgk], is dependent on 1ige *0%* of the integrand.
Here, Loc“ot is the density function of the random variable, the
occurrence time of the 15% earthquake (vol. 7 of Ref, 3). It is also a
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function of ap through the relationship between 1p and ag. The
function xoe'*o‘ approaches zero as ag approaches both zero and
infinity for any specific value of time t between zero and the plant life T.
This explains the downward trend of P[Event #2] as ag increases from 1/8
OBE. PFor ap less than 1/8 OBE, P[Event #2] will continue to increase but
will eventually drop down to zero as ap approaches zero. This is indicated
by the dashed line.

If apg 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 #1 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 ag since small
earthquakes rarely cause any damage as we learned from past experience. Here,
a, 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 ap for ag greater than 1/8 OBE. The selection of ag value is
of no vital importance if the separate probability values of ".e. ts #2, #3,
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 ag even though
ap, 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
as) even if the contribution of Event #4 was included, because the effect of
the ground motions below the threshold a; were neglected in the
calculation. However, we believe that the calculated value is a very good
approximation of the true system failure probability, since a, 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 approxinmate method with
the more accurate finite element approach using a specific pipe geometry with
b/sR = 1/8. The J-integral values calculated from the approximate method
closely match those of the finite element results. For larger cracks, e.g9.,
5/®R = 1/4, the J-integral solutions from these two approaches start to
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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Figure 5.3. Postulated modification factors for
J-integral values in the
circumferential direction.

We did a sensitivity study to assess the possible impact of the inaccuracy of
the approximate approach on the system DEGB probability. Two 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 method was used ¢
derive tabulated results in that direction.

The results of this sensitivity study are presented in Fig. 5.4 for system
DECB probabilities, Using modification factor £1, the system DEGB
probability increases by a maximum factor of 8.5. For the second modificatior
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Figure 5.4. Sensitivity of system DEGB probability due to variations of
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factor f,, which is equal to twice of £1. the maximum increase in
J-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 1in 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 failure
criterion was accurate and was not changed in thi= sensitivity study.
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6. ANALYSES AND RESULTS 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 selsmicC
hazard curves. The models for those parameters whose modeling uncertainties
were neglected are naturally the best-estimate models. For parameters for
which modeling uncertainties were considered, the best-estimate models are the
models corresponding to the median, or 50th percentile, 1n their uncertainty
distributions. We performed two types of analyses: a best-estimate analysis
and an uncertainty analysis. The former considers only the best-estimate
models and parameters. The latter takes into account modeling uncertainty.

6.1. Best-Estimate Analysis

The best-estimate analysis uses the best-estimate models in calculating system
leak or DEGB probability 1n accordance with the analytical procedure depicted
in the flow chart in Fig. 3.1l. The best-estimate analysis creates a single
point estimate of the failure probability for a reactor coolant loop pilping.
The results for CE reactor coolant loop pilping systems are shown 1in Table 6.1
for leak probabilities and 1in rable 6.2 for DEGB probabilities. It 1is
important to point out that while best-estimate models were used for many
parameters, other parameters were based on conservative assumptions.

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

The best-estimate annual system leak probabilities CE plants are rather
low and fall within a very narrow range varyli from 1.5 X IO'H to

P

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




Table 6.2. Best-estimate values of annual DEGB probability for CE reactor
coolant loop piping.

Event
' 4 5]
Plants ag PIPF Nlst Eqgk) [PF prior to lst Egk] PIPF no Egk] P(PF]

Palo Verde

1, 2, and 3 1/2 OBE  6.53 x 10716 2.70 x 10°14 4.26 x 10713 4,53 x 10713
San Onofre

2 and 3 1/5 OBE 2.37 x 10715 1.00 x 10713 1.92 x 10715 1,04 x 10713
WPPSS 3 1/2 OBE 3.34 x 10716 6.44 x 10715 5,43 x 10™14 6.11 x 10-14
Water ford 1/2 OBE 4.72 x 10°15 4.62 x 10-15 8.04 x 10-14 8.97 x lo-14
Group A

Composite 1/2 OBE 1.57 x 10~15 2.89 x 10°1% 5,05 x 10-14 5.49 x l0-14

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 10713, 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
range. The closeness of best-estimate results among plants can be attributed
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 lst Egk], 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 #1 remain
small.

