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ABSTRACT

This document presents the piping research program p or the
Structural and Seismi: Engineering Branch and the M als Engi-
neering Branch of the Division of Engineering, Office of Nuclear
Regulatory Research. The plan describes the research to be per-
formed in the a«as of piping design criteria, environmentally
assisted cracking, pipe fracture, and leak detection and leak rate
estimation. The piping research program addresses the regulatory
issues regarding piping design and piping integrity facing the NRC
today and in the foreseeable future.

The plan discusses the regulatory issues and needs for the research,
the objectives, key aspects, and schedule for each research project,
or group of projects focussing nf a specific (.pic, and, finally,
the integration of the research areas into the reyulatory precess

is described. The pian presents a snap-shot of the piping research
program as it exists today. iowever., the program plan will change
as the requlatory issues and needs change. Consequently, this
document will be revised on a bi-annual basis to reflect the changes
in the piping research program.
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1. INTRODUCTION

The research discussed in this plan defines the central aspects of
the NRC piping r« 2arch p'ogram. The overall objectives of the
piping research _rogram are to provide the technica)l basis for
rulemaking and regulatory decisions to support licensing and
inspestion activities, to assess the feasibility and effectiveness
of safety improvements, and to increase the understanding of
phencmena for which analytic~=) methods are needed in regulatory
activities.

The concept of "balance-of-design" is especially important for
piping systems. Piping designs must be flexible enough to
accommodate thermal expansion and other strain-controlled i1o0ads,
but stiff enough to adequately withstand gravity and dynamic
inertial loads. The negative aspect of overdesigiing piping
systems for dynamic loads %as been a concern in recent years. In
some cases, supports added to restrain potential ¢, namic movenents
can adversely affect uvverall riping system reliability. The
current piping design process uses dynamic response evaluation
methods that were justified largely by analytical studies using
conservative assumptions about high level response and failu.e
mechanisms. Now, "physical" data from recent dynamic failure tests
and earthquake experience surveys indicate thal the margins-to-
failure for piping dynamic inertial loads are mucn greater than
previously believed.

Thus improvements to the overall design of piping systems can he
made by establishing more realistic inertial load criteria for
piping. Initially, NRC and industry efforts concentrated mainly on
reducing unnecessary conservatisms associated with piping dynamic
response calculations and cpecification of piping input joads.
Research in these areas continues, but in addition, it appears tha%
research leading to revision of the ASME Code design criceria
offers a future alternative for improving piping system design.
Revisions to nozzle and support criteria, as well as piping cum=
ponent criteria, need to be considered.

The potenticl for cracking in ¢ itical LWR piping systems raises
several difficult regulatory and safety issues. These ‘nclude
defining adequate inservice inspection (ISI) programs auc
techniques, determining the appropriate corrective actions for
cracks detected in service, and determining the adequacy of
proposed fixes for eliminating or reducing the incidence of
cracking.

Addressing these regulatory issues requires the talents of diverse
research disciplines, e.g., metallurgy, welding, corrosion,
fracture mechanics, structura) analysis, and non-destructive
examination. Tha ‘csearch progra~ addressing nipe ‘racking
integrates these disciplines into a crordinated approach that
addresses the fundamenta) problem on a me.anistic jevel. This
provides an assessment of the proposed fixes fo, both short and
long term operation, and provides input to potential revisions to



the ASME Code that would he'p preclude Lthe occu » ~ ~f “ir
cracking.

"he NRC and industry have been faced with the ‘ i
evaluate existing and pcstulated flaws in pipim “e safe
operation of the plants without imposing excessive,, Lve

measures. Past and on-going research programs have a. Jre .  this
question and significant progress has been made in resolving the
dilemma. Further, recent rulemaking activities implementing the
leak-before-break philosophy derived, at least in part, from
enhanced confidence in flaw evaluaiion procedures.

Relati, ' y recent advances in several technical disciplines have
provide the tools necessary to predict the behavior of cracked
piping using experimentally verified analysis procedures. Advances
in the use of probabilistic analyses, supported by verified
detarministic analyses, have led the NRC to accept the
leak-before-break principle, with certain limitations, and to
implement rule changes eliminating dynamic effects associated with
the postulation of pipe breaks in specific classes of piping.

However, the criteria that must oe satisfied to demonstrate
leak-before-break warrant further investigation so that adequate,
but not overly conservative, margins can be employed. Further,
there is a significant interest in extenuing this limited
acceptance of the leak-before-break philosophy to other aspects of
plant design such as ECCS sizing and equipment qualification. Such
excension would require definition of a replacement to the
doubie-ended guillotine break as t'e design basis. The pipe
fraccure research described in this plan addresses the spectrum of
flaw evaluation procedures as they pertain to further validation of
the analytical methods and to defining a replacement to the
double-ended guillotine break.

The following sections of this plan discuss the regulatory issues
and needs that have contributed to the formulation of che research
plan, describe the varfous research projects in the context of
those issues and needs, anc illustrate how the research results are
expected to contribute to the regulatory process.



2. REGULATORY ISSUES AND NEEDS

2.1 Piping Design

A typical nuclear power plant will contain an estimated 10 to 50
miles of piping that has been analyzed and designed to resist
earthquake and other dynamic loads. In terms of safety, cost, and
regulatory effort, this large quantity of piping gives significance
to each aspect of its design criteria. Unlike the design of most
other nuclear plant ccmponents ancd structures, the design cf piping
for dynamic inertial loads can adversely affect thermal expansion
and other strain or displ-cement controlled loadin~¢. Studies such
as reported in NUREG/CR-4263 (Ref. 1), which provices the bases for
NRC Research Information Letter No. 142 (Ref. 2), show that
over-stiffening a piping system by adding unnecessary seismic
restraints can actually increase the probabilities of piping
leakage and rupture. To estzblish an optimum level of overall
reliability and safety for piping systems, there needs to be a
realistic balance in design between the various dynamic loads and
other loadings.

A major concern of the USNRC Piping Review Committee (PRC) was the
over-design of piping systems for dynamic loads. After reviewing
earthquate experience data, dynamic test data, and analytical
studies, the committee concluded that the existing nuclear piping
design criteria and practices were very conservat.ve. In fact,
they were too conservative in light of the negative impact these
had cn normal plant operation and overal) reliability. The PRC
summarized their concern in NUREG-1061 Volume 5 (Ref. 3):

"Seismic design criteria of nuclear power plant piping evolved
over a period of years through a series of ofter discrete
regulatory actions without an overall assessment of 1 weir
collective effect on the actual systems constructed. Some
criteria were established without an adequate data base. The
existing requirements, along with prevailing industry design
practice, generally result in inherently stiff piping systems
be ause of the increased use of supports, including snubbers.
Because stiff systems increase thermal stresses and nozzle
loads, they may be more adversely influenced by construction
and operation errors, including maintenance and inspection
errors. In addition, snubbers may suffer degrudation or aging
during operation, which may increase piping stresses because
of snubber freeze-up."

The PRT made several research ard standards recommendations that
were intended to lead to better dynamic load design for piping
systems. These recommendations plus new needs resulting from their
implementation form the basis for the NRC's piping design research.

There are three broad areas where improvements can be made to the
design of piping systems for dynamic loads:



o Piping input loads - The specification and calculation of
loaas transferred to the piping system supports (e.g., OBE/SSE
specification, soil-structure interaction, building response
analysis, load comtination, etc.)

o Piping response estimaticn - Techniques and assumptions used
to analyze the dynamic inertial response of the piping system
itself (e.g., spectral analysis techniques, damping criteria).

