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Abstract

Appendix A of 10 CFR 50, General Design Criteria 4, requires that
structures, systems, and components in nuclear plants be designed to
accommodate dynamic effects associated with pipe rupture.
Guidelines are provided in NUREG-0800 Standard Review Plans
3.6.1 and 3.6.2 and associated Branch Technical Positions (BTP)
3-3, 3-4, and MEB 3-1 (MEB 3-1, Revision 1 is provided as an
attachment to NRC Generic Letter 87-11). These guidelines are
generally unchanged from those developed in the early 1970s and
focus on thermal fatigue as the primary damage mechanism of
concern that could lead to pipe rupture. Since the 70s, a significant
amount of industry experience has accumulated that identifies various
mechanisms in addition to thermal fatigue as more likely to result in

high energy pipe failure.

The objective of the work performed for this study was to establish a
recommended approach that can be used to supersede or provide an
alternative approach to existing requirements. To understand the
urgency and timeframe for implementing a revised approach, a survey
was conducted of existing plants, plants seeking license renewal, and
applications for new plant designs to determine the impact of the
continued use of the current requirements.

The report discusses insights obtained from operating plant
experience. It also describes a study of the relationship among
cumulative fatigue usage factors, leak probability, and risk for a
limited set of components. Finally, a suggested approach to address
postulated pipe rupture is outlined for consideration in the
development of future regulations applicable for design of nuclear
power plants.

Keywords

High energy line break
Environmental fatigue
License renewal

New plant design

General design criteria
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Section 1: Introduction

A loss of coolant accident (LOCA) is an event postulated to occur following a
pipe break/rupture of the reactor coolant pressure boundary (RCPB). LOCA
events are integral to the design philosophy of nuclear power plants, which is why
criteria were established to define break locations.

1.1 Current Requirements

In accordance with the NRC Standard Review Plan (SRP), NUREG-0800,
Sections 3.6.1 and 3.6.2, circumferential and longitudinal breaks are to be
postulated in high energy lines. High energy lines are defined as lines in which
the maximum normal operating temperature exceeds 200°F and the maximum
normal operating pressure exceeds 275 psig.

Breaks are postulated in high energy ASME Code, Section III Class 1 lines at
the following locations:
*  Terminal ends

= Intermediate locations where ASME Code, Section III, Subarticle NB-3653
stress equations (10) and either (12) or (13) exceed 2.4S,, for Level A and

Level B operating conditions
» Locations where the cumulative usage factor (CUF) exceeds 0.1 for Level A

and Level B operating conditions

In accordance with 10CFR50 Appendix A General Design Criterion (GDC) 4,
structures systems and components (SSCs) important to safety have to be
designed to accommodate the environmental and, unless they are qualified for
leak-before-break (LBB), the dynamic effects of the postulated breaks. The

dynamic effects of pipe breaks are:

* Jet impingement

* Pipe whip

*  Subcompartment pressurization

* Blowdown transient in the broken pipe
1.2 Challenges

The introduction of environmental fatigue effects, and the extension of the
operating life of nuclear power plants beyond their initial licensed period, will
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result in an exceedance of the 0.1 CUF criterion at more locations than originally
postulated in the design of these plants. This will, in turn, result in a larger
number of postulated breaks in high energy Class 1 lines, and the addition of
pipe break protection hardware (pipe whip restraints, jet shields, barriers, pipe
supports and anchors).

It is generally agreed that the addition of pipe break protection hardware, when
based on the current arbitrary break criterion of a CUF greater than 0.1,
negatively impacts the reliability and safety of the plant by increasing congestion,
and increasing the risk of interference between the pipe and the break protection
structures. This concern was at the basis of application of the LBB approach.

1.3 Objective

The objective of this study is to outline a technically-based alternative to replace
the current CUF criterion, which appears to be arbitrary, possibly avoiding the
need to add pipe break protection hardware.

In the context of the above, the following objectives were initially established for
this project:

Develop an improved basis and requirements for break location postulation, for
those high energy piping locations currently defined by SRP 3.6.2 BTP MEB
3-1 (MEB 3-1 Revision 1 is an attachment to NRC Generic Letter 87-11).

1. Apply a risk-informed approach, consistent with the NRC’s policy statement
on probabilistic risk assessment (PRA) and Regulatory Guide 1.174.

2. Develop a methodology that can be universally applied to currently licensed
US nuclear power plants and new reactor plants which have submitted a
combined license application to the NRC.

These objectives were pursued by performing the following tasks described
below:

1. Identification of plants adversely impacted by existing requirements and
plants which have successfully obtained NRC approval for exceptions to
existing requirements. This involved a review of License Amendment
Requests, Design Certification Documents and internal SI documents.

2. Examine the relationship between fatigue usage, including environmental
effects, and the potential for pipe failure. Based on the potential for pipe
failure, examine the relative risk impact associated with a larger fatigue usage
value than the current 0.1 CUF criterion.

3. Defining an approach that could be used to supersede or provide an
alternative approach to existing requirements, which is expected to be

acceptable to the NRC.

Additional improvements to the high energy line break criteria may be achieved
in future work in the areas of (a) the definition of high energy and (b) the stress-
based limit of 80% of the allowable.

<12>



1.4 Acronyms

ABWR - Advanced Boiling Water Reactor

ADAMS - Agencywide Documents Access and Management System (NRC)
APWR — Advanced Pressurized Water Reactor

ASME — American Society of Mechanical Engineers
BINP — Battelle Integrity of Nuclear Piping

BTP — Branch Technical Position

CDF - Core Damage Frequency

CFR - Code of Federal Regulations

CUF - Cumulative Usage Factor (fatigue)

DBA — Design Basis Accident

DCD - Design Certification Document(s)

ECCS - Emergency Core Cooling System(s)

EPR - Evolutionary Power Reactor

ESBWR — Economic Simplified Boiling Water Reactor
ESF — Engineered Safety Feature

FAC - Flow-Accelerated Corrosion

GDC - General Design Criteria

GE - General Electric Company (aka GE Energy, GE Hitachi)
GSI - Generic Safety Issue

HCF - High Cycle Fatigue

IGSCC — Intergranular Stress Corrosion Cracking

IPE - Individual Plant Examination

LAR - License Amendment Request

LBB — Leak-Before-Break

LERF - Large Early Release Frequency
<13 >»



LOCA - Loss of Coolant Accident

LRA - License Renewal Application

MEB — Mechanical Engineering Branch (NRC)

NP — Nuclear Power

NRC - Nuclear Regulatory Commission

NUREG - Reports prepared for the Nuclear Regulatory Commission
OEM - Original Equipment Manufacturer

PNNL - Pacific Northwest National Laboratory
PWSCC — Primary Water Stress Corrosion Cracking
RCPB - Reactor Coolant Pressure Boundary

RI-ISI - Risk Informed In-Service Inspection

SAR - Safety Analysis Report

SEM - Scanning Electron Microscope

SEN - Significant Event Notice

SI — Structural Integrity Associates

SRP - Standard Review Plan

SSC - Structures, Systems and Components
TGSCC — Transgranular Stress Corrosion Cracking
TLAA - Time Limited Aging Analysis

TR — Technical Report
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Section 2: Background

Laboratory tests have indicated that the effects of reactor coolant environment
were not adequately included in the ASME Code fatigue design curves used in
the original design of reactor coolant pressure boundary components. The design
analyses for license renewal as well as for new nuclear power plants require the
application of environmental fatigue life correction factors (F.,) to the cumulative
usage factors (CUF). An environmentally adjusted cumulative usage factor is
then determined as CUF., = (CUF) x (F.,). This issue has led to more
regulatory requirements for license renewal, where applicants are required to
assess a number of locations for the effects of environmental conditions as part of
their fatigue monitoring programs.

A CUF of 0.1 is the current fatigue criterion for class 1 piping break location
postulation. One area of impact, due to the requirement for fatigue analysis that
includes environmental effects, is that CUF., will likely exceed 0.1. Another
factor to consider is the increase in CUF associated with an increase in the
number of transient cycles associated with a longer period of operation.

A criterion of CUF < 0.4 has been applied in some cases where the effect of
environment is considered. This is not necessarily an equivalent standard,
however, and with the current requirements for application of environmental
fatigue, this standard is expected to be more restrictive than use of CUF <0.1 had
been when used in combination with air curves for fatigue. This can result in an
undesirable increase in the number of postulated break locations and attendant
needs for designing, constructing, installing and working around whip restraints
for the remaining life of the plant. At a minimum, significantly increased
analytical costs, such as finite element analysis of multiple piping locations, will
likely be required to meet the high energy line break postulation criterion.

The NRC has acknowledged that the CUF < 0.1 break location criterion does
not have a well defined or documented basis (see Generic Safety Issue A-18).
Therefore, it is desirable to develop pipe break postulation requirements with a
sound technical basis that would result in appropriate impact on fatigue design,
pipe whip restraint requirements, and ultimately plant safety.

Both deterministic and probabilistic approaches are used when considering
postulated break events. The deterministic approach establishes design limits to
prevent or mitigate the consequences of these events. The special category of
events called “design basis events” are those which are not expected to occur
during the lifetime of the reactor, but which are postulated as the basis for the

<21 >



design of systems that perform safety-related functions (or engineered safety
features).

In deterministic safety analysis, the selection of LOCA events is based on the use
of bounding values of essential plant variables, to show by analysis that the
criteria are met for the defined set of initiating events. For example, the SRP
requires that a double-ended rupture of the largest pipe in the RCPB is

considered in the evaluation of postulated accidents.

The approach taken by probabilistic analysis, such as that described in NRC
Generic Letter 88-20, is fundamentally different. In a probabilistic analysis, all
events are considered as possible events with varying probability of occurrence
based on best estimate values. A probabilistic analysis will consider effects of a
whole spectrum of loss of coolant accidents, and a comparable evaluation will be
done for the more or less frequent events, and their consequences estimated.
Thus, the probabilistic approach addresses events ranging from events with
higher frequencies and lower consequences like very small LOCAs to the
extremely improbable events with significantly greater consequences such as the

double-ended rupture of the largest pipe in the RCPB.

Early attempts at using a probabilistic approach were limited by the availability of
a robust set of failure data, computer codes and computer processing power.
Consequently, engineering judgment was used and, at the time the industry
guidance for pipe rupture was being developed, the reactor coolant piping design
transients were considered to be a primary contributor to the potential for piping
failure.

Branch Technical Position (BTP) 3-4 of the NRC Standard Review Plan (SRP),
NUREG-0800, states that pipe ruptures are to be postulated “az locations having
relatively higher potential for failure, such that an adequate and practical level of
protection may be achieved.” In the case of high energy line breaks, SRP 3.6.3
specifies that a fatigue usage factor greater than 0.1 be the basis for postulating
“intermediate” pipe breaks for locations other than terminal ends of the piping.
This value represents a significant margin to the ASME Code limit of 1.0 and
provides a significantly higher margin than the 0.8 multiplier on piping stresses
that is specified by BTP MEB 3-1 for postulating intermediate breaks on a stress
basis. Due to the aforementioned limitations, there was no defined technical
basis for the fatigue usage criterion of 0.1. It was an arbitrary judgment made at
the time that the guidance was developed.
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Section 3: Insights Obtained From a
Review of Industry Operating
Experience

There has been about 40 years of nuclear plant operating experience since the
original pipe rupture guidance was developed. Available public and proprietary
database and information sources on piping system failures were searched for
relevant information. This included the NRC Agencywide Documents Access
and Management System (ADAMS) database. The ADAMS search was
performed based on an attempt to identify and quantify experience related to
actual failure modes (crack, leak, failure, rupture). Once a list of records was
identified, piping systems were excluded if they did not contain high energy
fluids (e.g., service water system, closed loop cooling, instrument air, diesel
generator, fire protection). Secondary systems (i.e. non-RCPB piping) both
inside and outside containment were included to ensure all reported failures in
high energy piping were considered. In addition, reactor coolant pressure
boundary components other than piping (e.g., steam generators, pumps) were
excluded from review, since these are not within the scope of NUREG-0800
Section 3.6.3.