2. Event #1, P[PF and lst Egk], is much lower than either Event #2 or
Event #3. 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 ap 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 that
constitute the system failure. As shown in Fig. 5.2, Scenario #3 is
increasing while Scenario #2 is decreasing as aj is varied from 1/5 to 1/2
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OBE. For values of ap that are not very small (e.g., for ag larger than
1/8 OBE), the system failure probability is insensitive to the variations of

80.

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
pParametric 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
or a distribution for the leak and DEGB probabilities considering the whole
range of modeling uncertainty is important in addition to the point estimate
produced in the best-estimate analysis. This provides uncertainty bounds on
leak and DEGB probabilities. .nis analysis is called uncertainty analysis.

We used the Latin Hypercube sampling technigue 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 technigue
(Ref. 23).

1. Por each parameter, divide the distribution due to modeling uncertainty

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
for all m parameters for which modeling uncertainty is to be considered.

3. Randomly combine a value without replacement from each distribution to
form a set. A total of n sets of m values is obtained. Each set includes
a value for each of the m parameters. The n sets represen* an LHC sample.

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.

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.

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
percentiles are marked.

These data were also fitted with lognormal distributions, which are plotted as
dashed 1lines in Figs. 6.2 and 6.3. Based on the fitted lognormal
distribution, the leak probability has a median value yu of 1.71 x 10~
events per plant year and a logarithmic standard deviation B8 of 1.06. The
10th and 90th percentile leak probabilities are 4.4 X 10°% and 6.6 X 10°
per plant year. For the DEGB distribution, the . value is 2.3 X 10713 ana
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Figure 6.2, BEmpirical 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_ 90th percentile DEGB probabilities were
found to be 8.3 X 10”16 and 6.7 x 10711 per plant vyear.

To summarize the uncertainty analysis, Figs. 6.4 and 6.5 plot the two extreme
failure 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 DFQB Erobabilxty vary from 0 to 8.4 X 10~41, However, it is safe
to say that per plant year seems to be the approximate upper bound
probability for a DEGB to occur in a CE reactor coolant loop. In the case of
a leak, the results vary in a narrower range with the extreme low being
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3.3 X 10°? and *he 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. SUMMARY AND CONCLUSIONS

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 1s 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.
Our results indicate that best-estimate leak probabilities for the eight CE
reactor coolant loops considered vary from 1.5 X 10°° to 2.3 Xx 10 "  per
plant yeéi,] The best-estimate DEGB probabilities vary from 5.5 X 10~ to
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
probabilities can vary from 0 to 8.4 X 10.1 per plant year due to
uncertainty in the estimation process. The leak probabilities vary from
3.3 X 1072 to 1.9 X 10~7 per plant year. Based on the results presented
in Section 6, we conclude the following:

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.

The probability of earthquake-induced pipe failure through crack growth 1s
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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APPENDIX A: THE SAMPLING SPACE AND 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-
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 k is the thickness of the
pipe. The values of a/h and a/b vary f:rom 0.0 to 1. Figure A.l shows the
sampling space. The shaded area on the left 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
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first. Using the tearing modul s instability criteria, the largest crack
sizes ag,, and bp,y without creating instability can be determined by use
of minimum load. In other words, any crack sizes larger than a,.. and
bmax Will certainly be unstable during plant life. By the same token,

&in and bmin’ below which stability is assured, can be calculated using

the maximum load. These upper and lower bounds of a and b divide the sampling
space into nine regions as shown in Fig. A.l. Each region represents the
state of the cracks in that region.

The sampling scheme can be decided easily once the boundaries of these regions
are determined. 1f the double-ended guillotine break (DEGB) event 18 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 wusually very
small. 1t is unlikely that the cracks in regions 3, 6, 7, 8, and 9 will
induce 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.




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 failuvre 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 complete 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:

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

® Crack existence probabilities.

. Seismic hazard curve expressed as annual frequency of exceedance vs peak
ground acceleration (PGA).