0 ASME Boiler and Pressure Vessel Code* (Ref. 4) design criteria -
The allcwable piping stress criteria specified in subsections
NB/NC/ND-3600 of Section III of the Code. Pipe support and
nozzle design criteria also need to be considered.

It shoi'ld be noted that the first category includes topics outside
the normal responsibilities of piping designers and reviewers
(i.e., seismology and building structure design) and the following
research plan dees not directly cover work in this area. However,
piping design needs for input loads are discussed below, along with
those for response estimation and Code design criteria.

2.1.1 Piping Input Loads

Although current piping design practice places a great emphasis on
seismic and BWR hydrodynamic loads, other loads can result in
piping failures. In fact, studies such as reported in
NUREG/CR-4263 (Ref. 1) show that while the overall reliability of
piping is acceptable, normal operating loads pose a relatively
larger threat to piping relfability than seismic loads. Nuclear
plant experience indicates that "unanticipated loads" (such as
waterhammer and flow induced vibration) can produce failures, yet
these loads are generally not considered explicitly in the piping
design process. To improve overall piping system reliability, it
is necessary to better characterize what loads threaten piping
integrity and to define the associated failure margins and
uncertainties. Then, an integrated approach can be used to assess
how these loads interact and establish balanced design criteria for
them,

While many piping loads can be calculated directly by the piping
analyst, seismic piping load calculations rely heavily on the input
from other analysts. The specification of design earthquake parameters
and the calculation of soil and building response involve many
complexities and large uncertainties. ?o address these uncerainties,
the seismologist and structural engineer add conservatisms in their
parts of the dynamic design of a nuclear plant. In curre't practice,

*WiTU be referred to as simply the Code in the remainder of this
document.,



piping designers normally do not take credit for seismological and
structural seismic response margins. Rather, they typically add
even more conservatisms to account for the uncertainties in piping
response. These compounded seismic conservatisms contribute to the
current imbalance in piping lcad design.

The PRC's review of piping input load snecification resulted in a
recommendation to lessen the significance of the OBE on piping
design. They stated (Ref. 3), "since designing piping systems to
S3E is sufficient to ersure safety, the level of OBE should be
defined as having a reasonable probability of occurrence but should
be decoupled from the SSE." The specific PRC recommendation was
that rulemaking be undertaken that would decouple the OBE from the
SSE. Accordinnly, the NRC is developing pluns to revise Ajpendix A
of 10 CFR 100 (Ref. 5) to do this. The revision may entail a
broader effort Lhan that recommended by tho PRC and probably will
not be completed until at leas* 1991. If this action does indeed
go forward, it now seems that the end product will be a forward fit
rule. Thus, further work would "2 needed to justify changes in the
piping systens of already licensed plants.

Seismological considerations, soil structural interaction, and
building structure response are being investigated under other
research programs. The piping design research program will need to
address relevant issues discovered by these other studies. For
example, the Seismic Category I Structures Program has conducted
shear wall tests that indicate wall stiffnesses and input load
spectra frequencies may be much lower than are now considered in
design. If this holds true, then the impact on current piping
design must be evaluated.

2.1.2 Piping Response Estimation

The two dynamic loads most widely considered in the piping design
of U.S. nuclear power plants are seismic loads and BWR hydrodynamic
loads. These usually are treated as "building filtered loads",
implying that the motion of the building must be considered first
in the design process. After building response calculations are
made and the motions at piping support locations are established,
two types of piping system response are calculated. First,
differential support displacements are estimated in what is called
an anchor motion evaluation. This involves a relatively simple
static analysis to determine differential motion between anchors.
Second, dynamic analyses are used to evaluate piping inertial
loads. These analyses are more complex and have caused many more
licensing controversies. Regulatory concerns about piping inertial
response analyses have even led to the shutdown of nuclear plants
when errors were discovered,

The irony associated with the large amount of attention and effort
that now goes into analyzing and evaluating piping inertial loads

fs that an increasing amount of earthquake experience and failure

data indicate that piping inertial loads generally do not produce

failures, even at load levels much greater than those used in



design. In fac*, when a broad view of nuclear plant safety is
taken, such as in a seismic PRA or in a seismic margins review, for
example, see Ref. 6, the possible failure of piping systems due to
inertial loads usually is ignored. Rather, these analyses treat
what are considered to be the more likely failure modes of seismic
anchor motions (SAMs) and system interactions. It should be noted
that the over-conservatisms in piping inertial load design, not SAM
design, lead to the overuse of restraints and snubbers. Current
Code design rules have nigher allowable OBE stresses for SAM loads
than for inertial loaas, and, generally, do not require SAM piping
stress evaluations for SSE levels.

In the past, it was thought that introducing more accurate and
sophisticated response prediction methods was the best way to
reduce unnecessary conservatisms in piping inertial load design.
The PRC recommended a number of individual standards and “esearch
activities related tu response estimation techniques, e.g., peak
shifting, multiple spectra methods, anc damping. Of these, the
damping recommendations have been shown to be the most influential.
Although the new damping values in Code Case N-411 (Ref. 7) have
been used extensively on a case-by-case basis, and are accepted
generically in Revision 24 of Regulatory Guide 1.84 (Ref. 8), their
current endorsement by the NRC carries many limitations. For
example, the requirements defining _round motion input spectra
exclude the use of Code Case N-411 for a large percentage of
plants. Also, Regulatory Guide 1 84 specifically limits the use of
the rew damping criteria to enveloped spectral analysis methods
"pending further justification" of its use with other methods.

Only in a few cases have the combined effects of piping criteria
changes been evaluated. Consequently, @ NRC needs a general
basis for evaluating the effect of these proposed combinations.

2.1.3 ASME Code Design Criteria

After piping dynamic response calculations are made, dynamic
stresses are est mated, combined with other stresses, and evaluated
by the acceptance criteria given in Section III of the Code. The
PRC recognized the potential benefit that could come from improving
Code piping design i iteria for dynamic loads. Unfortunately the
data and information available at time were too limited to support
specific standards recommendations in this area. The data were
“limited" in the sense that while tiey gave indications that the
margins-to-failure were much greater than assumed when th current
Code rules were written, the true margins-to-failur. were not wel)
quantified. To develop improved and more realistic esign
criteria, the level of failure and the mechanisms th. . control the
failure must be understood. Experience data and dynamic test data
available to the PRC showed mostly "nonfailures," particularly for
fnertial loading.. The PRC thus did not recommend immediate
changes *o the Code rules, but instead recommended that, as a high
priority research activity, tests be undertaken to identify seismic
design margins and failure modes for typical piping systems. This
has resulted in the NRC's cooperation in the joint EPRI/NRC Piping
and Fitting Dynamic Reliability Program (PFDRP).



Inertial loadings from dynamic events such as earthquakes are
time-varying and have limited durations and energy content Code
piping design requirements now evaluate inertial and static gravity
loads by Equation 9 of Subarticles NB/NC/ND-3600. Plastic collapse
of the pipe cross-section due to a maximum bending moment is
assumed to be the dominant failure mode for these "primary" loads.
However, an increasing volume of analysis and test results show
that inertial loads cause pipe to behave differently than for
static loads of the same magnitude. The dynamic margins-to-failure
are greater than predicted by theoretical limit-load estimations
which use linear response methods. Further, ratcheting and fatigue
(i.e., cyclic effects) are the principal failure modes for inertial
loading. The recently completed tests of the PFDRP show that
significant changes should be made in the Coce rules for inertial
stresses. This would dramatically change piping system design
criteria and could, in turn, reuuce the number of snubbers used in
nuclear power plants.