The sets of keywords (and their various forms) used in the search were:

* pipe crack

* pipe fatigue

* pipe failure

"  pipe rupture

In addition, a number of other documents were reviewed, which included

information from ADAMS and other sources not limited to the ADAMS
database. These documents are listed in the references and included:

* EPRI publications:

- EPRI Technical Report, “Corrosion Fatigue of Water-Touched Pressure
Retaining Components in Power Plants,” TR-106696.

- EPRI 1001006, “Operating Experience Regarding Thermal Fatigue of
Unisolable Piping Connected to PWR Reactor Coolant Systems (MRP-
25).
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- EPRI 1013141, “Pipe Rupture Frequencies for Internal Flooding PRAs.
- EPRITR-1015010 (MRP-235), “Fatigue Management Handbook.”

» U.S. National Laboratory publications:

-  NUREG/CR-6674 (PNNL-13227), “Fatigue Analysis of Components
for 60-Year Plant Life.”

-  NUREG/CR-6679 (BNL-NUREG-52587), “Assessment of Age-
Related Degradation of Structures and Passive Components for U.S.
Nuclear Power Plants.”

-  NUREG/CR-6837, “The Battelle Integrity of Nuclear Piping (BINP)
Program Final Report.”

- NUREG/CR-6936 (PNNL-16186), “Probabilities of Failure and
Uncertainty Estimate Information for Passive Components — A
Literature Review.”

- PNNL-16625, Probabilistic Fracture Mechanics Evaluation of Selected
Passive Components — Technical Letter Report.

= Swedish Nuclear Power Inspectorate (SKI) reports:

- SKI Report 95:59, “Reliability of Piping System Components, Volume
2: PSA LOCA Database Review of Methods for LOCA Evaluation
since the WASH-1400.”

- SKI Report 95:61, “Reliability of Piping System Components, Volume
4: The Pipe Failure Event Database.”

Although there is a considerable amount of information on operating experience
with piping systems, the level of information provided varies widely. Records
contain information based on some combination of detailed root cause failure
analysis and less comprehensive “apparent cause” analysis. Another consideration
is that some reports contain a subset of information from other reports.

From this information, a matrix was constructed that provides a listing of fatigue
cracks, large pipe leaks, and ruptures in nuclear system piping (both RCPB and
non-RCPB). The objective was to see what correlation could be established
between design and actual CUF (where available), as well as any identified causal
mechanism that includes information such as whether there was a non-design
basis fatigue load present (and nature of the load), non-fatigue contributing
factors, and known (or discovered) fabrication defects. Where known, currently
postulated break locations were indicated and what criterion was used to
postulate the break location (0.1 CUF, terminal end, etc).

Unfortunately, the information contained in these reports was sparse concerning
calculated CUF and postulated break locations. From the data reviewed, there
was no direct quantitative comparison between the estimated versus actual fatigue
usage where thermal fatigue was the failure mechanism. Several reports noted
that failures associated with thermal fatigue have generally been due to stresses
not anticipated during plant design (thermal stratification, turbulence penetration
into branch piping, thermal striping, etc.).
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Based on the data limitations, this review focused on the mechanisms involved
and how these related to design thermal fatigue and inferred postulated break
locations where CUF was not the deciding factor (e.g., terminal ends; including
branch connections).

One of the more comprehensive databases is the PIPExp database. This
database is the source of failure data for calculating pipe failure rates and rupture
frequencies in EPRI 1013141. Based on EPRI 1013141, the current PIPExp
database evolved from previous SKI-funded research efforts and has since been
supported by a continuous, active database maintenance and update effort. It
concludes that the PIPExp database is more complete and has benefited from a
more rigorous program of validation. Event by event comparisons of this
database as well as SKI-96:20 and EPRI TR-111880 databases were performed
to reconcile discrepancies as part of EPRI 1013141.

A comparison of the information in each of these databases is shown below in

Table 3-1.
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Table 3-1

Piping Failure Data Comparison (excerpted from EPRI 1013141)

Database
Database Parameter SKI 96:20 [6] EPRI TR-111880 [5] PIPExp [7]
Commercial Muclear U.S. light water LS. LWHs MPP= worldwide incl.
Power Plant (MPP) reactors (LWRs) LWRs=, heavy water
Population reactors and Soviet
designed reactors
Data Collection Period 1961 to 1995 1961 to 1995 1970 to date
Reactor Critical Years 2,100 2100 Ca. 9,179 (12/04)
Experience coverad
Mumber of Pipe Failurs 1,511 1,145 Az of December 2004:
Events (part-through wall, (part-through wall, 3a€ﬁhﬁ%ﬁi§ﬂﬂ2}?ﬁ
Isrnzll Iea{lj';s. large is.r;}i! Iea;s. large small leaks, large leaks
eaks and rupture eaks an t|;.f|;:=-tur|a! and rupture events, plus
events) events) 465 water hammer
+ ASME Class 1: EVEents;
137 « ASME Class 1: 1381
. fQST"-“'EC'ESS 2 « ASME Class 2: 1512
« ASME Class 3 + ASME Class 3: 952
548 (about 10% + Mon-Code: 1055
HX tubes/coils)
+ Non-Code: 320
Mumber of Pipe Bupture 119 63 250 records as of 12/04
Events (complete, sudden
. - + No breakdown by | » Mo breakdown by | « ASME Class 1: 15
[ f structural int
oss of structural INtegity) | * ) SME class ASME class (< DNS0)
ided ided
proviee pravice o ASME Class 2 36
s ASME Class 3: 22
+ Mon-Code: 177
Verification and Validation Unknown Some non-piping Extensive verfication and
of Data Records? evenis deleted from | validation of all database
SKIl 96:20. Most records
rupture events
verified but most
leaks and cracks not
verfied
Component Population Mo Yes, genernc Yes, actual data from 25
Data Included (ASME estimates and actual | plants (ASME Class
Clazs)? data from 2 plants 1,2,3, non-Code piping)
(ASME Class 1,2)

Another database used for this evaluation is the OPFD-2008 database, developed
for the EPRI Fatigue Management Handbook (TR-1015010 / MRP-235). In
addition, information from NUREG/CR-6936 was used as a complement to the
other two data sources.
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NUREG/CR-6936 summarizes the number of reported failures (defined as part
through-wall and through-wall flaws) from 1970-2005. Figure 3-1 shows the
contribution to the total number of reported failures from each of the identified
mechanisms.

Cavitation-
Erosion, 3%

IGSCC, 9%

FAC, 21% TGSCC, 8%

PWSCC, 2%

Thermal
Fatigue, 4%

Vibration
Fatigue
(total), 53%

Figure 3-1
Contribution to Reported Piping Failures (obtained from NUREG/CR-693¢)

The data from NUREG/CR-6936 compares relatively well to information from
SKI Report 95:59 shown in Table 3-2. Although the mechanisms are
characterized somewhat differently, thermal fatigue contributes approximately
4% to the total, flow accelerated corrosion approximately 20% and IGSCC
roughly 13%. The difference in the fraction assigned to vibration fatigue is
unknown, but is likely due to differences in the information sources.
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Table 3-2
Piping Failures by Mechanism (excerpted from SKI Report 95:59)

Failure mechanisms | Occurrence
relevant for piping in in %
SLAP data base

Cavitation/Erosion 0.7 %
Corrosion 8.6 %
Corrosion/Fatigue 1.0 %
Erosion 35%
Erosion/corrosion 19.9 %
Fatigue 22%
Fretting 0.0%
IGSCC 12.8 %
SCC 7.8 %
Vibration fatigue 35.0 %
Water hammer 4.6 %
Thermal fatigue 3.9 %

From this operating experience review, it’s clear that there is a defendable basis
for concluding that the potential for high energy line failures is dominated by
mechanisms other than thermal fatigue due to design plant thermal transients,
which typically constitutes nearly all of the calculated fatigue usage in piping
systems. In addition, piping ruptures were associated with non-RCPB systems
(extraction steam, feedwater heater drains, etc.). Therefore, the use of a fatigue
usage value significantly below the ASME Code limit of 1.0 is judged to be

overly restrictive from a design standpoint.
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Section 4: Review of License Amendment
Requests and Design
Certification Documents

To assess the impact of the CUF criterion on current holders of a nuclear
operating license, a review of License Amendment Requests associated with
License Renewal and other License Amendment Requests associated with break
locations was performed. In addition, a review was performed for Design
Certification Documents submitted for new operating licenses in the U.S.
Finally, a review of internal Structural Integrity Associates (SI) documents was
performed to identify whether any work had been performed to assist in seeking
relief from the current HELB fatigue criterion, since SI performs a significant
amount of work associated with fatigue usage calculations and HELB
evaluations.

4.1 License Amendment Request Review for Existing Plants

The License Renewal Applications (LRAs) for plants that have applied for
extended operation were reviewed. A total of 77 units were examined, where 20
units had applications pending and 57 units had been granted 20 additional years
of operation. The details of the information collected are presented in Appendix
A. Based on this review, none of the plants had sought relief from the 0.1 CUF
break exclusion criteria. It should be noted that it is likely that rather than seek
such relief, the utility performed more detailed analysis in order to meet the CUF
criteria, incurring additional expense.

As part of this review, discussions were held with personnel involved with license
renewal activities at several plants. Specific questions were asked regarding the
issue of break locations. In one case, discussion occurred regarding whether or
not the HELB evaluation was a time-limited aging analysis (TLAA). Following
turther discussions on this question between plant personnel and the NRC staff,
agreement was reached that the HELB evaluation is a TLAA, which will be
managed by monitoring fatigue usage at controlling locations to see if there are
any additional areas that may exceed the 0.1 CUF criterion. If monitoring
identifies a projected CUF of greater than 0.1, additional evaluation will be
performed prior to reaching that time to determine the most appropriate course
of action.
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Environmental fatigue life correction factors have not been applied to these
values. The issue of environmental fatigue has been addressed by implementing
the evaluations at areas identified in NUREG/CR-6260, “Application of
NUREG/CR-5999 Interim Fatigue Curves to Selected Nuclear Power Plant
Components” and by review of other fatigue sensitive locations to ensure limiting
locations for the plant have been identified.

This is consistent with work performed in support of plant license renewal. That
is, HELB fatigue values are considered TLAA and fatigue monitoring is
performed to identify instances where the CUF is projected to exceed 0.1. In no
cases the authors are familiar with do plants also apply environmental multipliers
to HELB locations, unless they also happen to be the locations identified in
NUREG/CR-6260 or otherwise identified as limiting fatigue locations for the

plant, when considering environmental effects on fatigue.

A search of the NRC Agencywide Documents Access and Management System
(ADAMS) information system was also conducted. A search for the document
type License Amendment and the phrase “break location” was completed. This
search yielded 165 hits, of which there was considerable overlap with the LRAs.
Documents other than LRAs were more closely examined, and none revealed any
instances where plants sought relief from the current criteria.