L] 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 1l: One or more earthguake in plant life and a pipe failure simultaneous
with the first earthquake (PF and lst Egk)

Bt m T
P(PF and 1 ~ Egk] = n X E P, [crack]x f f
a>agy t=0

i=1

P[Pl'1 and 1't zqlep- t, PGA = a)

-Aot
£ dt da
GA“) loe ’

P (B.1)

where P[PF; and Lo EqkiTp = t, PGA = a] .s the conditional failure
probability at the ith weld joint simultaneous with the first earthquake given
that the 1% Eqk occurs at time Tp = t and with PGA = a (Fig. B.l), and
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Figure B.l. Conditional failure probability at a weld joint.

Pjlcrack] crack existence probability at the ith weld joint,
fPGA(a) the distribution of peak ground acceleration given an

earthquake, which is dependent on the seismic hazard curve,
number of loops,
number of weld joints within each loop,

= duration of plant life, and

= expected number of earthquakes per year corresponding to
the earthquake intensity threshold ag.

Event 2: One or more earthquake in plant life and a pipe failure prior to the
first earthguake (PF prior to lst Eqgk)

The probability of a pipe failure prior to the first earthquake depends on the
time Tp of the first earthquake.




) 9 "
m T
- . st ; . .
P[PF prior to 1 Egk] = n X P, [crack] X
{=1 ° £ 20
r < as.' sl
P[PF, prior to 1 &{k:LF; t
-1 ¢
Fl~
A - . dt (B.2)
0 . d '
where (»'[PFi prior to 1St EqkiTp = t] is the conditional failure
probability at the ith welu joint prior to the first earthquake, given that
the first earthquake occurs at time Ty = t (Fig. B.l).

Event 3: Pipe fai_‘*xru and no earthquake in plant life time v‘PI-‘_:Tirm Eqk )

-
, 0 S
P[PF and no Egk] = n X e X Pl:'crax'/.} X P [PF,l no Eqgk (B.3)

where P{PFin no Eqgk]) is the conditional pipe failure (leak or DEGB)
probability at the ith weld joint, given that no earthquake occu-:red during
plant lifetime (Fig. B.l).
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APPENDIX C: J-INTEGRAL AND TEARING MODULUS
SOLUTIONS POR AXIALLY LOADED PIPES

Two criteria 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 the
crack tip. The tearing modulus is the slope of the J vs crack extension curve
modified by a multiplication factor 5/05 to render it dimensionless,
i.e.,

e = (a_J) (€.1)
A

The subscript of %% represents a partial derivative with op fixed. The

Ap is the total displacement of the system including the cracked body as
shown in Fig. C.1 and is defined as

Ap =4 +Cy P (€.2)
where

Cq = the compliance of the structure connected in series with the
cracked body,
P = the external load, and
4 = the load point displacement of the cracked body.

Here, A is equal to the sum of A., the load point displacement due to
the crack, and 4,., the displacement of the body without the crack in
place. Using Eq. (C.2), the tearing modulus of Egq. (C.l) can be rewritten as

51, - ), G, [ 63,

Crack extension initiates when the crack driving force, i.e., the J-integral,
at the crack front exceeds the critical value Jyc of the material's
J-resistance curve. However, to have a sustained crack propagation that
results in a catastrophic fracture, the tearing modulus T must also exceed the
corresponding material characteristics Tjgp in the J-R curve. They can be
writien as
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Figure C.l. Schematic diagram
of » system
including a cracked
body .

J > Jiec (initiation)
(C.4)
T > Tyjr (propagation)

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

The tearing modulus stability approach is a realistic and logic approach for
addressing elastic-plastic fracture mechanics problems. However, the
calculations involved in this approach require sophisticated analysis, which
usvally 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 A.. For a Ramberg-Osgood material property,
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€ g o "
e S (_) , (C.5)

Co Oo Oo

the formulae are of the form

J = J% (ag) + JP(a, n)
(C.6)
e

- P
AC AC (..) + AC(.'n) .

The parameters with superscript e represent the elastic contributions based on
an adjusted crack length (or depth) ag, which is Irwin's effective crack
length (or crack depth) corrected for stain hardening. It can be written as
(Ref. 8)

3 =a+ory p (C.7)
where
K 2
1 n -1 1
vy "8 « (n + 1)<oo> ' (C.8)
and
1
gy w1
1+ (:_) 2 . (C.9)
0

Here, K; is the stress intensity factor and P, is the limit load of the
cracked body. For plane stress, 8 = 2 and for plane strain, 8 = 6.