The impact of these potential changes to piping design criteria
needs to be assessed along with current response calculation
techniques. Studies have shown that if these suggested changes are
made the current load criteria for both nozzles and supports become
the limiting design consideration. Therefo- ., it is necessary to
consider more realistic nozzle and support design criteria in
conjunction with efforts to improve pifing dynamic response and
stress criteria.

There also is a need for confirmatoury research regarding the new
energy absorbing supports “hat now are being proposed for use in
nuclear piping systems. (hree types have been developed so far and
each requires some piping support and piping design considerations
that are outside the scope of standards currently accepted by the
NRC. The use of these energy absorbing supports requires the
development and evaluation of design anaiysis procedures, in
aclition to addressing reliability considerations.

The same power plants and other facilities that provided earthquake
experience data for equipment in the Seismic Qualification
Utilities Group (SQUG) effort, contain many piping systems. These
piping systems use a variety of support configurations and include
aged piping components. So far, the NRC has used piping earthquake
experience data in only a qualitative sense. A more systematic
study of this data could help in accepting the proposed piping
design criteria. It also could be used to support simpler nuclear
piping analyses. (Industrial plant piping analysis is relatively
simple and yet procuces piping designs with a good earthquake
experience record.) To make use of this earthquake experiance
data, a better characterization of the types of piping con-
figurations that do and do not perfcrm well in earthquakes, and a
better evaluation of these configuratioas in light of the propused
design criteria are needed.

As discussed above, the regulatory issues and needs for piping
design emphasize dynamic load evaluation. It now appears that the



major research and standards activities for piping and nozzle
design will be completed in the FY88-89 time period. Piping
support activities should be completed in FY90.

At this time, it does not seem that a great effort in piping design
research is needed in FY 91 and beyond. Issues that may need to be
addressed in the future include standardization and simplification
of the piping design process, greater consideration of piping
degradation in design, and evaluation of "nondesigned" loads, e.g.,
water hammer, flow induced vibration, axial loads, Level D SAMs,
etc.



2.2 Environmentally-Assisted Pipe Cracking

Pipe cracking in a commercial power plant was first reported in
1965 when leaks were discovered in the Dresden Unit 1 Nuclear
Reactor. In the ensuing years, a variety of leaks and cracks in
light water reactors (LWR's) have occurred as a result of fatigue,
corrosion, stress corrosion, or a combination of these factors.
The most significant pipe cracking problem, encountered primarily
in BWR's, has been intergranular stress corrosion cracking (IGSCC)
in austenitic stainless steel piping at the heat affected zone of
weldments. In the past ten years, this condition was responsible
for over 400 pipe cracking incidents throughout the world. The
resulting inspections and repairs, including in some plants
replacement of entire piping systems, resulted in extensive costs
and occupational radiation exposure. At one plant, the cost of
replacement piping was equivalent to the initial cost of
constructing the plant. Millions of dollars have been spent by the
nuclear industry on research to resolve the problems.

Initially, IGSCC was considered sufficiently important by the NRC
to designate it Unresolved Safety Issue A-42 (Ref. 9). The NRC
staff and a ~eries of NRC review committees have evaluated the
problem and concluded that IGSCC has a low probability of causing
major structural failures in piping systems if the system is
properly monitored for leaks and flaws, and provided proper
remedia) action is taken. In this regard, NUREG-0313, Rev. 1 (Ref.
10), was issued as a resolution to USI A-42 and NUREG-0313, Rev. 2
(Ref. 11) has recently been issued as a material selection and
processing guideline that sets forth the NRC staff's revised
acceptable mathods to control IGSCC susceptibliity of BWR piping.
The research program on environmentally assisted pipe cracking
provides data and support to the NRC staff and committees in these
efforts.

For IGSCC to occur, three elements must exist in combination.

These include: a susceptible (sensitized) material, a significant
tensile stress, and an aggressive envirunment. The NRC has
concluded that improvements in all three of these elements should
be pursued to mitigate IGLCC in BWRs, even though a significant
reduction in the probability of IGSCC can be accomplished by
improving one or two of these elements. Proposed fixes by
utilities vary from one extreme to the other and frequently include
unique combiriations of the elements to fit the specific plant
problem,

Most of the research aimed at developing ‘he various proposed fixes
for IGSCC in BWR piping was performed by the nuclear industry and
funded by EPRI and the BWR owners group. The NRC research on
environmentally-assisted pipe cracking, ongoing for the past eight
years, is aimed mainly at the NRC's need for an independent
assessment of the proposed near-term and long-cerm fixes and to
provide suppor. to the NRC's licensing staff and other responsible
NRC groups dealing with the problem. The scope includes defining
the role of metallurgical variables, stress, and the environment on




IGSCC susceptibility, «valuating the influence of plant operations
on these variables, and examining practical limits for these
variables to effectively control IGSCC in LWR systems. The
experimental work to date concentrates primarily on problems
related to cracking in austenitic stainless steels.

Finally, the interest in plant 1ife extension raises other
questions pertaining to evaluating the "aging" of niping and piping
components. One aspect of this complex topic pertains to the
combined effects of cyclic loading and environment. These
questions extend beyond the Class 1 piping. For example, should
the cyclic loading (i.e., fatigue) of Class 2 and 3 piping and
components be addressed in considering plant 1ife extension even
though fatigue is not explicitly included in the design analysis of
Class 2 and 3 systems? If so, how should the effects of
environment be incorporated in the analysis?

B8ased on work funded by the Atomic Energy Commission and by EPRI
(see Section 3.2.2), it appears that the effects of LWR
environments have not been addressed adeguitely in the Code Section
I11 fatigue design curves. Consequently, the fatigue analyses for
Class 1 piping may be questionable, particularly in the context of
plant l1ife extension. The effects of secondary side environments,
various clean-up system environments, and upset environments are
not expected to be less 1amaging than the primary LWR environments.
Therefore, one must question the extent of fatigue damage in these
other systems and the possible impact on plant 1ife extension,

A stariing point in answering these questions is the development of
realistic fatigue life data, accounting for the effects of various
environments. Other areas that warrant consideration include the
evaluation of the endurance 1imit concept in the presence of
aggressive environments, the linear damsge summation used in
fatigue and fatigue crack growth analyses, the effect of these
environments on fatigue crack growth rates, the presence of a
fatigue crack growth rate threshold, and the possible influence of
aggressive environments on the threshold value.

Many of these issues and questions pertain to more than just
piping. Consequently, some of the environmentally assisted
cracking research projects address the topics on a broad base
rather than being specific to piping.

10



2.3 Flaw Evaluation - s

Recent changes in 1. def. 12), Appendix A, General Design
Criterion 4 (GDC-4) e .ing dynamic effects associated with
postulated double-ended juillotine breaks in reactor coolant
piping, where that piping meets rigorous acceptance criteria, have
raised several technical issues that influence the implementation
of the requlatory position, Specifically, the acceptance criteria,
as initially defined in NUREL-1061 Volume 3 (Ref. 13), have been
‘eviewed and revised to some extent by the NRC staff during the
development of Standard Review Plan (Ref. 14) Section 3.6.3,
"Leak-Before-Break Evaluation Procedures" ihe revision to the
piping fracture acceptance criteria and the margins associated with
those criteria has been based upon improved fracture analyses and
experimcntal validation of many aspects of the analyses. However,
there are still portions of the cvverall analysis, and the
associated margins, that derive from engineering judgement and,
necessarily, are restrictive

Improvements in the fracture mechanics analyses can lead to
additional improvements in the overall analysis The greatest
improvements in the fracture mechanics analyses are expected to
come from quantifying the impact of various factors on the load
arrying capacity o/ the cracked cross-sectior These factors
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use outside containment, and

the accuracy of leak rate estimation models

I'he change in GUC-4 was brought about by acceptance of the
'‘leak-before-break" philosophy for piping that meets the acceptance
criteria However, the change in the regulations pertains only to
the elimination of dynamic effects from the postulated breaks The
regulations pertaining to equipment qualification, £CCS sizing, and
itainment design are not changed The Commissioners noted in the
response %o public comment on the limited scope" change to GDC-4,
that this inconsistency in the regulations was necessary until the

research had peen performed to adequately define the criteria




needed to warrant changes in these other areas. However, it is
felt that requirements for containment design will not be changed
in order to maintain defense-in-depth. Obvicusly, one key
criterion will be the definition of a replacement to the postulated
double-ended guiilotine break of the large piping.