4.2 Design Certification Document (DCD) Review for New
Plants

The DCDs for the AREVA U.S. Evolutionary Power Reactor (U.S. EPR),
Westinghouse AP1000, U.S.-APWR, General Electric-Hitachi ESBWR, and
the General Electric ABWR were also reviewed. Only the ESBWR DCD was
identified as having a CUF criterion of > 0.1. The other DCDs each used a
CUEF criterion of 0.1.

The ESBWR DCD states “Criteria defining postulated pipe rupture locations and
configurations inside containment are in accordance with BTP 3-4. For the piping
system with reactor water, if the environmental fatigue is included in accordance with
Regulatory Guide (RG) 1.207, the fatigue usage limit should be < 0.40 as the criterion
instead of < 0.10 for determining pipe break locations.” The technical basis for the
larger value was not provided in the DCD.

4.3 Review of Sl Internal Documents

A review of internal calculation documents was performed based on a search of
SI’s document records database, which includes nearly all domestic nuclear plants
as well as nuclear plants in Europe and Asia. Search terms included “HELB”,
“LBB”, “rupture” “break”, “break location” and “break exclusion”. While
hundreds of documents were identified in the search, no calculations were
identified that involved any changes to the 0.1 CUF break exclusion criteria.
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Section 5: Relationship Between Fatigue
Usage, Leak Probability and
Risk

Although the operating experience review information provided in Section 3
shows that the potential for high energy line failures is dominated by
mechanisms other than thermal fatigue due to design plant thermal transients,
design fatigue usage is evaluated here to be consistent with the objective of this
study to outline a technically-based alternative to replace the current CUF
criterion.

5.1 Methodology

A limited study of the relationship between cumulative usage factors and leak
probabilities is performed using the pcPRAISE software. pcPRAISE is a
probabilistic fracture mechanics software for evaluating pipe leak and rupture
probability due to a variety of degradation mechanisms (refer to NUREG/CR-
2189, vol. 5, NUREG/CR-5864 and NUREG/CR-6674). In the current study,
fatigue crack initiation and growth is specifically evaluated, using random crack
initiation and growth properties. Both leak (existence of a through-wall crack)
and rupture (sudden and complete pipe severance) probabilities can be obtained,
with leak probabilities being more straightforward to evaluate. Leak probabilities
are used as a conservative surrogate for rupture probability.

For consistency with prior work used to evaluate fatigue crack initiation, the
methodology developed in NUREG/CR-6674 is used in the study. This
methodology is appropriate because it considers the effects of reactor water
environment on fatigue usage, relates leak probability to core damage frequency
and addresses a range of fatigue sensitive locations for various plant designs
representing 47 components. The only changes in this study from the
NUREG/CR-6674 methodology are in the environmental strain life
relationships and the fatigue curves used. The purpose of this was to apply the
latest available information used by the NRC for evaluating environmental effects
on fatigue. A comparison of the approach used in NUREG/CR-6674 and this
study is presented below in Table 5-1.
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Table 5-1

Comparison of NUREG/CR-6674 Approach with Current Study

Stresses, fatigue cycles

Reactor water
environment (strain rate,
dissolved oxygen content
and temperature)

Strainife relation

Cumulative usage factor

Leak probability

Core damage frequency

(CDF) given leak

NUREG/CR-667 4

As reported in
NUREG/CR-6674

As reported in
NUREG/CR-6674

From NUREG/CR-6335

As reported in
NUREG/CR-6674, for

air and environment

pcPRAISE as in
NUREG/CR-6674,
values reported therein

As reported in
NUREG/CR-6674

Current Study

Same as NUREG/CR-
6674

Same as NUREG/CR-
6674

From NUREG/CR-6909

Evaluated using new
ASME design curve AND
using 0.1% strain-life
fractile curve

pcPRAISE with

NUREG/CR-6909 strain-
life relation

Same as NUREG/CR-
6674

This study used NUREG/CR-6674 stresses and fatigue cycles, along with the
environment (strain rate, oxygen content and temperature) for the components
evaluated. CUF values are first calculated using the specific stresses and cycles
for each component location listed in Table 5-2 using the new ASME design
fatigue curve. Fatigue damage was assumed to accumulate linearly with time.
CUFs were then adjusted for reactor coolant environmental conditions to obtain
environmentally assisted fatigue (EAF) values.

Leak probabilities in NUREG/CR-6674 were obtained using pcPRAISE with

probabilistic strain life relationships from NUREG/CR-6335. In order to reflect
the most current information regarding reactor water environment on fatigue life,
the current study uses updated strain life relationships from NUREG/CR-6909.
Using the NUREG/CR-6674 methodology, cyclic stresses, fatigue cycles and
environmental conditions, pcPRAISE was again used to calculate leak
probabilities associated with operating time.

Core damage frequency (CDF) was estimated using the methodology from
NUREG/CR-6674 where information on the CDF given the occurrence of a
pipe rupture is provided. The method used to establish this relationship is
provided in Appendix B. As mentioned above, the leak probability is used as a
surrogate for the rupture probability, because its evaluation is more
straightforward (fewer assumptions and fewer Monte Carlo trials). The core
damage frequency is then compared to values provided in the EPRI PSA
Applications Guide (TR-105396) and Regulatory Guide 1.174.
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Five components were selected from NUREG/CR-6674 for evaluation. All of
these locations are locations evaluated in NUREG/CR-6260. These components
are listed in Table 5-2, along with selected results from NUREG/CR-6674.

The following factors were considered in the selection of these components:

* DMaterial (low alloy, LS, and austenitic stainless steel, SS)

* High and low cumulative usage factors

* High and low environmental effects (the environmental effects are based on a
comparison of air and reactor water results from NUREG/CR-6674).

Table 5-2
Components Selected for Evaluation, Including Related Results from
NUREG/CR-6674
CE-new surge line 2 65 0998  high
elbow failure
prob.
24 W-new charging 544 SS 5.06 4.08 0.963
nozzle
14 CE-old charging 524 SS 0.843 2.11  6.0x10-  low CUF,
nozzle 4 low env
39  GE-new RHR 566 LAS 169 27.66 0.621 high
straightpipe CUF, big
env
28  W-old RPV inlet 552 | LAS 0453 223 0.0504 low CUf,
low env

EAF(60) is the CUF considering environmental effects at 60 years of plant
operation. env/air is the ratio of fatigue usage factor with environment to value in

air and P(60) is the probability of leakage at 60 years.

5.2 Results

As is discussed further below, the results of this study show that there is no direct
correlation between CUF and leak probability, which was used as a conservative
surrogate for pipe rupture probability. Similarly, there is no direct correlation
between CUF and CDF. This is noteworthy because a key objective of this work
was to establish a technically-based alternative to replace the current CUF
criterion of 0.1, which lacks a technical basis.

The pcPRAISE results for leakage probability based on using NUREG/CR-
6909 are provided in Figure 5-1. This plot shows the cumulative leak
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probabilities [ Px(#)] as a function of time [#] for each component evaluated. The
calculations include times up to 60 years.

1.E+00

1.E-01

1.E-02

wd

Leak Probability

/ —o— CE-new surge line elbow ‘//’_‘_'A:
1.E-05 X4 —=— W-new charging nozzle ———¢ ./ri"/(‘
—4— CE-old charging nozzle /rf
1.E-06 ——— GE-new RHR straightpipe K
—o— W-old RPV inlet
1.E-07 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ : ‘
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (yrs)
Figure 5-1

Plot of Cumulative Leak Probability as Obtained Using NUREG/CR-6909 Fatigue
Correlations

NUREG/CR-6674 provides information on the probability of core damage
given a pipe failure, with Table 5-3 summarizing the relevant results for the
components of interest.

Table 5-3
Core Damage Probability Given Occurrence of Lleakage, from NUREG/CR/6674

CE-new surge line elbow 2.85x10°
24 W-new charging nozzle SS 8.00x10°
14 CE-old charging nozzle SS 8.00x10°
39 GE-new RHR straightpipe LAS 9.02x10°
28 W-old RPV inlet LAS 2.70x10°

The cumulative leak probability in Figure 5-1 is converted to leak frequency by
taking the slope of the curve, 4Px(2)/dt. Once a leak frequency is obtained as a
function of time, the estimated core damage frequency (CDF) is related to the
leak frequency by multiplying by the factor in the right-hand column of Table
5-3. The resulting core damage frequency can be plotted as a function of the
environmentally enhanced fatigue usage factor (EAF) by assuming that cycles
accumulate linearly with time. Figure 5-2 provides the results.
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Core Damage Frequency vs. EAF as Derived From Figure 5-1 and Table 5-2

One would expect that as fatigue usage increases there would be a corresponding
increase in the Core Damage Frequency. Figure 5-2 shows a lack of correlation
for the various components and inconsistency between components. This
compromises the ability to use specific EAF values as a criterion for risk ranking
of components or for using specific values as a threshold for postulating HELB
locations.

To understand why there is a lack of correlation between leakage and EAF, it is
important to recognize that there are many factors that are involved in
establishing the relationship between leak frequency and calculated ASME
CUF/EAF values. These include:

= Stress profile (membrane, bending, radial gradient thermal)
»  Geometry (use of stress indices)

»  CUF methodology (strain-life correlations)

= Stress evaluations (NB-3600 vs. NB-3200)

*  Crack growth considerations

»  Material, temperature

*  Crack growth relationships
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The reason for the lack of correlation between CDF and EAF is mainly due to
two factors:

» ASME design curves do not follow a line of constant crack initiation
probability due to the method by which the ASME Code curve is developed
and the multipliers on stress and cycles employed. The ASME design curve
is not consistent with initiation probability fractiles based on statistical
analysis of fatigue data as reported in NUREG reports and used in pc-
PRAISE initiation and leak probability calculations. This is shown in Figure
5-3.

= The probability of CDF for a given leakage probability varies for the
components themselves. Even if there were a good correlation between leak

probability and EAF, agreement would not be consistent due to differences
in the P(CD|leak) values shown in Table 5-3.
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Figure 5-3

Comparison of ASME Fatigue Curve to Fatigue Probability Curve

Further information is provided in Figure 5-4 and Figure 5-5. Figure 5-4 shows
initiation probabilities plotted against EAF values using the ASME design curve.
There is no direct correlation due to inconsistencies between the fatigue
initiation fractiles and the ASME design curve, as previously shown in Figure
5-3. Figure 5-5 is a plot of initiation probability versus EAF computed using the
0.1% fractile fatigue curve. As expected, Figure 5-5 shows much better
correlation between initiation probability and EAF values. There is still some
separation observed between LAS and SS materials.
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Comparison of Initiation Probability to EAF using O.1% Fractile Fatigue Curve

Figure 5-6 and Figure 5-7 provide plots of the leak frequency corresponding to
Figure 5-4 and Figure 5-5.
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Comparison of Leak Probability to EAF using 0.1% Fractile Fatigue Curve
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The already poor relation between initiation probability and EAF is further
degraded when considering leaks, because other factors than those entering into
the EAF become important. Such factors include fatigue crack growth and
spatial stress gradients.

Since it is clear that evaluating the change in EAF criterion from that of 0.1 to
some other value is significantly hampered due to inconsistencies in the impact of
EAF on initiation, leak probability, and core damage frequency, another
approach was considered. The impact of an EAF value of 1.0 was evaluated,
consistent with the ASME Code and what is considered to be acceptable for
other plant locations, in accordance with the NUREG-1801.