The elastic solutions are of the following form:
- 2

g A

J J‘(P)

0
(C.10)

The formulae for 3‘ and 35 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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(C.11)

where JP and ﬁg are functions of the material properties ané geometry
of the cracked body. They are independent of the load P. This makes it
possible to calculate the values cf parameters in P ana AR using a
finite element aqalysis and a single loading condition (Ref. 10). Once the
parameters in JF  and Ag are determined for various crack geometries
(such as a and Ry) and material properties (such as a and n), they can be
tabulated in handbook format just like the elastic solutions.

References 5 an¢ 11 present the formulae for JP and AR and the
associated parameters in tabular form for several simple cracked bodies. Two
of these cracked bodies, which are of special interest in this study, are
listed as follows:

- Cylinder with part-through complete circumferential crack under uniaxial
tension.

® 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 pi under uniaxial tension

(Fig. C.2)

The elastic-plastic estimation procedure (Ref. 5) yields the iollowing formula:

J 0
2 E
2 2
'6R0 - Ri)
(C.12)
R
a i
be ® " "
C
t(Ro - Ri)
and
& a Ri
Jp =a 0, €, ch H E. n, E;
{C.13)
- R
P a A
Ac = Qq Co a nA(h' n, Ro> v



Figure C.2.
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Part-through complete
circunferentially cracked
cylinder under uniaxial
tension (Case b).
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where

P R, + 0)2 . (C.14)

- Zogn [rg-
0 ‘I;‘ 0 0 i

Pacameters F;, F,, Hy, and H, for n = 1, 2, 3, 5, 7, and 10, and
a/h = 1/8, 1/4, f/z, and 3/4 in tabular form are available in Ref. 5 for
Ri/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 Rj/h = 5 and 10 by
curve fitiing the data.

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

Reference 11 presents an approximate solution for a through-wall part
circumfercntially cracked pipe under remote tension. The solutions are in the
following form:

2
a P
e R 0
" 'J(be’ h) -
(C.15)
a P
e B __Q '
e * 'A(be' h) E
and
3 b ® R
J‘p aoo eo (ﬂl-b)',ul'lJ (', n, h)
/ (C.16)
Ap d i R
Ac GtobnA\" n, h) '
where
Po = 2 ao R h [t - ¢ - 2 arc sin (% sin o)], and (C.17)
R = l R R
L Dl '

Here, F, and F, can be obtained from the elastic solutions presented in
Ref. 12. However, the fully plastic solutions for Hy; and Hy using a
finite el-ment method are not available. Reference 1l presents an approximate
approach for calculating Hj; and H,. Figure C.3 illustrates the basic
idea.

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

H, = HJ;PﬁPG = (C’) - HJ'SBCP . (Cola)
The correction factor Cf is the ratio of the elastic solutions of pipe and
SECP.
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By .pi
cr » | ==tRiRe (c.19)

H
J,58CY elastic

This approximate approach takes advantage of the fact that both elastic and
fully plastic sclutions are readily available for SECP in Refs. 9 and 12.
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APPENDIX D: LATIN HYPERCUBE SAMP'E COMBINATIONS

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

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:

® 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).

-a/u P

e 0<a h

. (D.1)

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

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

0 2 B <1
2 / 2

ool aguaise. G B > 1

XB(ZI)I/Z

In Table D.l1, U2 and S2 represent the median and the standard deviation of
In (Bp). The sample values of Bme Age and Cg associated
with the truncated lognormal distribution for crack aspect ratio are shown as
columns 2, 3, and 4.

e (U3, 83)
Lognormal distributions for the uncertainty factor A, associated with
the modifier 0.8 of the design thermal expansion stress. The median (U3)
and the standard deviation (S3) of 1ln (Ag) 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.
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Table D.1. 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

TRI(3,5) (uv2,52)=(0.29.0.086) (U3,53)=(0..0.1547) (V4,54 . x4)=(0.,0.39,1.88)