The definition of a replacement criterion is expected to be based
upon credible accident scenariss rather than non-mechanistic
breaks. Since pipe cracks can lead to large leaks, it 1s important
to quantify credible leakage rates from credible pipe cracks. This
information would be coupled with other credible leakage sources,
such as valves, manway covers, and pump seals, to define the
replacement criterion. Flaw evaluation procedures play a rcle in
this process in the context of defining the opening area for the
pipe crack, which contributes to defining the leakage rate.

The regulatory positions associated with the GDC-4 modifications
are reasonably well defined. However, as noted above, there are
some areas that are based on engineering judgement and that may be
more restrictive than would be required if experimental validations
were available. The nuclear industry has moved aggressively to
take advantage of the GDC-4 modifications and, in the procecs, has
proposed severa' alternatives to the criteria and margins p.t forth
by the NRC starf.

The pipe fracture research program is designed to meet the need for
experimental validation of alternative analyses, to provide the
bases for relaxing margins in those ana yses, and to contribute to
the definition of a replacement to the double-ended break
criterion.

12



3. PROJECT DESCRIPTIONS

3.1 Piping Design

The chief objective of the piping design research is to provide the
technical bases for evaluating currant design criteria and for
developing and justifying ch..ges to these criteria that shculd
lead to designs with greater overall safety. This objective is met
by better defining piping respcense and failure behavior due to
various loadings, particularly dynamic loads, and by assessing how
these loadings and their ac-ociated design criteria affect overall
piping system reliability.

The scope of the piping design research discussed below is directed
primarily at those research needs identified by the USNRC Piping
Review Committee (PRC) in NUREG-1061 Volumes 2 (Ref. 15) and 4
(Ref. 16). These volumes deal with design criteria for seismic and
other dynamic loadings. New research programs and tasks also have
been included to address needs discovered in implementing the PRC
recommended standards activities and in completing other piping
research programs.

3.1.1 EPRI/NRC Piping and Fitting Dynamic Reliability Program
(PFORP)

This cooperative EPRI/NRC research program was initiated in 1985
with three main objectives:

0 To identify failure mechanisms and failure loading levels
for piping components and systems under dynamic loadings.

0 To provide a data base that can be used in improving
predictions of piping system response and failure due to
high-level dynamic loads.

0 To develop an improved and defensible set of piping
design rules to be included in the Code.

This program will be completea in 1988, By that time, it will have
produced an extensive set of piping dynamic failure tests showing
current design rules are not only very conservative, but also are
based on unlikely failure mechanisms for inertial loads ~- the
loads of most interest for seismic design of piping systems.

The Energy Technology Engineering Center (ETEC) has completed
dynamic tests of pressurized 6-inch carbon steel and stainless
steel piping systems. Very high seismic-1ikec loads were applied
before any leaxs developed. Faflures v re¢ (ue to excessive
ratchetting and cracking of highly st . “ed components.

At ANCO, elbows, tees, reduce's, support connections, nozzles, and
lugs are bring tested uynamically. Forty-one tests are planned.
The test specimens include both carbon and stainless steel 6-inch
piping components with various thicknesses. The test variables
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include internal pressure ard both in-plane and out-of-plane
loadings. The loadings generally are applied at one end of the
specimen by hydraulic actuators, with weights at the other end.
High-level time history inputs are repeated (usually more than
twice) unti) the specimen ruptures. In addition, there have been
two static load tests of elbows to demonstrate differences between
static and dynamic failure mechanisms.

wWhile the ANCO and ETEC tests emphasize seismic loadings, other
dynamic loads also have been considered. For example, a separate
set of water hammer tests are underway at ANCO, and more
fundamental fatigue-ratchetting tests are being co.ducted at the
Materials Characterization Laboratory as part of the PFORP.

The results of the pipe component and pipe system experiments have
shown surprisingly consistent general trends. Specific
observations based on Lhese results include:

1. Typical elastic piping design evaluations using the
current Code are very conservative for inertial loads.
Margins-to-failure of 15 to 30 are typical.

- & Dynamic failure is dependent upon cyclic effects, even at
input levels of incredible earthquake size.

3. Ratchetting and wall thinning lead to the dynamic faflure
ot pressurized piping.

4., Plastic collapse of the pipe cross-section (as assumed by
Equation 9 of the Code) does not occur. Rather, it
appears that dynamic load reversal prevents plastic
collapse and that failure due to rachetting requires a
large number of high level loading cycles

5. Failure locations are determined by loading and geometry,
with failure often occurring away from weldments.

6. "Loss-of-flow" failures did not occur. However, swelling
did occur in the pressurized piping but crimping in the
unpressurized piping was minimal,

T, Extensive Ltesting at OBE and SSE levels produced no
detectatle permanent deformation. Even at the 5 times
the SSE leve)l, permanent deformations were very localized
and small,

These observations indicate the need and justification for the Code
criteria changes that are expect:4 to result from this program.
They also show the need to revise the NRC's piping "functionalfity"
criteria given in the Standard Review Pla~ (Ref. 14).

General Electric currently is developing and evaluating

alternative piping design rules that can be propnsed as revisicns
to the Code's dynamic load design criteria for Classes 1, 2, and 3
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piping components. Several of the foremost consultants in piping
design are contributing to this effort, and both the ASME and
Pressure Vessel Research Committee (PVRC) standards groups are
monitoring the progress.

The NRC's contributions to the PFDRP have be:n funding the ETEC
systems tests and 20 of the 41 ANCO cumponent tests. Results from
this program have been used to suppurt the development of Code Case
N-451 (Ref. 17), which provides aiternative rules for Level B (OBE)
inertial load evaluation for Class 1 piping. A similar Code Case
for Class 2 and 3 piping (Code Case N-462) has also been approved
by the Code committees. Both Code Cases are now being considered
for NRC endorsement through Regulatory Guide 1.84.

The PVRC recently formed a task group to consider piping
functionality criteria. This task group will use data from the
PFORP program in developing their recommendations for changes in
the functionality criteria.

The ASME and NRC review and endorsement processes for any new
piping design rules might r.ise technical questions that would
require additional research to resolve. Although the need for such
additional research is anticipated, specific efforts cannot be
identified at this time.

3.1.2 Nonlinear Piping Response Prediction

The dynamic design of piping now relies chiefly on linear-elastic
analysis techniques. While limited plastic deformation is a)lowed
at Level D (SSE) design limits, it is normally assumed that the
post-yield behavior is essentially elastic and that the
Tinear-elastic analyses are appropriate. However, if higher
allowable stresses are permitted for dynwmic loading (such as may
result from the EPRI/NRC program discussed above), it may become
necessary to consider nonlinear behavior. The NRC's nonlinear
piping response research has been structured to complement research
effort: by EPRI and the PVRC.