For new plants, SRP Chapter 19 provides guidance for performing probabilistic
risk assessment and severe accident evaluation. As part of the applicants PRA
and severe accident evaluation, the risk associated with the design of the plant is
compared to the NRC’s CDF goal of less than 1x10™*/year and LERF goal of
1x10¢/year. These goals were promulgated in SECY-90-016 and are not a

regulatory requirement.

For determining acceptable risk at existing plants, the guidance in the EPRI PSA
Applications Guide and NRC Regulatory Guide 1.174 were applied. The risk-
acceptance guidelines presented in this regulatory guide are based on the
principles and expectations for risk-informed regulation discussed further in
Section 6, and they are structured as follows.

Regions are established in the two planes generated by a measure of the baseline
risk metric (CDF or LERF) along the x-axis, and the change in those metrics
(e.g., ACDF) along the y-axis (Figure 5-8) and acceptance guidelines are

established for each region as discussed below.

These guidelines are intended for comparison with a full-scope (including
internal events, external events, full power, low power, and shutdown) assessment
of the change in risk metric, and when necessary, as discussed below, the baseline
value of the risk metric (CDF or LERF). However, it is recognized that many
PRAs are not full scope and PRA information of less than full scope may be
acceptable.

There are two sets of acceptance guidelines, one for CDF and one for LERF.

Both sets should be used, but as NUREG/CR-6674 provided only a method for
relating CDF as a function of leakage, only CDF is used for this example.
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Acceptance Guidelines for Core Damage Frequency (CDF)

When the calculated increase in CDF is very small, which is taken as being less
than 107 per reactor year, the change will be considered regardless of whether
there is a calculation of the total CDF (Region III). While there is no
requirement to calculate the total CDF, if there is an indication that the CDF
may be considerably higher than 10 per reactor year, the focus should be on
finding ways to decrease rather than increase it. Such an indication would result,
for example, if (1) the contribution to CDF calculated from a limited scope
analysis, such as the individual plant examination (IPE) or the individual plant
examination of external events (IPEEE), significantly exceeds 10 (2) a potential
vulnerability has been identified from a margins-type analysis, or (3) historical
experience at the plant in question has indicated a potential safety concern.

When the calculated increase in CDF is in the range of 10 per reactor year to
107 per reactor year, applications will be considered only if it can be reasonably
shown that the total CDF is less than 10™*per reactor year (Region II).

Applications that result in increases to CDF above 107 per reactor year (Region
I) would not normally be considered.

For the purposes of our example, the total CDF is conservatively taken as the
change in CDF. Referring to Figure 5-2 and Figure 5-8, it can be seen that use
of an EAF of 1.0 achieves an acceptable risk for all components evaluated. Based
on this, the approach in Section 6 is suggested.
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Section 6: Suggested Approach For
Development of Future
Regulations

Although piping constitutes a significant portion of the reactor coolant system
boundary, because of its robust design and the protection afforded by other
engineered safety systems, piping failures generally make relatively small
contributions to core damage frequency (CDF) or large, early release frequency

(LERF).

Since there is no documented technical basis for the current requirements for
postulated break locations where CUF exceeds 0.1, the authors propose that an
alternate methodology be used. In addition to the CUF criterion, the authors feel
that it would be worthwhile to reconsider the criterion for postulating breaks at
terminal ends, the stress based limit of 80% of allowable at intermediate locations
and the current definition for high energy lines in MEB 3-1. This alternate risk-
informed methodology would consider revised fatigue limits as well as inclusion
of the effects of other potential damage mechanisms.

6.1 Proposed Methodology

The proposed methodology is intended to demonstrate that safety objectives
(such as core damage frequency) are met using risk-informed principles. The
intent is to use NRC-approved RI-ISI methods and insights as much as possible
and supplement this, as needed, based on industry operating experience. It is
important to recognize that past operation must be considered in the application

of this methodology in order to ensure that any pre-existing degradation (e.g.,
CUF) is accounted for.

In developing and applying any risk-informed approach, the overall objective is
to achieve a level of risk below some specified criteria (i.e., those described in
Regulatory Guide 1.174) and apply risk insights in the decisionmaking process.
Risk insights are obtained based on an improved understanding of what
contributes to risk, which is the product of probability and consequence. This
approach is used to complement deterministic methods.

For the purpose of establishing postulated break locations, the proposed
methodology takes a four phase approach. The first three phases are more
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deterministic in nature and the fourth phase uses a probabilistic evaluation such
as that described in Section 5 of this report.

Phase 1 eliminates locations where the consequence of failure is low, regardless of
the potential for failure, since the overall risk impact would be minimal and there
would be no net benefit to any changes in plant design to further mitigate the
effects of failure. Phase 2 identifies relevant damage mechanisms and eliminates
any locations which can reasonably be demonstrated to have a slow rate of
propagation, based on operating experience and literature review. A Leak-
Before-Break evaluation is one example of this. Any mechanism which cannot
result in a gross failure will also be eliminated from further review. Use of
existing criteria for establishing break exclusion regions is also considered
acceptable for relevant damage mechanisms. Phase 3 will eliminate locations
which have damage mechanisms that can propagate rapidly, if it can be
demonstrated that these mechanisms can be effectively mitigated. Finally, phase
4 will perform a probabilistic evaluation against the criterion in Regulatory Guide
1.174 (described in more detail in Section 6.2), eliminating any locations which
demonstrate an acceptable level of risk.

Based on the preceding discussion, break (aka rupture) locations will be
postulated based on their potential safety and risk impact as follows:

1. The first phase consists of an initial screening process to reduce the number
of locations requiring a more detailed evaluation based on potential
consequence of rupture (e.g., high mass release lines, or lines which can
directly cause problems due to jet impingement). The approach used for RI-
IST to identify locations with low consequence would screen out.

2. For the locations that screen in, the second phase conducts a systematic
review of the degradation mechanisms that can lead to breaks based on
currently published literature. Based on a literature search [30 through 38],
the following pipe failure mechanisms/causes require further evaluation for
their pipe rupture and rupture mitigation potential:

1. Fabrication defects (due to improper material selection, defective
materials and poor workmanship).

2. Overload (pressure)

Brittle fracture due to low service temperature associated with cold water
injection and/or change in material properties due to neutron fluence or
other mechanisms.

4. Water hammer.

5. Fatigue (including thermal and vibration-induced fatigue).

6. Stress-corrosion cracking (e.g., IGSCC, IASCC, PWSCC, TGSCC,
ECSCC)

7. Flow-Assisted Corrosion (including cavitation erosion, liquid
impingement erosion and abrasive erosion).

8. Seismic loads.
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9. Microbiologically Influenced Corrosion (MIC).
10. Thermal aging (e.g., Cast Austenitic Stainless Steel).
11. Creep/stress rupture.

12. Others which may be identified as part of the literature review.

The evaluation will focus on those mechanisms which may lead to a loss of
reactor coolant (i.e., pressure boundary function of reactor coolant piping
systems) due to gross failures such as guillotine breaks, large axial splits.
Therefore, leaks which do not result in a significant threat to the ability to
perform required safety functions will be excluded from further evaluation.

Note: The only degradation mechanisms that would lead to a pipe rupture
(“gross failure”), as opposed to a crack or leak, are FAC and Water Hammer per
RI-ISI methodologies approved by the NRC in ASME Code Cases N-577-1
and N-578-1. An examination should be performed to determine whether there
are other degradation mechanisms which could also cause a gross failure such as
those mentioned above (e.g., overpressure) or other significant consequence
which require evaluation. Consideration should also be given to the benefit of
actions such as those currently applied by SRP Section 3.6.2 and MEB 3-1 for
establishing break exclusion regions.

For each mechanism, consideration is given as to whether the mechanism
potentially results in rapid propagation or if propagation is slow (i.e., can be
reasonably managed via the RI-ISI program, including applicable augmented
inspection programs such as FAC inspections required by Generic Letter 89-08).
Per EPRI TR-112657, the mechanisms that can be effectively managed via RI-
ISI include Thermal Fatigue, Stress Corrosion Cracking, MIC, Pitting, Crevice

Corrosion, Erosion-Cavitation and FAC.

3. This phase of the evaluation would next focus on those mechanisms leading
to pipe rupture where rapid propagation can occur. The intent of this step is
to mitigate those mechanisms, where feasible. Where reliable methods exist
to detect the onset of conditions leading to the mechanism, existing or new
programs may be used to manage the mechanism. For mechanisms where
the ability to detect the onset of conditions that lead to the mechanism is not
highly reliable, a risk-informed management strategy may be implemented,
and programs and processes for reducing the probability of failure identified.
Some examples follow for the pipe failure mechanisms/causes identified in
item number 2:

1. Fabrication defects (due to improper material selection, defective
materials and poor workmanship).
Methods intended to reduce the probability of failure would include
quality controls and testing performed prior to placing piping systems in
service. Quality controls include requirements that materials are procured
from qualified sources, material testing is performed which confirms the
material properties meet design specifications, pre-service and in-service
examination of welds are performed and hydrostatic leak testing is
conducted. Controls on water quality used for leak testing are intended
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to ensure that chlorides or other halogens as well as other deleterious
contaminants, which can lead to intergranular attack or pitting of piping
materials, are not introduced.

2. Overload (pressure)
The probability of failure due to overload is minimized by existing
ASME Code primary stress limits and rules for overpressure protection.

3. Brittle fracture due to low service temperature and/or change in material
properties due to neutron fluence
Methods intended to reduce the probability of failure include controls on
operation and regulatory guidance for evaluating the effects of neutron
fluence on reactor coolant materials such as those in ASME Code

Section XI Appendix G, 10CFR50 Appendix G and 10CFR50.61.

4. Water hammer
Methods intended to reduce the probability of failure include designs
which minimize the potential for air to be trapped, use of pressure surge
devices, controlling the speed of valves, etc.

5. Fatigue (including thermal and vibration-induced fatigue)
The probability of failure due to fatigue is reduced by considering
thermal and pressure cycles as part of the design of the piping system as
part of the ASME Code fatigue analysis with a CUF allowable of 1.0,
and by incorporating information from the EPRI Fatigue Management
Handbook.

6. Stress-corrosion cracking (e.g., IGSCC, IASCC, PWSCC, TGSCC,
etc.).
Methods intended to reduce the probability of failure include designs
which include resistant materials or provide compressive stress fields at
susceptible locations. Controls on reactor coolant water chemistry that
essentially eliminate the presence of halogens and minimize its
electrochemical potential also reduce the probability of failure.

7. Flow-Assisted Corrosion (including cavitation erosion, liquid
impingement erosion and abrasive erosion)
Methods intended to reduce the probability of failure include designs
which minimize the number of areas with high levels of turbulent flow,
incorporation of alloying constituents more resistant to erosion/corrosion
and improved water chemistry controls. This is supplemented by
inspection of susceptible areas to identify and monitor piping wall
thickness loss.

8. Seismic loads
The potential for failures due to seismic loads are minimized by existing

ASME Code primary and primary plus secondary stress limits.

9. Microbiologically Influenced Corrosion (MIC)
The probability of failure due to MIC is minimized by use of closed
water systems which are treated and/or do not contain raw water and
implementation of actions required to address Generic Letter 89-13.

10. Thermal aging (e.g., Cast Austenitic Stainless Steel)
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11. Creep/stress rupture (This will not be evaluated further since the
coincident conditions of time/temperature/stress for light water reactor
coolant piping does not result in creep damage.)