Sample Alpha Beta Lambda C Beta Delta t Delta s
1 3.747E400 1.299E+00 5.118E-O1 1.438E+00 9.296E-O00 6.925E-01
2 3.862E+00 1.370E400 3.609E-01 1 _403E+00  7.599E-0! 9.015E-01
3 3.057E+00 1.460E+00 6.154E-01 1.36BE+00 8.820E-0 5.375€-01
+ 4 .294E+00 | . 411E+00 5.870€-01 1.386E+00 9.930E-0 2.350E-01
5 4.223E+00 1.436E400 6.016E-01 1.377E400  7.423E-01 5.282€£-0"
6 3. 424E400 1.238E+00 4.620€-00 1.475€E+400 7.7316-01 $.633E-0!
7 5.518E+00 1.161E400  5.864E-0" 1.538E+00 7.176E-0 6.740E-01
8 4.379€+00 1.285£+00 5.009€-0" 1.446E400 8 382E-O01 3.809E-01
9 4 .575E+00 1.355€+00 S5.511E-0 1.410E+400 8.638E-01 7.423E-0"

10 4.147E400 1.319E400 5.261E-01 1.427€+00 5.780E-0" 1.179E+00
" 3.629E400 1.331E400 5. 350E-01 1.4216+400 B.024E-01 4.901E-01
12 4.767E400 1.267E400 4 .862E-01 1.456E400 9.595£-01 2.980€E-01
13 3.814E+00 1.213E400  4.392eE-00 1.493E+00 8.940E-00 4. 634E-00
14 3.665E+00 1.53%E+00 6.567€-01 1.343E+400 1 .J067E+00  6.469E-01
15 4 .0B3E+00 1.4526400 6.160E-01 1.368E+00 6.813E-01 8.075€-01
16 3.920E400 1.083C+00 2.820£-01 1.637€+00 8.172E-01 6.076E-01
17 3.966E+00 1.394E400 5.764E-01 1.393E+00 7.889E-0 4 554E-01
18 4. .458E+00 1.5402400 6.569E-01 1.343E400 6. 446E-0 3. 475€-01
19 4.010E+400 1.254E+00 4.754E-01 1.465€+400 7.29'E-00 4 331E-0
20 4.2526+00 1.342E+00 5.423£-00 1.416E+00 6.949E-01 3.926E-01
(b)
San Onofre

TR1(3,5) (U2.52)=(0.29,0.086) (U3,53)=(0..0.1547) (U4,54,K4)=(0.,0.45,2.93)

Sample Alpha Beta Lambda C Beta Delta t Delta s
1 3.631£+00 1.293E+00 5.072e-01 1.441E400 6.818E-01 4.897e-01
2 3.369E+00 1.360E+00 5.546E-01 1.408E+00 7.246E-01 4 .401E-00
3 4. 496E+00 1.6526+00 7.083E-01 1.315€+400 5.778E-01 7.624E-C1
K 4.027E+00 1.331E400  5.349€E-01 1.421E+00 8. 417E-00 2.684E-01
S 3.911E+00 1.161E400 5.861E-01 1.538E+00 9.517€-01 4.226E-01
6 3.240E+00 1.1138400 3.274E-01 1.592E+00 7.533e-0! 2.798E-01
7 4.322E+00 1.285€E+00 5.007E-01 1 .446E+00 8.296E-01 3. 415€E-01
8 4.277E+00 1.4356+00 6.009E-01 1.3776+00 7.114E-01 1.493E-01
9 3.768£+00 1.396E400 5.774E-01 1.392E+00 7.562€-01 3. 367e-01

10 4.122E+00 1.238E+C00  4.622E-00 1.4756+00 B.121E-00 3.927e-01
11 4. .092E+00 1.501E400 6 .371e-01 1.3556+00 9.030E-01 5.745€-01
12 4.222E400 1.374E+00 5.637e-01 1.401E400 7.976E-01 2.995e-01
13 3.660E+00 1.346E+00 5. 450E-01 1.414E400 1.046E+00 1.799€-01
14 3.815E+00 1.407E+00 5 .B41E-01 1.388€6+00 8.591E-01 3.759€-01
15 4 408BE+00 1.477E400 6.246E-01 1.363E400 9.294£-01 6. 148E-0"
16 3 .869E+00 1.312E+400 5.214E-0 1.431E400 7.815E-01 3.137e-01
17 4 B2BE+00 1.451E+00 6.103E-01 1.371E400 6. 336E-01 5.040E-01
18 4 .000E+00 1.254E400 4.755€-01 1.4656+400 9.785€-0) 2. 144E-00
19 3. 466E+00 1.264E+00 4 .839E-0 1.458E400 6.582E-01 2.091E-01
20 4 673E+00 1.Z10E400 4 .365£-01 1.495E+400 B.804E-01 2.378E-0"
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(c)
WPPSS