Under FIN D1611, the Manford Engineering Developing Laboratory
(HEDL) studied a number of candidate nonlinear piping analysis
methods. Several pretest estimates were made for the ETEC
demonstration piping system fragility test (Ref. 18). Other piping
test results also were used as benchmarks. "“Best-estimate"
methods, as well as typica) Code design methods, were found to
conservatively underpredict the actual failure loading levels.

HEDL completed its investigation and provided recommendations for
simple nonlinear response prediction methods (Ref. 19).

Under a Small Business Innovation Research contract (Contract
Number NRC-04-86-129), Structural Analysis Technologies
investigated simple nonlinear response analysis methods. This
project reviewed related work by both MEDL and Rockwell, the latter
sponsored by EPRI, and evaluated a nonlinear strain criteria for
use in piping design.
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These two projects have addressed the PRC's recommendation to
develop "psuedolinear-elastic estimation methods." Beyond these
two projects, the NRC is funding several reiated efforts. These
include:

2 The EPRI/NRC PFDRP which will evaluate ways to account
for nonlinear response.

2. A smal) project at the University of Akron, jointly
funded by the NRC, EPRI, and the PVRC, which will
evaluate simplified dynamic strain prediction metiwods.

3. A project at Brookhaven National Laberatory (FIN A3288)
to perform blind, post-test analysis of the PWR coolant
loop to be tested on the Tadotsu shaker. While failure
of the test loop is not expected, pre-test predictions
indicate that nonlinear piping response wil'l occur.

4. A project at Argonne National Laboratory (FIN A2251) to
perform blind, post-test analyses of the piping response
measured during shaker tests of mechanical equipment
(known as the SHAM Tests) conducted at the HDR facility
in the Federa)l Republic of Germany. Thess tests involve
hydraulic excitation of the piping system to very high
dynamic load levels that are expected to produce non=-
linear response of the piping system.

Additionally, EPRI is funding Rockwell International %o develop a
simplified nonlinear piping response analysis method. A Code Case
based on the Rockwell analysis wethod is being developed.

wWhile there has been considerable emphasis on sharing data among
these projects, there is no plan to couile and evaluate al) the
results. Such an efforu is being considered and, if warranted,
will be supported by the NRC in FY89.

3.1.3 Pipe Damping Study

The Pipe Damping Study is being corducted by the Idaho National
Engineering Laboratory (INEL) under FIN A6316. This testing and
data evaluation effort has supported the developrent and acceptance
0f Code Case N-411 (Ref. 7), and has provided new information on
high frequency and high loading level pipe damping. Eight INEL
reports have been published documenting the various tasks the NRC
has sponsored (Refs. 20-27).

The PRC recommended that Regulatory Guide 1.61 (Ref. 28) be revised
to endorse Code Case N-411, but this action now appears unlikely.
Although the Code Case has been used extensively on a cose-by-case
basis, and was accepted generically in June 1986 as Revision 24 of
Regulatory Guide 1.84 (Ref. 8), its endorsement by the NRC carries
many limitation.. Recently, the ASME Task Group on Pipe Damping
began a new effort to improve pioe damping criteria and to addruss
a wider range of application. EPRI has sponsored Bechtel to
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provide recommendations for revising the pipe damping criteria to
the Task Group.

Revision of Regulatory Guide 1.61 wil)l be considered once the Pipe
Damping Task Group proposes their revised criteria. The NRC is
funding INEL to provide consulting support to the Task Group's
effort., 1In 1988, INEL will address technical and licensing
questions on the new ASME criteria, thereby strengthening the
technical basis for the criteria before they are considered by the
NRC.

3.1.4 Piping Response Estimation

Brookhaven National Laboratory's (BNL's) Combinational Procedures
for Piping Spectra Analysis Program (FIN A3287) was initiated in
1985 to investigate a number of new spectra methods identified by
the PRC. 1In 1985 through 1987, this program evaluated the use of
the Independent Support Motion (ISM) Method in combination with
damping factors suggested by the PVRC. Information from this
effort was used to support licensing staff actions regarding the
ISM method. The NRC currently is establishing a new position on
the ISM imethod and its use with Code Case N-411. A PVRC task group
recently has been formed to review this topic, and will contribute
to the NRC evaluation. 1In 1988, the BNL ISM studies (Refs. 29 and
30), related EPR[ studies, and data from actua)l licensing analyses
using multiple .pectra methods will be reviewed and used to
establish new guidance on Lhe application of ISM.

As a separate task in the BNL program, several proposed
improvements in the methods used to account for the effects of
closely spaced modes and high frequency modes have been evaluated.
The proposed methods were compared to “baseline” time history
analyses and currently accepted spectra methods. The results of
this task will be published in 1988,

In 1985 and 1986, Lawrence Livermore National Laboratory (LLNL)
(FIN AD453) conducted a study to idcntify more completely the
uncertainties associated with the spacification of in-plant design
spectra, per Regulatory Guide 1.122 (Ref. 31). Their conclusion
was that a $30% peak broadening would be more appropriate than the
current t15% specification. Further work on this has been
postponed pending research conclusions from the NRC-sponsored
Sefsmic Category I Structures Program in 1988 (see Ref. 32 for a
discussion of this program). The shear wall test: conducted as
part of that program indicate that actual rFuilding frequencies may
be lower than currently considered, resulting in lower peak
frequencies for piping fnput spectra. New studies to define
fmproved piping input spectra may begin in FY89,

3.1.5 Nozzle Flexibility and Design
Studies have shown that as the piping fnertial load design criteria

are modified, the current design criteria for hoth nozzles and
supports become limitin,. It also is believed by many that the

17



nozzle and support design criteria for dynamic loads may be more
conservative than necessary Therefore, work is underway to
develop more realistic nozzle and support design criteria These
efforts are in conjunction with the efforts to improve piping
dynamic response predictions and piping design criteria.

Since 1985, the QOak anqw National Laboratory (FINs BC474 and
BOB47) has been investigating better evaluation methods for piping
nozzles and branch connections $uij:?vd to dynamic loads ORNL
has examined several design methods for calculating nozzle
flexibility, including the Code method and methods based on
8‘)]1]7d'3 and Steele's theories, and they have outlined a series
of studies comparing the various analytical methods These studies
are aimed at selecting better analysis methods for use in general
piping design This initial investigation (Ref. 32) showed that a
PVRC method published in Welding Research Council (WRC) Bulletin
No. 297 (Ref. 34) contains deficiencies in the guidance given on
flexibility factors

ded parameter study using the FAST2 computer program wil)
completed in 1988 Improved flexibility factor design guidance,
of analytical formulas and design graphs, and proposed
the Code ruies will be developed In 1988, ORNL also

eviews of the Code fatigue design and primary load
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type of energy absorbing support is now underway a‘' BNL under FIN
A3306. This work should be completed by June 1988,

3.1.7 Cumulative Effects of Piping Criteria Changes

The evaluation and acceptance of new dynamic piping design criteria
has been done largely on an item-by-item basis. Only in a few
cases, such as PVRC damping combined with peak-shifting and PVRC
damping combined with the ISM method, have the combined effects of
piping design criteria changes been considered. Consequently, the
NRC needs a basis for evaluating the effects of these proposed and
potential combinations.

A "failure margins" approach could be used to look at the effect of
piping design changes on overall reliability. The EPRI/NRC PFDRP
(see Section 3.1.1) has helped define actual dynamic failure
mechanisms and failure loading levels for new piping systems.
Earthquake experience data (see Section 3.1.8) and the dynamic test
results from the International Piping Integrity Research Group
program (see Section 3.3.4) will supply information on the dynamic
failure behavior of aged and degraded systems. The Degraded Piping
Program (see Section 3.3.1) and other related efforts will supply
data on piping failures under other typLcs of loadings. Data from
these programs can be used in a probilistic analysis to update the
studies used to justify recent piping design changes, such as the
"Stiff Versus flexible Piping Project" (Ref. 1). The NRC may fund
work in this area in FY88 or FY89.