As part of this phase, the ability to detect the onset of the mechanism or
parameters which lead to break mechanisms where break propagation is rapid
will be assessed. An example where rapid propagation can occur that is difficult
to detect is high-cycle fatigue (HCF). HCEF has a relatively long incubation
period where crack initiation is difficult to detect and is followed by a
significantly shorter period of crack propagation where often the first indication
of a problem is leakage. For this mechanism, sources of HCF would need to be
identified by the plant or plant designer based on plant design specifications and
a literature review (including industry operating experience). These sources
would then need to be accounted for in fatigue calculations wherein the
calculated alternating stress must be below the material endurance limit or the
consequences of HCF failures are evaluated as acceptable based on a plant-
specific risk assessment. Furthermore, relevant plant programs (e.g., corrective
action, operating experience, equipment reliability, fatigue management) must
contain guidance for identifying new sources of HCF and ensuring they are
appropriately addressed.

4. This phase applies a probabilistic approach to assess risk (product of
probability and consequence). Specific details regarding the various methods
for calculating failure probabilities and consequences of failure are beyond the
scope of this report. One approach which could be applied is that outlined in
Section 5 using the methodology in NUREG/CR-6674. NRC-approved
methods applied in RI-ISI applications that calculate failure probabilities and
consequence are also acceptable. For each plant, the current licensing basis
documents are applied, as applicable (e.g., NUREG documents used for

evaluating the effects of reactor water environment on fatigue).

An acceptable level of risk is achieved by reducing the consequence of failure,
the probability of failure due to relevant damage mechanisms or some
combination of these as described below:

1. For lines having higher failure consequences, the failure probability must
be maintained at a sufficiently low level. For these cases, the parameters
that have the most significant impact on failure probability will be
identified by reviewing the literature (such as NUREG/CR-6837), using
analysis insights from the use of structural reliability software such as
pcPRAISE and applying industry experience from RI-ISI programs.

2. For lines with lower failure consequences, a somewhat higher failure
probability can be tolerated so long as the overall impact on core damage
frequency (CDF) and large early release frequency (LERF) is low when
compared to guidance in EPRI TR-105396 and Regulatory Guide
1.174.
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6.2 Basis for Regulatory Acceptance of Proposed
Methodology

As noted in the NRC policy statement for the use of Probabilistic Risk
Assessment (PRA) methods in nuclear regulatory activities and Regulatory
Guide 1.174: “PRA and associated analyses (e. g.» Sensitivity studies, uncertainty
analyses, and importance measures) should be used in regulatory matters, where
practical within the bounds of the state-of-the-art, to reduce unnecessary conservatism
associated with current regulatory requirements, regulatory guides, license
commitments, and staff practices.. .1t is, of course, understood that the intent of this
policy is that existing rules and regulations shall be complied with unless these rules and
regulations are revised.”

Five principles are associated with NRC acceptance of a risk-informed approach,
as outlined in Regulatory Guide 1.174 and illustrated in Figure 6-1 (excerpted
from Regulatory Guide 1.174):

1. The proposed change meets the current regulations unless it is explicitly
related to a requested exemption or rule change, i.e., a "specific exemption"
under 10 CFR 50.12 or a "petition for rulemaking" under 10 CFR 2.802

(presumption of adequate protection),
2. Itis consistent with the defense-in-depth philosophy,
3. It maintains sufficient safety margins,

4. When proposed changes result in an increase in CDF or risk, it is small and
consistent with the intent of the Commission’s Safety Goal Policy
Statement, and

5. Will be monitored using performance measurement strategies.
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2. Change is consistent
with defense-in-depth

1. Change meets current philosophy. 3. Maintain sufficient
regulations unless it is safety margins.
explicitly related to a [
requested exemption or
rule change.

Integrated
Decisionmaking

5. Use performance-
measurement strategies
to monitor the change.

4, Proposed increases in
CDF or risk are small
and are consistent with
the Commission’s Safety
Goal Policy Statement.

Figure 6-1
Principles of Risk-Informed Integrated Decision Making

The suggested approach provided above will require plant-specific risk analysis
insights to be applied. Since existing plants are required to have an Individual
Plant Examination (IPE) performed to meet NRC Generic Letter 88-20 and, for
new plants, SRP Chapter 19, information on assumed break probabilities and
sensitivity of line breaks on CDF/LERF should be available.

Furthermore, in implementing these principles, the NRC has established
expectations in Regulatory Guide 1.174, which include the following:

= Safety impacts of the proposed change are evaluated in an integrated manner
as part of an overall risk management approach in which the licensee is using
risk analysis to improve operational and engineering decisions broadly by
identifying and taking advantage of opportunities to reduce risk, and not just
to eliminate requirements the licensee sees as undesirable. For those cases
when risk increases are proposed, the benefits should be described and should
be commensurate with the proposed risk increases.

= The scope, level of detail, and technical acceptability of the engineering
analyses (including traditional and probabilistic analyses) conducted to justify
the proposed change should be appropriate for the nature and scope of the
change, should be based on the as-built and as-operated and maintained
plant, and should reflect operating experience at the plant.

= The plant-specific PRA supporting the licensee’s proposals has been
subjected to quality assurance methods and quality control methods.

= Appropriate consideration of uncertainty is given in analyses and
interpretation of findings, including using a program of monitoring,
teedback, and corrective action to address any significant uncertainties.
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The use of core damage frequency (CDF) and large early-release frequency
(LERF) as bases for PRA acceptance guidelines is an acceptable approach to
addressing Principle 4.

Increases in estimated CDF and LERF resulting from proposed LB changes
will be limited to small increments. The cumulative effect of such changes
should be tracked and considered in the decision process.

The acceptability of proposed changes should be evaluated by the licensee in

an integrated fashion that ensures that all principles are met.

Data, methods, and assessment criteria used to support regulatory
decisionmaking must be well documented and available for public review.
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Section 7: Conclusions

A background on the current regulations is provided, noting the lack of a defined
technical basis for the cumulative fatigue usage criterion of 0.1 used to postulate
pipe breaks in high energy reactor coolant piping. The objective of this report
was to establish the technical basis for a fatigue usage criterion.

Since various methods and level of detail are used when calculating stresses and
fatigue usage, operating experience information was reviewed in an attempt to
establish some correlation to fatigue usage and identify what other failure
mechanisms have resulted in pipe breaks in high energy piping. This review
indicated that fatigue usage based on design basis calculations is, at most, a
minimal contributor to the potential for pipe failures.

A review of LRAs, LARs and DCDs from NRC publically available information
was performed. There were no instances identified where existing plants had
sought relief from the current requirements and one instance where a DCD has
been submitted seeking approval for the use of a fatigue usage criterion of 0.4
when environmental factors were applied (ESBWR).

The strategy for current operating plants seeking license renewal is to perform
fatigue monitoring for limiting locations to ensure that any locations that are
expected to exceed the current 0.1 CUF criterion are identified in advance. To
date, environmental factors have not been applied to these locations and are
applied to locations identified in NUREG/CR-6260 and assessed for other plant
locations as discussed in NUREG-1801.

Although no instances were identified where exceptions to the current rules were
requested for current operating plants, this does not mean that the current
regulations have not caused utilities to incur additional expenses to meet the
CUF allowable. The likelihood that plants will incur additional expense to meet
the current CUF allowable increases as plants seek to extended their operating
licenses beyond the original license term.

A review of industry operating experience was also performed. The operating
experience review clearly indicates that the potential for high energy line failures
is dominated by mechanisms other than thermal fatigue due to design plant
thermal transients, which typically constitutes nearly all of the calculated fatigue
usage in piping systems. In addition, piping ruptures were associated with non-
RCPB systems (extraction steam, feedwater heater drains, etc.).
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An evaluation of the relationship between fatigue usage (considering effects from
the reactor water environment), leak probability, and risk was performed for
selected component locations using the methodology previously developed in
NUREG/CR-6674 and current NRC guidance for evaluating the effects of
reactor water environment on fatigue. The component locations account for
variation in materials, stress history, geometry and design fatigue usage.

The results of this evaluation showed that consideration of fatigue usage by itself
is not a reliable approach to predict crack initiation or leakage. Therefore, it is
also an unreliable parameter for estimating rupture. However, in all cases
evaluated, the use of a CUF criterion of 1.0 resulted in a minimal impact on core

damage frequency (CDF) within limits commonly found to be acceptable to the
NRC.

Based on these results, a proposed methodology to be used in NRC regulatory
guidance for postulating line breaks is offered for consideration based on the
NRC’s policy statement on probabilistic risk assessment and Regulatory Guide
1.174. This methodology applies both deterministic and probabilistic methods
which could also be used to replace the criterion for postulating breaks at
terminal ends and the stress based limit of 80% of allowable at intermediate
locations in MEB 3-1 (MEB 3-1 Revision 1 is attachment to NRC Generic
Letter 87-11).
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8.2 Glossary

The definitions provided in this appendix were obtained from the references
listed in the report.

C

Cavitation Erosion. Cavitation erosion is an attack of metal surfaces caused by
the collapse of cavitation bubbles on the surface of the liquid and characterized by
pitting.

Core Damage. Uncovery and heatup of the reactor core to the point where
prolonged oxidation and severe fuel damage is anticipated.

Core Damage Frequency (CDF). An expression of the likelihood that, given
the way a reactor is designed and operated, an accident could cause the fuel in the
reactor to be damaged.

Cumulative Usage Factor (CUF). The cumulative usage factor (CUF) is the sum
of the individual usage factors, and the ASME Code Section III requires that the
CUF at each location must not exceed 1.

D

Design Basis Accident (DBA). A DBA is a postulated accident that a nuclear
facility must be designed and built to withstand without loss to the systems,
structures, and components necessary to ensure public health and safety.

Design Certification Documents (DCDs). The review process for new reactor
designs involves certifying standard reactor designs, independent of a specific site.
DCDs are the documents submitted by applicants. Design certification
applicants must provide the technical information necessary to demonstrate
compliance with the safety standards set forth in applicable NRC regulations.
The DCDs must include a detailed analysis of the design's vulnerability to
certain accidents or events, and inspections, tests, analyses, and acceptance
criteria to verify the key design features.
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Deterministic (probabilistic). Consistent with the principles of "determinism,"
which hold that specific causes completely and certainly determine effects of all
sorts. As applied in nuclear technology, it generally deals with evaluating the
safety of a nuclear power plant in terms of the consequences of a predetermined
bounding subset of accident sequences. The term "probabilistic" is associated
with an evaluation that explicitly accounts for the likelihood and consequences of
possible accident sequences in an integrated fashion. See also Probabilistic Risk

Assessment (PRA).

E

Emergency Core Cooling Systems (ECCS). The ECCS includes reactor system
components (pumps, valves, heat exchangers, tanks, and piping) that are
specifically designed to remove residual heat from the reactor fuel rods in the
event of a failure of the normal core cooling system (reactor coolant system).

Environmentally Adjusted Cumulative Usage Factor (CUF.,). The
environmentally adjusted cumulative usage factor (CUF.,) is the sum of the
individual usage factors multiplied by appropriate fatigue life correction factor
(Fen). The CUF,, at each location must not exceed 1.

Erosion Corrosion. Erosion corrosion is an acceleration in the rate of corrosion
attack in metal due to the relative motion of a corrosive fluid and a metal surface.
The increased turbulence caused by pitting on the internal surfaces of a tube can
result in rapidly increasing erosion rates and significant thinning.