TRI(3,5) (uU2,52)=(0.29.0.086) (Us,S83)=(0.,0.1547) (U4,54 . xK4)=(0.,0.38,3.07)

Sample Alpha Beta Lambda C Beta Delta t Delta s
1 4.541E+00 1.281E+00 4 .974E-00 1.448E+00 8. .338E-01 2.697e-01
2 3.773E+00 1.246E+00 4. 693E-01 1.469E+00 7 .179€-01 4 344800
3 3.816E+00 1.457€E+00 6.137E-01 1.369E+00 9.849E-01 2.033E-01
B 3.542E+00 1.236E+00 4 .606E-0" 1.476E+00 6 863E-0! 6.674E-0
- 4. 111E+00 1.268E+00 4.876E-01 1 455E+00 B.740E-01 3. 656E-01
6 4.028E+00 1.333E+00 5.363E-0" 1.420E+00 7.379€-01 3.119€-01
7 4.072E+00 1.189E+00 4.165E-0" 1.512E+00 6.593E-01 S.474E-01
8 4 .731E400 1. 479E+00 6.256E-0" 1.362E+00 9.262£-01 2.856E-0"
9 4.426E+00 1.391E+00 5.742E-0" 1.395E+00 1.062E+00 3.299E-01
10 4. .665E+00 1.399€+00 5.793E-01 1.391E+00 7.990£-01 3.504E-01
1" 3.620E+00 1.423E+00 5.941E-0" 1.382E+00 8.278E-01 2.521e-00
12 4.277€+00 1.201€+00 4.278E-01 1.502E+00 4.925€-01 2.582€-01
13 4.194E+00 1.339E+00 5.400E-01 1.418E+00 7.279E-01 1.627E~01
14 3.958E+00 1.317€+00 5.248E-0 1.428E+00 6.354E-0 2. 334£-01
15 3.282E+00 1.555€+00 6.642E-0) 1.339E+00 8.558E-0" 3.034E-01
16 3.905€+00 1.366E+00 5 .585£-01 1.405E+00 7.733E-~01 4.103E-01
17 3.680E+00 1.352E+00 5.495£-01 1.411E4+00 9.023e-01 4. 490E-0"
18 3.859E+00 1.050E+00 2.212E-01 1.702E+00 8 108E-01 1 .857€-01
19 3.351E+00 1.49BE+00 6.3556-01 1.356E+00 9.484E-0! 4.870E-01
20 4.361E+00 1.303E+00 S.141E-O01 1.436E+00 7.583E-01 2.943E-01

(d)
Waterford

TRI(3.5) (v2.52)=(0.29.0.086) (U3,S3):(0.,0.1547) (V4,54 K4)=(0.,0.35,1.38)
Sample Alpha Beta Lambda C Beta Delta t Delta s
1 4. .385E+00 1.265€+00 4.847E-01 1.458E400 8.235E-O0 S.772E-01
2 4.234E+00 1.112E+00 3.252E-0% 1.594E+00 6.817E-01 1.346E+00
3 4.159E+00 1.380E+00 5.678E-0! 1.399E+00 8.849E-0" 7.696E-01
4 3.850E+00 1.291€+00 5.056E-01 1.442E+00 6 .659E-01 1.037€+00
5 3.199E+00 1.444E400 6.064E-0" 1.574 00 1.056E+00 7.308e-0
[ 3.7S0E+00 1.295€E+00 5.085E-0! 1.44C 00 6.166E-01 6.456E-0)
? 4.651E+00 1 404E+00 5.8286E-C1 1.388E£+00 7.234E-01 9.059€-01
8 3.659E+00 1.593E+00 6.825E-01 1.329€+00 7.0852E-01 1.187E+00
9 4. 468E+00 1.535E+00 6. 544E-0 1.345E+00 8.659E-01 §.356E-01
10 3.973E+00 1.345€+00 5. 442E-01 1.415E+00 7.8078-01 5.380E-01
1" 3.507E+00 1.430E+00 S5.982¢-0" 1.579€+00 9.207e-01 2.979€-01
12 3.791E+00 1.393E+00 5.780£E-01 1.393€+00 9.034E-01 6.743E-0
13 4.221E+00 1.380E+00 5.542€-0! 1.408E+00 8.376E-01 8.263E-01
14 3.632E+00 1.218E+00 4, 418E-O0 1.491E+00 7.882E-01 5.035¢-01
18 4.008E+00 1.312€+00 5.212€-01 1.431E400  9.684E-0! 7.238E-01
16 4.757E+00 1 .334E+00 5. .371E-00 1.420E+00 8.083E-01 $.57E-0Y
17 4 .075E+00 1.234E+00 4.587E-01 1.478E+00 7.388E-01 4. 489E-01
18 3.360E+00 1.478E+00 6.239E-01 1.383E+00 7.728E-01 6. 194E-01
9 4.294E+00 1.165E+00 3.913E-0! 1.5336+00 €.512€-01 $.314E-01
20 3.902E+00 1.248E+00 4. 890E-0! 1.470E+00 9.793E-01 1.080E+00
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(e)
Group A Composite