In the past, the NRC has relied on a "code margins” approach which
considers design limits, rather than failure limits, in evaluating
alternative procedures. However, a “response margins" approach
also has been used. This approach involves establishing acceptable
analytica) "baseline" methods and comparing the results of these to
predictions made using proposed techniques. Recently, EQE, under
subcontract to LLNL (FIN AD457), completed the most comprehensive
piping response margin study to date. The findings, reported in
NUREG/CR-5073 (Ref. 35) show that currently accepted baseline
response evaluation methods are very conservative. Further, the
study found that newly proposed analytical methods produce signi-
ficantly higher response predictions than the so-called "best
estimate” predictions.

However, recent attempts to use response margins arguments for
justifying new calculationa)l methods have been ineffective.
Partly, this is because guidance on the allowable variation and
degree of exceedance of new response estimations, versus baseline
estimations, have been difficult to establish for piping analyses.
But the main limitation of response margin and code margin
approaches is that they do not take advantage of the total
conservatism in piping dynamic load design. A failure margins
approach car be used to support more significant design changes.
Plans for & program to assess the cumulative effects of piping
criteria changes will be daveloped in 1988,
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3.1.8 Piping Experience Data

The Seismic Qualification Utility Group (SQUG) and the work to
resolve USI A-46 have been very effective in using earthquake
experience data from heavy industrial facilities to establish
seismic qualification acceptance criteria for several classes of
nuclear power equipment and for cable trays. The power plants and
other facilities that provided this experience Lata contain many
different piping systems. These piping systems include a variety
of piping support configurations and include aged piping
components. Earlier studies have locked at these data but there
has been little attempt to develop or justify new piping design
criteria based directly on this experience. A more systematic
study of these daty could be of great benefit, perhaps leading to
simpler piping design concepts. For example, establishing design
rules to ensure ductility and other good design practices rather
than requiring point-by-point dynamic stress evaluations.
Industrial piping often is designed by simple pseudo-static methods
and, generaliy is more flexible than nuclear piping systems.
Failures in we..ed piping due solely to seismic inertial loadings
have not been observed to occur even for very high (up to 0.59 peak
ground acceleration) earthquake levels. The cases where failures
have occurred :nclude threaded and corroded pipe and pipe attached
to unanchored tanks.

ORNL has begun a new project, ninder FIN B0850, to investigate how
industrial plant piping earthquake experience relates to nuclear
plant design and loadings. ORNL will better characterize the types
of piping configurations that do and do not perform well in
earthquakes, and evaluate these configurations in light of the new
design criteria.

Other possible sources of useful dynamic piping experience data
include information on water hammer, flow induced vibration, and
pipe rupture events. Although the loading for these may be hard to
define, lessons may be iearned from the damage records. For
instance, water hammer evaents often cause piping support failure
but do not cause pipe rupture. 0id support failure increase or
decrease the probability of pipe pressure boundary failure? A
study evaluating the relationship betwecn damage and pipe design is
planned for FY89.

3.1.9 Cost of Piping Dynamic Design

while the studies suggested in Section 3.1.7 are expected to
demonstrate the safety benefits of changing piping dynamic load
criteria, the cost impact of such cha;gcs also must be addressed.
The studies reported in WRC Bulletin 300 (Ref. 36) and EPRI report
NP-4843 (Ref. 37) indicate that significant savings would result
from relaxing dynamic load criterfa. However, the NP" requires a
more detailed discussion of the cost savings than provided in these
reports to complem:nt safety studies in providing a complete
cost/benefit analysis. Consequently, a small research task will te
developed and implemented in mid-1988 to provide this information,
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3.2 Environmentally-Assisted Cracking In LWR Piping

This plan describes environmentally-assisted cracking research that
encompasses a wide range of topics. The plan addresses topics
ranging from intergranular stress corrosion cracking to corrosion
fatigue to erosion/corrosion damage. The research studies the
various damage inechanisms, the regulations ne~<ed to minimize or
preclude service cracking, and, in some case.. ‘h viabi. ty of
proposed remedies for service cracking.

These research projects have the potential for significant impact
on the NRC's regulatory positions on piping. For example, the
acceptance criteria for demonstrating leak-before-break include the
requirement that the line not be susceptible to corrosion, e.g.,
stress corrosion cracking. If methods of grec)udi stress
corrosion cracking can be developed in BWR's, then 1t would be much
easier for those plants to satisfy the acceptance criteria. This
would be a significant development from a regulatory perspective
and the economic benefits to the industry could be considerable.

The nuclear industry has invested many millions of dollars in
environmentally-assisted cracking research through various owners
groups and the Electric Power Research Institute. The NRC research
effort complements much of this industry effort although it breaks
new ground in some cases.

The overal) objective of the NRC't environmentally-assisted
cracking research is to provide the experimental data needed to
vilidate existing regulatory positions and to provide guidance in
considering new problems and developing new regulatory positions.
The scope of the research extends from examining the mechanisms
that control damage processes, such as corrosion fatigue cracking
and single-phase erosion/corrosion, to developing the data needed
to justify changes in the applicable codes and regulations,
specifically as they relate to aging of piping and piping
components.

The following subsections describe the on-going . nd planned
research projects on environmentally-assisted cracking in LWR
piping systems.

3.2.1 Stress Corrosfon Cracking of Piping in LWR's

A program is underway at Argonne National Laboratory (FIN A2212)
with the objective of providing an independent capability for
predicting stress corrosion cracking (SCC) in light water reactors
and to support the NRC in ovaluatin? remedies for pipe cracking
proposed by the nuclear industry. Industry proposed remedies
include procedures that produce a more favorable compressive
residual stress state on the inner surface of the pipe, replacement
materials that are more resistant to Intergranular Stress Corrosion
Cracking (IGSCC), and changes in the reactor coolant environment
that decrease the susceptibility to cracking.




The effort on SCC in piping is divided into four subtasks: (a)
Long-term Aging and Analysis of In-reactor Components; (b)
Evaluation of Nonenvironmental Corrective Actions for SCC; (c¢)
Evaluation of Environmental Corrective Actions for SCC; and (d)
Effect of Irradiation on SCC Susceptibility in Reactor Coolant
Environments. The program seeks to evaluate potential solutions to
LWR-SCC problems, both oy direct experimentation (including
full-scale welded pipe tests), and by developing a better basic
understanding of the various phenomena.

The subtask on long-term aging and analysis of in-reactor
componen’ * primarily is aimed at determining the degree of

suscepti 11ity of stainless steel pipe in BWR's to severe
sensitization. Sensitization is one of the major contributing
factors for IGSCC of chromium-nickel-iron alloy components in
LWR's. Isothermal sensitizatiun of austenitic stainless steels,
such as Tygos 304 and 316, normally occurs in the temperature range
of 500-800°C. At lower temperatures, sensitization is suppressed.
However, it has been shown that severe sensitization can develop by
long-term evposure at temperatures well below the normal
sensitization range if chromium carbide nuclei are present. It is
thus possible that the degree of sensitization (DOS) in LWR pipe
weldments (or any other component with carbide nuclei) could
increase with reactor operating time, and that the weldments may
become increasingly susceptible to IGSCC.

The potential for degradation of in-reactor components due to other
heating and aging treatments also is a concern. It has become
increasingly important to verify results of in-service inspections,
and to examine possible adverse effects of remedial treatments on
cracking behavior of in-reactor components.