F

Fatigue Life Correction Factor (F..). The effects of reactor coolant

environments on fatigue life have been expressed in terms of a fatigue life
correction factor, F., which is the ratio of the life in air at room temperature to
that in water at the service temperature. The value of F., is a function of a set of
variables such as the sulfur content, dissolved oxygen content, strain
rate, and temperature.

Flow Accelerated Corrosion (FAC). Flow accelerated corrosion, also known as
tflow-assisted corrosion, is a corrosion mechanism in which a normally protective
oxide layer on a metal surface dissolves in fast flowing water. The underlying
metal corrodes to re-create the oxide, and thus the metal loss continues. The rate
of FAC depends on the flow velocity. FAC most often affects carbon steel piping

carrying pure, deoxygenated water or wet steam.

I

Intergranular Stress Corrosion Cracking (IGSCC). IGSCC occurs as a result of
the effects of stress and environment on a susceptible material. Type 304 and
type 316 austenitic stainless steel piping has been identified as being susceptible
materials.

L
Leak-Before-Break (LBB). Subject to certain limitations, Appendix A to
10CFR50 Criterion 4 allows dynamic effects associated with postulated pipe

<85>


http://www.nrc.gov/reading-rm/basic-ref/glossary/nuclear-power-plant.html
http://www.nrc.gov/reading-rm/basic-ref/glossary/heat-exchanger.html
http://www.nrc.gov/reading-rm/basic-ref/glossary/fuel-rod.html
http://www.nrc.gov/reading-rm/basic-ref/glossary/reactor-coolant-system.html
http://en.wikipedia.org/wiki/Corrosion
http://en.wikipedia.org/wiki/Carbon_steel

ruptures to be excluded from the design basis when analyses reviewed and
approved by the Commission demonstrate the probability of fluid system piping
rupture is extremely low under design basis conditions. These analyses are
commonly referred to as “leak-before-break” analyses.

Loss of Coolant Accident (LOCA). Those postulated accidents that result in a
loss of reactor coolant at a rate in excess of the capability of the reactor makeup
system from breaks in the reactor coolant pressure boundary, up to and including
a break equivalent in size to the double-ended rupture of the largest pipe of the
reactor coolant system.

P

robabilistic Risk Assessment (PRA). PRA is a systematic method for assessing
three questions that the NRC uses to define risk. These questions consider (1)
what can go wrong, (2) how likely it is, and (3) what its consequences might be.
These questions allow the NRC to understand likely outcomes, sensitivities,
areas of importance, system interactions, and areas of uncertainty, which the staff
can use to identify risk-significant scenarios. The NRC uses PRA to determine a
numeric estimate of risk to provide insights into the strengths and weaknesses of
the design and operation of a nuclear power plant.

R

Reactor Coolant Pressure Boundary (RCPB). The reactor coolant pressure
boundary provides a barrier against the release of radioactivity generated within
the reactor. It consists of the reactor pressure vessel and the pressure-retaining
portion of systems directly connected to the reactor pressure vessel and exposed
to the reactor coolant.

Risk. Risk encompasses what can happen (scenario), its likelihood (probability),

and its level of damage (consequences).

Risk-Informed Decisionmaking. An approach to regulatory decisionmaking, in
which insights from probabilistic risk assessment are considered with other
engineering insights

S

Standard Review Plan (SRP). The SRP is a document that provides guidance to
the staft for reviewing an application to obtain an NRC license to construct or
operate a nuclear facility or to possess or use nuclear materials. NUREG-0800 is
the SRP for plants licensed to the requirements of 10CFR50 and NUREG-1800
is the SRP for plants being licensed to the requirements of 10CFR54.

T

Thermal Stratification. Thermal stratification results from a temperature
differential across a pipe or other component cross-section where the upper fluid
stream is at a significantly higher temperature than the lower fluid stream. This
condition occurs under relatively low flow conditions, by hot fluid injection into a
stagnant cold region or vice versa. This induces gross thermal bending moments
across the pipe cross-section and results in a bowing deflection.
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Time Limited Aging Analysis (TLAA). Time limited aging analyses consist of
calculations and analyses relevant to the plant’s licensing bases that include time-
limited assumptions defined by the current operating term involving aging effects
for systems, structures and components within the scope of license renewal.
10CFR54.3 contains the specific definition of TLAA related to license renewal.
Fatigue calculations are an example of a TLAA, as defined in 10CFR54.3.

Thermal Striping. Thermal striping is a cyclic temperature variation which
results from the existence of a hot/cold interface layer during stratified flow
condition, in conjunction with thermal stratification bending. The level of the
interface layer raises and lowers as the thermal stratification condition initiates
and abates; creating heat-transfer induced thermal stresses in the pipe wall. The
interface layer may fluctuate rapidly and locally.

\%
Vibration Fatigue. High cycle fatigue due to vibrational loading. The vibrational
loading may be either steady state or transient.
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Appendix A: HELB Information Associated
with License Renewal
Applications

This appendix provides a summary of information related to License Renewal
Applications and, where issued, Safety Evaluation Reports issued by the NRC as
of December, 2010. It should be noted that plants which have applied LBB are
not affected by the consideration of environmental multipliers to CUF values,
since LBB evaluates critical flaw size under design load conditions and not the
development of initial cracking.
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Table A-1

Review of HELB Criteria for Plants which have submitted License Renewal Applications

Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?

ANO-1 Unit 1 Section 4.3.4, Thermal Fatigue ASME Section Ill / B31.7 | LBB approach used | No, since projected 60 year cycles
Section 4.8.3, Leak Before Break | Y per NUREG-1061 are less than original 40 year cycles.

(LBB)

ANO-1 Unit 2 Section 4.3.1, Class 1 Fatigue ASME Section |ll LBB approach used | No, since projected 60 year cycles
Table 4.3.1, RCS Design per CEN-367-A (LBB) | are less than original 40 year cycles.
Transients Y
Section 4.7.1, RCS Piping Leak
Before Break

Beaver Valley Section 4.3.1, Class 1 Fatigue B31.1 except pressurizer | LBB approach used | No, since projected 60 year cycles

Unit 1 & 2 Section 4.7.3, Leak Before Break surge line (Unit 1) per Generic Letter are less than original 40 year cycles
Section B.2.27, Metal Fatigue of | Y ASME Section Il (Unit 2) | 84-04 (except Unit 2 RHR and charging line
Reactor coolant Pressure WCAP-11317 piping).
Boundary WCAP-11923

Browns Ferry Section 4.3.3, Piping and B31.1 Not discussed in No. Plant piping was designed per

Units 1,2 & 3 Component Fatigue Analysis [RA. B31.1, which allows up to 7,000
Section B.3.2, Fatigue Y cycles without taking a penalty. No
Monitoring Program reduction in allowable stress limits

was identified.

Brunswick Section 4.3.4, Reactor Coolant B31.1 Not discussed in No. Plant piping was designed per

Unit 1 & 2 Pressure Boundary Piping and LRA. B31.1, which allows up to 7,000
Component Fatigue Analyses cycles without taking a penalty. The
Table 4.3-1, Reactor Design Y only reduction was for the feedwater
Transients and 60-Year Cycle system, which was accounted for in
Projections the original design basis for the

plant.
Calvert Cliffs Appendix A, Table 5, Potential ASME Section lll / B31.7 | Not discussed in LRA discusses pipe rupture as being
Unit 1 & 2 TLAAs Associated with Codes, Y LRA. related to erosion corrosion concerns.

Standards and Regulatory

CUF discussion relates to CUF values
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?
Documents being less than 1.0. LBB discussion is
Appendix A, 4.1, Reactor limited to CASS components.
Coolant System, Group 4
(fatigue)

Catawba Section 4.3, Metal Fatigue ASME Section lll LBB approach used | No. In addition, committed to monitor

Unit 1 & 2 Section 4.7.2, Leak Before Break | N per WCAP-10546 cycles to ensure design cycles are not
Analyses exceeded.

Columbia Section 4.3.3, Reactor Coolant ASME Section Il CUF >0.1 per FSAR | Although none were specifically
Pressure Boundary Piping and Section 3.6.2. identified, the LRA states that this will
Piping Component Fatigue be monitored using the Fatigue
Analysis Monitoring Program and actions
Table 4.3-5, CUFs for Reactor N taken to address the new break
Pressure Boundary Piping and locations, if required.
Piping Components
Section B.2.24, Fatigue
Monitoring Program

Cooper Section 2.1.4, Generic Safety ASME Section I GSI-156.6.1 LRA references GSI for postulated
Issues (replaced recirculation pipe breaks, but in references AMP
Section 4.3.1.4, Class 1 Piping piping) / B31.1 for flow accelerated corrosion and
Table 4.3-2, CUFs of Record for | T (remainder) for fatigue monitoring, uses CUF of
CNS Class 1 Components 1.0.
Section B.1.15, Fatigue
Monitoring

Crystal River Unit 3 | Table 4.1-2, Review of Generic ASME Section Ill / B31.7 | GSI-156.6.1 LRA references GSI for postulated
TLAAs Listed on Table 4.1-2 and pipe breaks, but in references AMP
4.1-3 of NUREG 1800. for flow accelerated corrosion and

N for fatigue monitoring, uses CUF of

1.0. Table 4.1-2 states that HELB
postulation did not meet TLAA
criteria.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?
Duane Arnold Section 4.3.2, Fatigue of Class 1 B31.7 /B31.1 GSI-156.6.1 LRA references GSI for postulated
Piping pipe breaks, but in references AMP
Table 4.3-2, Usage Factors Y for flow accelerated corrosion and
Section A.18.3.2.2, Fatigue of for fatigue monitoring, uses CUF of
Class 1 Piping 1.0.
D. C. Cook Section 4.3, Metal Fatigue B31.1 / ASME Section Ill | LBB approach used | No; projected 60 year cycles are less
Unit 1 & 2 Table 4.3-1, RCS Design (pressurizer surge line, per WCAP-15131 than original 40 year cycles.
Transients — Projection to 60 Y charging line, aux spray | WCAP-15434
Years line per NRC Bulletin 88-
Section 4.7.1, Reactor Coolant 08 and 88-11)
System Piping Leak-Before Break
Diablo Canyon Section 4.3, Metal Fatigue B31.1 LBB approach used | No; projected 60 year cycles are less
Unit T & 2 Analysis per WCAP-13039 than original 40 year cycles.
Section 4.3.2.7, Reactor Coolant WCAP-15434
Pressure Boundary Piping
Table 4.3-2, DCPP Units 1 and 2
Transient Cycle Count and 60-
Year Projections
Section 4.3.2.12, TLAAs in N
Fatigue Crack Growth
Assessments and Fracture
Mechanics Stability Analyses for
Leak-Before-Break Elimination
of Dynamic Effects of Primary
Loop Piping Failures
Dresden Section 4.3.3, Reactor Coolant B31.1 / ASME Section lll | Not discussed in No. Plant piping was designed per
Unit2 & 3 Pressure Boundary Piping and (replaced recirculation LRA. B31.1, which allows up to 7,000
Component Fatigue Analysis Y piping at Unit 3) cycles without taking a penalty. No

reduction in allowable stress limits
was identified.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?
Farley Section 2.1.5.16, Time-Limited B31.1 / ASME Section Ill | LBB approach used | No; projected 60 year cycles are less
Aging Analyses Supporting (pressurizer surge line, per WCAP-12825 than original 40 year cycles.
Information for License charging nozzles, RHR/SI | WCAP-12835
Renewal Applications (ISG-16) Y nozzles per NRC Bulletin
Section 4.3, Metal Fatigue 88-08 and 88-11)
Section 4.5.2, Leak Before Break
Section A.4.2, Metal Fatigue
Analysis
Fitzpatrick Section 4.3.1, Class 1 Fatigue B31.1 / ASME Section lll | Not discussed in No. Plant piping was designed per
Section 4.3.1.3, Class 1 Piping (portion of replaced Core | LRA. B31.1, which allows up to 7,000
and Components Y Spray piping) cycles without taking a penalty. No
reduction in allowable stress limits
was identified.
Ft. Calhoun Section 4.3.1, Reactor Coolant B31.1 /B31.7 Locations with CUFs | No. The Class | portions are
and Associated Systems Thermal greater than 0.1 for | wrapped in steel “barrel slat”
Fatigue 40 years were enclosures to prevent lateral pipe
Section 4.7.2, Leak Before Break selected as break movement and the formation of
(LBB) Analysis for Resolution of locations based on longitudinal and axial jets, which
USI A-2 stresses exceeding could impact nearby structures and
Section 4.7.3, High energy Line v the other selection equipment. Pipe whip restraints are
Break (HELB) criteria of 2Sm. installed to limit pipe movement due
to circumferential breaks. A potential
exception considered were the piping
connections to the isolation valves,
however, the CUFs at these nodes
are less than 0.001 and will not
exceed a CUF of 0.1.
Ginna Section 4.3, Metal Fatigue B31.1 / ASME Section Ill | LBB approach used | No. LBB approach used which was
Y (pressurizer surge line per | per WCAP-12928 projected to 60 years with

NRC Bulletin 88-11)

WCAP-15837

acceptable results.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?