TRI(3.8) (v2,52)=(0.29,0.086) (u3,53)=(0.,0.1547) (U4,54 ,Ka)=(0.,0.51,2.66)

Sample Alpha Beta Lambd~ C Beta Delta ¢t Delta s
1 4 101E+00 1.308€+00 5.160E-0! 1.435E+00 6.158E-01 9.096E-01
2 3.732E+00 1.381€+00  5.683E-0 1.398E+00 8. 475E-01 6.983E-01
3 4.266E+00 1.076£+00 2.709E-0 1.648C+00 7. 312€-01 2.177€e-0"
- 4.651E+00 1.492E+00 6. 323E-0" 1.358E+00 6.979E-0" 3.623E-0"
-] 4.535E+00 1.259E+00 4.797E-0" 1.481E+C0 8.780E-01 4.220E-01
6 3.8375+00 1.411E+00 5.869E-01 1.386E+00 9. .427E-0 7.8286E-0"
7 3.337£+00 1.233E+00 4.572€-0¢ 1. 479E+00 6. 398E-0 2.864E-0"
8 4.922E+00 1.339E+00  5.402E-01 1.4176+400 8.049E-00 3.241€6-0"
9 4 .008E+00 1.263E+00 4 .830E-01 1.459E+00 7. 496E-01 2.518E-01

10 3.786E+00 1.423E+00 S5.941E-01 1.382E+00 7.633E-0 2.878E-0"
R 3.277E+00 1.383E+00 5.695E-0 1.398E+00 8.937E-0" 5.827€~-0"
12 4.210E+00 1.2226+00 4. 476E-O 1. 486E+00 1.085E+00 S5.148E-0
13 4.138E+00 1.365E+00 5.577e-01 1.406E+00 7.071E-C 6.150E-01
14 3.930e+00 1.461E+00 6.157E-0" 1,.368E+00 8.203E-0" 1.004E-01
1 4. 362E+00 1.278E+00  4.956E-0! 1.449E+00 9.208E-01 4.766E-0"
1 3.989E+00 1.312E+00 S5.211E-01 1.431E+400 6.582E-0" 3.397€-01
17 3.696E+00 1.570E+00 &.718E-0! 1.335E+00 9.807E-01 3.875€-0"
18 3.577€+00 1.504E+00 6.388E-0! 1.354E+00 8.633E-0! 4. 32'E-00
19 4. 403E+00 1.330E+00 5.338E-0 1.422E+00 7.701E-0" 1.755€-01
20 3.501E+00 1.166E+00 3.919¢-00 1.533E+00  7.994E-0" 2.293E-01

Sample multiplication factors 4, are presented as column 5 in Table D.1l.

- (U4, S4, K4)

Lognormal distributions for the uncertainty factor Ag associated with
the wodifier 1/R. Here, R is the median response 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.l, K4 and S4 represent the median response factor R
and the logarithmic standard deviation of Ag. The variable U4 was not
used and should be disregarded. The sample values of the uncertainty
factor A, are shown in column 6.

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 (asscciated with a percentile Jevel of
the distribution due to modeling uncertainty), many data points along the
curve are needed.
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