The primary objectives of this subtask are to: (1) examine the
possibility for increased susceptibility to sensitization
associfated with thermo-mechanical remzdial treatments [e.g.,
corrosion resistant cladding (CRC), heat sink welding (HSW), and
induction heating stress improvement (IHSI)) and the possibility of
sensitization in alternate alloys with special emphasis on Type 316
NG SS; (2) fnvestigate the IGSCC susceptibility of materfals with
different thermomechanical histories, but the same nomina) degree
of sensitization, and (3) analyze piping with weld overlay repairs.

The degree of sensitization for aged specimens is being examined.
Constant Extension Rate Tests (CERT) are being performed in
oxygenated water to evaluate IGSCC susceptibility. An
investigation of the dependence on thermomechanical his.ories of
the correlaticn between IGSCC susceptibility and sensitization
tests is in progress. IGSCC initiation and propagation tests will
be pe-formed for Type 304 SS specimens with different aging
histories. Long-term aging of stainless steel including modified
Type 347 SS specimens are heing conducted. Analysis of in-reactor
components will be performed as available and required.
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The subtask on evaluation of non-environmental corrective actions
for SCC s concerned with the evaluatiun of the proposed corrective
actions for generic environmentally-assisted cracking problems,
such as use of alternate materials or altered fabrication
techniques The development of (orrective actions is primarily the
responsibi utilities, and their associated
organizations, such as EPRI] The objectives of this subtask are
(a) the critical review and ¢ .amination of the supporting data for
proposed corrective actiors and (b) the identification and
acquisition of the additio:al ocata needed for regulatory action
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The major focus of the alternate materials studies has been on Type
316 NG SS, which is being used to replace Type 304 SS piping in
severa) R's However, modified lype 347 SS used in Germany fo
nuclear applications and fine-grained cast stainless steels also
are being considered as replacement materials and are included in
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12=in. and 28-in. diameter weldments (Ref 38).

The focus of the work on Types 316 NG and 347 SS is on the
suscceptibility to cracking in impurity enviroruents under
prototypical loading conditior and transient water chemistry

These tests include pipe tests, fracture mechanics specimen crack
growth rate tests, and very long-term displacement controlled,
fracture mechanics specimen crack growth rate tests to determine
effects of loading history, water chemistry and crevice coriitions
on 5C However, small specimen tests also will Ce performed to
determine the effect of loading history on cracking and, hence, on
extrapolating data obtained under laboratory loading histovies to
reactor loading histories A significant data base has been
established for crack growth under slow strain rate conditions
‘ i1l be compared with data obtained under constant load and
Iic loading conditions for smail specimens and with the
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benefits of, and damage due to, coolant chemistries near the limits
of normal and alternate hydrogen-water chemistries in BWR's

This work should provide a reasoribly complete picture of the
effect of steady-state water chemistry on SCC of sensitized
stainless steels. Howaver, reactors undergo a wide variety of
chemical transients In some cases the transients may even be
deliberate Some utilities have considered the use of hydrogen
water chemistry on a regular on-off cycle to minimize the higher
radiation exposure due to Nitrogen-16 carry-over associated with
hydrogen injectiepr during operation Additional work will be
conducted to quantify the effect of chemistry transients or
racking susceptibility

Irradiation-assisted stress-corrosion cracking (IASCC) of
solution-annealed austenitic stainless steels in high-temperature
water was first observed in fuel cladding. It is usually
attributed to irradiation-induced segregation of alloying or
impurity elements, although the degree of segregation of critical

elements (e.g., Cr, P, S, etc.) produced by fast-neutron fluence at
LWR operating temperatures has not been estab)ished The major
f mental parameter which affects IASCC is open=circuit
potential Hydrogen-water chemistry has deen shown to
n the recirculation piping system
water hemist
alters the

perfor

ted BWK water ( & 18680 { Oxygen and f,.]lur“v'v t
ne whether the 5 ) $ contralled by the cory
as Inf enced | ‘ cal radiation field at the meta)
or by radiolysis of the bulk water due to the averall
flux The information obtained in this subtask wil)l be used
ermine the degree of improvement in SCC resistance of the
through implementation of more stringent control of water
btry and the potential for better in-core materia) performance
hydrogen additions to the feedwater of BWR's
n the Surry
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steam generator feedwater line fitting. Subsequent in-plant
inspections have shown that erosfon-corrosion probiems are
widespread in the secondary piping systems of nuclear reactor:

Laboratory studies in Europe have shown that erosion-corrosion
arises due to accelerated mass transport associated with turbulent
flows. In elbows and tees, where ) mplex flow patterns exist due
to the strong secondary flows, the average mass diffusion rates can
be 2-3 times higher than those occurring in fully developed flow
through straight pipe. However, local mass transfer rates can pe
eight times greater than thc nominal rate. Such lncations are
sites o potential wall thinning and localized failures. More
recently, significant erosion-corrosion was observed in a straight
pipe section considerably downstream of an elbow. Thus, it appears
that even under apparently “"nominal conditions" exit fiows into
tees, elbows, transition pieces and their combinations produce
highly localized turbu ent flow regions that are not wall
understood,

The objectives of the proposed work under this tas« are: (1) carry
out ronfirmatory erosion-corrosion ¢.udies to develop .a) under:
standing of '+ e’fects of system geonetry on erosion-corrosion,
(b) mass-transfer coefficient data fcr piping compoents under flow
conditions of interest in nuclear pipi~g systems, and (c) guide-
lines for design to avoid high rass-transport rates; (2) assess
effects of water chemistry variations (variation in pH control
levels, impurities, and synergistic effects of oxygen) on expected
erosion-corrosion rates; (3) assess ~xisting wodels fer ercsion-
corrosion to determine their adequacy to provide guidance for
nondestructive evaluation of piping systems: and (4) assess
possible detrimental effects of hydrogen-wat.r chemistry on erosion-
corrosiern of c*vbon steel piping in BWRs.

3.2.2 Enviconmentally-A,sisted Fatigue and Fatigue Crack Growth In
LWR Materiais

ihe Environmentaliy-Assisted Crack Growtn in LWR Materials project
is being conducted by Materialr “rgincering *ssociates as Task 2 of
the Structural Integrity of L Water heactor Pressure Bouniary
Compenents pregram, contract num.2r NRC-04-84-102. This four year
project was initiated in January 1984 and is expected to be

comp ietcd in September of 1988. A follow-up program is planned.

The ongoing program is multi-faceted and much of the work -
focused on vessels but i applicable to piping as well,

objectives of this project ar® (1) to develop data needed t,
support the revision or use of the fatigue d2siygn curves in Section
IT1 of the Code, (2) to develop daia needed to evaluate the fatigue
crack yruwth methodology incorporated in Section XI of the Code,
and (3) to develc) data that vil] contribute to identification of
the mechanism or mechanisms that conts,u) 2 vironmentally assisted
cracking { LR materials.
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The fatigue 1ife research complements research originated in the
Pipe Rupture Study conducted by the Genera)l Electric Company for
th: Atomic Energy Commission (for example, see Re” 40). That
study examined the effect of several variables, including
environment, on the fatigue life of typical piping steels. The
wo'k suggested that the BWR environment had a significant and
adverse effect on the fatigue life of carbon steels. Simila~ work
was continued by General Electric under EPRI sprnsorship, resulting
in a significant data base for carbon steels in a OWR environment
(Ref, 41). These data clearly show that revision of the fatigue
design curves in Sectiun III ¢f the Code is warranted to account
for the efiects of the BWK environment.