Harris Section 4.3, Metal Fatigue B31.1 / ASME Section Ill | LBB approach used | No, since projected 60 year cycles
Section 4.3.1.7, Reactor Coolant (pressurizer surge line per | per WCAP-14549-P | are less than original 40 year cycles
Pressure Boundary Piping NRC Bulletin 88-11) except for pressurizer piping which
Section 4.3.4, RCS Loop Piping | Y was projected to 60 years with
Leak-Before-Break Analysis acceptable results.
Section A.1.2.2.11, RCS Loop
Piping Leak-Before-Break Analysis

Hatch Section 4.2, Pipe Stress Time- B31.7 (Unit 1) / ASME CUF >0.1 per MEB | Yes. Per the NRC SER (NUREG-

Unit 1 &2 Limited Aging Analyses Section IIl (Unit 2) 3-1 1803) locations were identified that
Table 4.2.2-1, ASME Codes Y may exceed 0.1. Three bounding
Applicable for Class 1 Piping locations were identified for

continued monitoring.

Hope Creek Section 4.3.3, Reactor Coolant ASME Section lll CUF >0.1 per Yes. Four locations were identified
Pressure Boundary Piping and Section 3.6 of the and other locations were identified
Component Fatigue Analysis UFSAR for continued monitoring.
Table 4.3.3-1 Fatigue Monitoring | Y
Locations for HCGS RCPB Piping
Components and Estimated
CUFs

Indian Point Section 4.3.1, Class 1 Fatigue B31.1 / ASME Section Il | LBB approach used | No. In addition, the number of

Unit 2 & 3 Section 4.3.1.8, Class 1 Piping (pressurizer surge line per | per WCAP-10977 significant transients projected for 60
and Components Y NRC Bulletin 88-11) (U2) years of operation was determined to
Section 4.7.2, Leak Before Break WCAP-10931 (U2) | be acceptable.

WCAP-8228 (U3

Kewaunee Section 4.3.1, Fatigue of Class 1 B31.1 / ASME Section lll | LBB approach used | No; projected 60 year cycles are less
Components (pressurizer surge line per | per WCAP-15311 than original 40 year cycles.
Section 4.3.1.3, Reactor Coolant | Y NRC Bulletin 88-11) WCAP-16040-P
Loop Piping WCAP-16738

Section 4.7.3, Leak Before Break
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?
McGuire Section 4.3, Metal Fatigue ASME Section lll LBB approach used | No. In addition, committed to monitor
Unit 1 & 2 Section 4.7.2, leak Before Break | Y per WCAP-10585 cycles to ensure design cycles are not
Analyses exceeded.
Millstone Unit 2 Section 4.3, Metal Fatigue B31.7 LBB approach used | No; projected 60 year cycles are less
Section 4.7 .4, Leak Before Break per CEN-367-A than original 40 year cycles.
Table 4.3-2, Millstone Unit 2 — Y
60-Year Projected Transient
Cycles
Millstone Unit 3 Section 4.3, Metal Fatigue ASME Section |ll LBB approach used | No; projected 60 year cycles are less
Section 4.7 .4, Leak Before Break per WCAP-9558 than original 40 year cycles.
Table 4.3-2, Millstone Unit 3 - Y WCAP-9787
60-Year Projected Transient
Cycles
Monticello Section 4.3.3, ASME Section Il B31.1 / ASME Section lll | Not specifically No. Break locations postulated on
Class 1 Reactor Coolant Pressure (for several RCPB piping | listed in LRA. pipe size and time of operation, not
Boundary (RCPB) Piping and Y systems) fatigue criteria.
Fatigue Analysis
Table 4.1-1, List of MGNP Time-
Limited Aging Analyses (TLAAs)
Nine Mile Point Section 4.3, Metal Fatigue B31.1 Not discussed in No. Plant piping was designed per
Unit 1 Analysis LRA. B31.1, which allows up to 7,000
cycles without taking a penalty. No
Y reduction in allowable stress limits

was identified. In addition, NMP1
was licensed prior to the issuance of

10 CFR 50 Appendix A.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?
Nine Mile Point Section 4.3.2, ASME Section Il ASME Section Il CUF >0.1 Yes. Several locations have a CUF
Unit 2 Class 1 Piping and Components for the 40 year design that are near
Fatigue Analysis v or above 0.08. Piping locations with
Table 4.3-5, NMP2 ASME a CUF of >0.04 will be monitored by
Section lll Class 1 Piping - CUF the fatigue monitoring program.
Bounding Location
North Anna Section 4.3, Metal Fatigue ASME Section |ll LBB approach used | No. In addition, the number of
Unit T & 2 Section 4.7.3, Leak Before Break per Westinghouse transients projected for 60 years of
v evaluation (WCAP operation was determined to be
not listed in acceptable.
references for
Section 4).
Oconee Section 5.4, Time-Limited Aging ASME Section Il / B31.7 | CUF >0.1 Potentially. Although none were
Unit1,2 &3 Analyses for the Reactor coolant BAW-2243A specifically identified, the NRC SER
System and Class 1 Components v BAW-1847R1 states that this will be monitored
using the Fatigue Monitoring Program
and actions taken to address the new
break locations, if required.
Oyster Creek Section 4.3.3, Reactor Coolant B31.1 Not discussed in No. Plant piping was designed per
Pressure boundary Piping and LRA. B31.1, which allows up to 7,000
Component Fatigue Analysis Y cycles without taking a penalty. No

reduction in allowable stress limits
was identified.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?

Palisades Section 4.3.1, Evaluation of ASME Section Il / B31.1 | >2.4Sm (per NRC No. Intermediate break locations
Fatigue in Vessels, Piping and Generic Letter 87- were postulated based on
Components 11) deterministic criteria (longitudinal
Table 4.3-1, Primary Coolant break with greatest impingement
System Design Transients loading, circumferential break with
Section 4.3.8, ASME lll Class A greatest pipe whip) and exceeding
Primary Coolant Piping Fatigue Y stress criterion in NRC Generic Letter
Analyses 87-11. This was determined not to
Section 4.3.12, Absence of a be a TLAA (in both the LRA and SER).
TLAA for ASME lll Class 1 HELB
Locations and Leak-Before-Break
Analyses Based on Fatigue
Usage Factor

Palo Verde Section 4.3.2, ASME Il Class 1 ASME Section |ll LBB approach used | Potentially. A LBB approach was used

Unit1,2 &3 Fatigue Analysis of Vessels, and CUF >0.1 for the RCPB piping and a CUF>0.1
Piping and Components for other Class 1 piping. Although
Section A2.1, Metal Fatigue of none were specifically identified, the
Reactor Coolant Pressure N LRA states that this will be monitored
Boundary using the Fatigue Monitoring Program
Section A3.2.1.12, High Energy and actions taken to address the new
Line Break Postulation Based on break locations, if required.
Fatigue Cumulative Usage Factor

Peach Bottom Section 4.3.3, Piping and B31.1 / ASME Section Il | CUF >0.1 No. Piping analyzed per ASME

Unit2 & 3 Component Fatigue and Thermal (replaced recirculation Section lll had been replaced and
Cycles v piping and portions of the based on number of years projected

SER section 4.1, |dentification of
Time-Limited Aging Analyses

RHR system to address
IGSCC concerns)

through 60 years of plant operation
no locations are expected to exceed
the 0.1 CUF criterion.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?
Pilgrim Section 4.3.1, Class 1 Fatigue B31.1 / ASME Section Il | Not discussed in No. Plant piping was designed per
Section 4.3.1.3, Class 1 Piping (replaced recirculation LRA. B31.1, which allows up to 7,000
and Components v piping and portions of the cycles without taking a penalty. No
RHR system to address reduction in allowable stress limits
IGSCC concerns) was identified. The LRA only
discusses HELB in terms of scoping.
Point Beach Section 4.3, Metal Fatigue B31.1 / ASME Section Il | LBB approach used | No; the number of transients
Unit 1 & 2 Section 4.4.4, Reactor Coolant (pressurizer surge line per | per WCAP-13509 projected for 60 years of operation
System Main Loop Piping Leak- NRC Bulletin 88-11) WCAP-14439 was determined to be acceptable.
Before-Break Analysis WCAP-15065-P-A
Section 4.4.5, Pressurizer Surge WCAP-15107-P-A
Line Leak-Before-Break Analysis | Y WCAP-15105-P-A
Section 4.4.6, Accumulator
Injection Line Piping Leak-Before-
Break Analysis
Section 4.4.7, Class 1 RHR Line
Leak-Before-Break Analysis
Prairie Island Section 4.3.1, Class 1 Fatigue B31.1 / ASME Section Ill | LBB approach used | No; projected 60 year cycles are less
Unit 1 &2 Table 4.3-1, PINGP Units 1 and (pressurizer surge line per | per WCAP-10639-P | than original 40 year cycles.
2 Design and Projected Number v NRC Bulletin 88-11) WCAP-12876-NP
of Design Cycles WCAP-12877-P
Section 4.7.1, RCS Piping Leak- WCAP-10928-NP
Before-Break Analyses
Quad Cities Section 4.3.3, Reactor Coolant B31.1 Not discussed in No. Plant piping was designed per
Unit 1 & 2 Pressure Boundary Piping and LRA. B31.1, which allows up to 7,000
Component Fatigue Analysis Y cycles without taking a penalty. No

reduction in allowable stress limits
was identified.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?
Robinson Section 4.3, Metal Fatigue B31.1 / ASME Section Ill | LBB approach used | No; projected 60 year cycles are less
Section 4.6, Other Plant-Specific v (pressurizer surge line per | per WCAP-15628 than original 40 year cycles.
Time-Limited Aging Analyses NRC Bulletin 88-11 and
Aux Feedwater Line)
Salem Section 4.3, Metal Fatigue of B31.1 / ASME Section Ill | LBB approach used. | No; projected 60 year cycles are less
Unit 1 & 2 Piping and Components (pressurizer surge line per | Evaluation document | than original 40 year cycles.
Section 4.3.4, Supplementary NRC Bulletin 88-11 and | not specifically listed
ASME Section lll, Class 1 Piping 88-08 for the auxiliary in LRA.
. Y .
and Component Fatigue spray, charging and Sl
Analyses lines)
Section 4.4.3, Leak-Before-Break
Analyses
Seabrook Section 4.3, Metal Fatigue ASME Section Il LBB approach used | No; projected 60 year cycles are less
Analysis of Piping and per and CUF >0.1 than original 40 year cycles.
Components per UFSAR section
Section 4.7.3, Leak-Before-Break | N 3.6
Analyses
Section 4.7.4, High Energy Pipe
Break Postulation Based on
St. Lucie Section 4.3, Metal Fatigue B31.7 (Unit 1) / ASME LBB approach used | No; projected 60 year cycles are less
Unit 1 & 2 Section 4.6.1, Leak-Before-Break Section Il (Unit 2) In per CEN-367-A than original 40 year cycles.
for Reactor Coolant System addition, pressurizer
Piping Y surge lines were
evaluated per ASME
Section Ill per NRC
Bulletin 88-11.
Surry Section 4.3, Metal Fatigue B31.1 / ASME Section lll | LBB approach used. | No; projected 60 year cycles are less
Unit 1 & 2 Section 4.7.3, Leak-Before-Break v (pressurizer surge line per | Evaluation document | than original 40 year cycles.

NRC Bulletin 88-11)

not specifically listed
in LRA.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?

Susquehanna Section 4.3.4, Reactor Coolant ASME Section |ll CUF >0.1 Yes. Additional piping locations

Unit 1 & 2 Pressure Boundary Piping Fatigue were identified that are projected to
Analyses exceed a 0.1 CUF. These locations
Table 4.3-2, Fatigue Usage for v will be monitored by the fatigue
Limiting RCPB Locations monitoring program and actions
Section 4.7.2, High Energy Line taken as determined to be necessary.
Break Cumulative Fatigue Usage
Factors

Three Mile Island Section 4.3, Metal Fatigue of B31.7 / ASME Section Ill | LBB approach used | Potentially. Although the number of

Unit 1 Piping Components (pressurizer spray line per | per BAW-1999 cycles for 60 years was not
Section 4.4, Leak-Before-Break NRC Bulletin 88-11) BAW-1847R1 specifically compared with the
Analysis of Primary System Y number of design cycles, the LRA
Piping states that this will be monitored

using the Fatigue Monitoring
Program.

Turkey Point Section 4.3, Metal Fatigue B31.1 / ASME Section Il | LBB approach used | No; the number of transients

Unit 3 & 4 Section 4.7.3, Leak-Before-Break v (pressurizer surge line per | per WCAP-14237 projected for 60 years of operation
for Reactor Coolant System NRC Bulletin 88-11) was determined to be acceptable.
Piping

Vermont Yankee Section 4.3, Metal Fatigue B31.1 Not discussed in No. Plant piping was designed per
Table 4.3-1, Cumulative Usage LRA. B31.1, which allows up to 7,000
Factors v cycles without taking a penalty. No

reduction in allowable stress limits
was identified. The LRA only
discusses HELB in terms of scoping.
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Plant LRA Section/ Table SER Piping Design Code HELB Criteria Additional Locations where 60-
References Issued? year Projected CUF>0.1?

Vogtle Section 4.3, Metal Fatigue ASME Section Il LBB approach used | No; the projected 60 year cycles are

Unit 1 & 2 Section 4.3.1.7, High-Energy per WCAP-10551 less than original 40 year cycles.
Line-Break Postulated Locations and CUF >0.1 for The SER suggests that use of the
Based on Fatigue Cumulative v CVCS lines environmental multiplier with a
Usage Factor (and related SER resulting CUF of <1.0 is acceptable
section) for locations with a CUF of 0.1.
Section 4.7.1, Leak-before-Break
Analysis

Wolf Creek Section 4.3, Metal Fatigue ASME Section |ll LBB approach used | No; there are currently no locations
Analysis per WCAP-10691 where the CUF exceeds 0.1 and the
4.3.2.10, High-Energy Line- and stress >2.4Sm number of transients projected for 60
Break Postulation Based on or CUF >0.1. years of operation was determined to
Fatigue Cumulative Usage Factor v be acceptable. This will be

Section 4.3.2.11, Fatigue Crack
Growth Assessment for the Leak-
Before-Break (LBB) Elimination of
Dynamic Effects of Primary Loop
Piping Failures

monitored by the fatigue monitoring
program to ensure the assessment
remains valid.
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Appendix B: Methodology for Calculating
Core Damage Frequencies

(Excerpt from NUREG/CR-
667 4)

As noted in Section 5.1, this appendix provides the methodology used for
calculating core damage frequencies, which was obtained from Section 8 of
NUREG/CR-6674. Appendix B of NUREG/CR-6674 provides tables that
detail the inputs and results for CDF calculations for the components covered in
the NUREG, a subset of which was evaluated in this report.
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Through-wall cracks can cause core damage if the
leakage rate through the crack exceeds the
leakage rates corresponding to plant criteria for
small or large LOCAs. The previous sections
have described the methodologies and results for
calculating frequencies of through-wall cracks,
the approach used to assign through-wall cracks
to the categories of small and large LOCAs, and
the estimates for conditional core damage
probabilities.

The following equations were used to develop the
tables of Appendix B:

CDF = CDFpunge oo T CDF gynri100s

where CDF = core damage frequency
contribution from through-wall

cracks

CDOF snoeiocs = core damage frequency due to
large LOCAs

CDF g1 100 = core damage frequency due to
small LOCAs

The core damage frequency for a large LOCA is
caleulated as follows:

CDFpapge Locs = Frwe * FRAC jpeeaca *
COND_CDF | reeroes

= frequency of through-
wall cracks (per year)

where Fry-

<B2)>

FRAC, ,naeLocs = fraction of through-wall
cracks that result in

large LOCA

COND_CDF\ sgee 0w = conditional core damage
probability given a Jarge
LOCA.

Similarly, the core-damage frequency for a small
LOCA is caleulated as

CDFauaroca = Frwe ® FRAC 000 1ocs ®
COND_CDF gar1 100m

= frequency of through-
wall cracks (per year)
= fraction of through-wall
cracks that result in
small LOCA
COND_CDFgppaip 10cs = conditional core
damage probability
given a small LOCA.

where Frge

FR&CSHAI,L LOCA

Both small and large LOCAs can contribute to
CDFs. The consequences of large LOCAS are
much greater than the consequences for small
LOCAs, However, small LOCASs have much
higher frequencies of occurrence, making it
possible for small LOCAs to make significant
contributions to core damage.
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Résum

e

L'Annexe A de 10 CFR 50, Criteres de conception générale 4, exige
que les structures, les systémes et les composants des centrales
nucléaires soient congus afin de prendre en compte les effets
dynamiques associés a la rupture de canalisations. Des directives
sont fournies dans Plans d'examen standard 3.6.1 et 3.6.2 de
NUREG-0800 et dans Positions techniques de la direction générale
(BTP) associées 3-3, 3-4 et MEB 3-1 (MEB 3-1, révision 1, est jointe a
la Lettre générique 87-11 du NRC). Ces directives n'ont
généralement pas évolué depuis celles mises au point au début des
années 1970 et se concentrent sur la fatigue thermique comme le
mécanisme principal d'endommagement pouvant entrainer une
rupture de canalisations. Depuis les années 70, l'industrie a
accumulé une expérience considérable qui identifie maintenant
différents mécanismes en complément a la fatigue thermique
pouvant plus vraisemblablement entrainer la rupture de
canalisations a haute énergie.

L'objectif du travail effectué pour cette étude consistait a mettre en
ceuvre une approche recommandée pouvant étre utilisée en
remplacement ou en alternative aux impératifs existants. Afin de
comprendre |'urgence et le calendrier de mise en ceuvre d'une
approche révisée, une enquéte a été menée sur des centrales
existantes, sur des centrales recherchant un renouvellement de
licence et sur des demandes relatives a de nouveaux concepts de
centrales afin de déterminer l'impact de la poursuite de I'utilisation
des obligations actuelles.

Le rapport traite d'informations tirées de I'expérience des centrales
en exploitation. Il décrit également une étude sur la relation entre
les facteurs cumulatifs liés a la fatigue pendant I'exploitation, la
probabilité de fuites et les risque pour un ensemble limité de
composants. Pour terminer, une suggestion d'approche afin de
répondre a une rupture concevable de canalisations est formulée
pour une prise en compte lors du développement de
réglementations ultérieures applicables a la conception des
centrales nucléaires.

Mots clés

Rupture de canalisations a haute énergie
Fatigue environnementale
Renouvellement de licence

Nouveaux concepts de centrales

Criteres généraux de conception
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Resumen

El apéndice A de 10 CFR 50 (Criterios de disefio general 4) determina
que las estructuras, sistemas y componentes de las centrales
nucleares deben disefiarse para tener en cuenta los efectos
dindmicos asociados a la rotura de tuberias. Las directrices se
incluyen en los Planes de revisién estandar 3.6.1y 3.6.2 de NUREG-
0800 y en las posiciones técnicas sectoriales (Branch Technical
Positions, BTP) 3-3, 3-4 y MEB 3-1 (la Revision 1 de la MEB 3-1 se
proporciona como un archivo adjunto del documento genérico de la
NRC 87-11). Estas directrices no han sufrido ninguna modificacién a
nivel general desde que se redactaron a principios de los afios 70 y
se centran en la fatiga térmica como el principal mecanismo de
dafios que se debe tener en cuenta en lo referente a la rotura de
tuberias. Desde la década de los 70, se ha adquirido un importante
grado de experiencia en la industria que ha contribuido a identificar
otros mecanismos, ademas de la fatiga térmica, que con mayor
probabilidad provocan fallos en las tuberias de alta energia.

El objetivo del trabajo llevado a cabo para este estudio fue
establecer un enfoque recomendado que se pudiera utilizar como
sustituto de los requisitos existentes o proporcionar un enfoque
alternativo a los mismos. Para comprender la urgencia y el plazo
necesarios para implementar un enfoque revisado, se llevé a cabo
una encuesta sobre centrales existentes, centrales que tienen
prevista una renovacion de licencia y solicitudes para el disefio de
nuevas centrales con el objetivo de determinar las repercusiones de
un uso continuado de los requisitos actuales.

El informe analiza los conocimientos obtenidos de la experiencia de
las centrales operativas. Asimismo, describe un estudio sobre la
relacidn entre los factores de uso de la fatiga acumulativa y el riesgo
y la probabilidad de fugas relativos a un conjunto limitado de
componentes. Finalmente, se ha perfilado un enfoque propuesto
para abordar una supuesta rotura de tuberias con el objetivo de que
se tenga en cuenta en la elaboraciéon de normativas futuras
aplicables al disefio de centrales nucleares.

Palabras clave

Rotura de tuberias de alta energia
Fatiga ambiental

Renovacién de licencia

Disefio de nueva central

Criterios de disefio general
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NUREG/CR/B674...cccveeevieeeteeteeseese e evssesss e s ssssesssss st ssssesssnns 5-4

Tabla A-1 Revision de los criterios sobre rotura de tuberias de alta
energia para centrales que han enviado solicitudes de
renovacion de lICENCIAS......ooveciveve et A-2
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