The NRC funded fatigue |ife research examines the effect of a PWR
environment on the fatigue lire of a typical carbon steel and
carbon steel weldment. The work maxes use of standard "polished
bar" fatigue spe:imens to provide a direct comparison to the
existing fa“igue design curves. The testing evaluates the effects
of loading parameters (stress ratio, strain concentrations, and
loading frequency), test temperature, and environment.

The testing alsn makes use of "pipe" specimens which are two
lengths of carbon steu] pipe joined by a girth butt weld made using
welding procedures for Class 1 piping. These specimens will be
pressurized, exposed to either an inert high-temperature
environment or the simulated PWR environment, an4 subjected to
uniaxial londina. The tests wil) Le terminated once a crack
penetrates the pipe wall The cycles to penetration then wil) be
compared to the fatigie desiqgn curves, to assess the ability of the
fatigue analysis and design curves to predict component life in of
the PWR environment.

The crack growth research builds on the test procedures and
environmental contio) procedures developed in earlier NRC funded
research conducted at the Naval Research Laboratory (Ref. 42). The
on-joing research has extended those procedures to more ~omplex
testing situations, yielding data on realistic service
environments, materials, loading histo ies, and crack geometries.
Yey aspects of the crack growth resear.h include the following:

. Fatigue crack growth rate data have been generated using
conventional compact specimens (CTs) to evaluate the
effects of metallurgical structire, chemical corposition
of .he steel, temperature, oxygen content of the
«vironment, loading rate, and stress ratio. These data
nave been used in assessing the existing Section XI
fatigue crack growth rate curves for ferritic steels and
in developing fatigue crack growth rate curves for
austenitic stainless steels,

. Fatigue crack growth ate experiments are being performed
using surface flawed panel specimens tr evaluate the

effect of the PWR environwent on the three dimensiona)
flen qeometry and to assess tne vsefulnees of the
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existing Section XI fatigue crack growth analysis
procedures in predicting the growth of realistic cracks.
The primary variables in this study include flaw
geometry, material type and chemistry (AS5338 low sulfur
¢s. A533B medium sulfur vs. Al06B vs. 304 stainless
steel), temperature, and environment (PWR vs. air). The
crack growth rate and changes in crack shape are
monitored th-~ughout each test. The Section XI
methodology for predicting crack growth is evaluated by
predicting the crack growth as a function of loading
cycles using the CT specimen data and then comparing the
predictions to the =«urfece flawed panel tes' results,

- Fatigue crack growth rate data are being developed using
tre surface flawed panel specimen design to evaluate the
effects of stainless steel cladding on the growth rate
and shape changes of surface flaws, and to evaluate
potential inteructions bcilween the PWR environment and
the cladding that micht alter the growth of & surface
flaw in the ferritic steel base metal. The key variables
in this study are the presence or absence of cladding,
temperature, and air versus PWR environment. The results
will provide a quantitative assessment of how the
cladding enters into the analysis of small surface flaws
in a clad component, particularly in the presence of the
PYR environment.

. Faligue crack growth rate data are being developed using
CT sp-~imens subjected to variable anplitude loadings to
evailuate the potential effects of underloads and
overloads on the crack growth rate behavior., The work
involves experiments in an inert¢ e.vironment and in the
PWR environment. The results will provide an assessment
of the accuracy of the Section X! fatigue crack growth
analy-is where the crack growth increments from each
loading bilock are combined without regard vor load
history efrects, i.e., a linear damage summation.

The investigation into tne mechanism(s) of environmentally-assisted
cracking seeks to identify and deucribe the micromechanisms which
control crack growth in LWR piping and pressure vessel matericls.
The effort involves a literature survey, laboratory studies, and
liaisons with projects underway at other lsboratories. The effort
addresses material chemistry, microstructrual variables, and
environment chemistry as they affect fatigue crack growcth rates in
piping and pressure vessel steels. The work is motivated oy a need
to be ccrtain that the crack growch data base is appropriate to the
structural application and not simply a testirg novelty. Such
certainty would alluw info-med decisions on topics such as
replacement piping or plant acing considerations. This is a modest
effort intended to provide an impartial review of the various
mechanisms being proposed to explain the process(es) of
environmentally-assisted cracking. The experimen.al effort is
intended to provide a few critical experiments that will contribute
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to defining the controlling mechanism(s). The work supplements the
extensive efforts being conducted both in the U.S. and abroad.

This work is integrated with the international efforts on
environmentally-assisted cracking by the contractor's participation
in the International Cyclic Crack Growth Rate (ICCGR) group. This
group meets semi-annually to discuss technical advances and to
foster cooperation and exchangs of information among the
international laboratories involved in this type of research. This
interaction with the interrational community has provided an
opportunity to present the contractor's test plan, test technigues,
and results to review by other international experts in Lhe
environmentally assisted cracking technology, providing valuable
guidance to the contractor and to the NRC regarding future
direct’ons for the ressarch,

The "esearch results are expected to ~ffect the regulatary
enviroiment in at least two important areas. First, the fatigue
life research results are expected to provide the additional
evidence needed to support a hrcad modification to the Section IIl
fatigre design procedure to account for the effects of environment.
Such a modification to the fatigue design curves could support
revision to Standard Review Plan Section 3.6.2 (Ref. 14) to alter
the criteria for postulating pipe break locations based un fatigue
usape factor.

The second area in which these research results are expected to
affect the regu'atory environmeat is the validation and potential
revision of the Section XI fatigue crack growth analysis

proced. res. Definition of the mechanisms controlling the cracking
will lend support to the use of the test data to predict structura)
beha/ior. Further, the broad based evaluation of the Section XI
data base and analysis procedure will provide needed validation of
the existing procedures.

The follow-on program to the MEA project wil) provide additiona)
analytical and experimental data, primarily directed to applyin
past developments to reacto ~typ 'c¢, components. This effort will
address the effects of "real" defect geume*riec, service lovadings,
stress concentration gradients, env' onments, etc. When combined
with prosious research completed on tne MEA , roject anc the
extensive work by others, this work will 7 rm an intograted
approach te further urderstanding the phenozena of

enviro ientally-assisted fatigue and fatigue crack growth. It is
expect: @ that this research wil! contribule to potential
modifications and extensions of appropriate parts of Sections 111
and X1 of the Code.

The fatigue cesign curves °f Section 111 are based on data acquired
some years ago using a variety of testing techniques, test
temperatures, and, for the most part, smooth specimens. Tests ware
conducted in dry environmerts, although the actual application is
often for ferritic and stz’ «:s steels which are subject to the
PWR environment. The NRC nu¢cds to establish a data bise which -



more relevant to the cor 2sfon-assisted fatigue situation and to
address the fatigue damage concerns which apply to plant life
extension issues. As part of the ongoing program, MEA conducted a
series of tests to evaluate the accuracy of the stress-life
(design) curves contained in Section III, inc'uding the effects of
notches, environment, and temperature. MEA research produced a
much more consistent, although limited, set of data on which to
evaluate the accuracy of the Section IIl design curve, the effects
of PWR primary coolant environment on fatigue life, and the
applicability of stress-1ife design curves to fatigue damage in
reactor structures. Sufficient additional data will be developed
on piping materials and welds to evaluate the existing S-N code
curves and, as appropriate, propose modified SN curves for
inclusion into the Sectior III of the Code.

The vasi preponderance of the environmentally-assisted fatigue
crack growth duia that forms the basis for the water environment
curves now incorporated in Section XI of the Code, has been
developed using specimens of the compact tension type. Such
specimens are characterized by relatively large crack dimensions,
st.aight crack fronts, constant K.s along the crack front, and a
condition where the corrodent sur;ounds and wets all surfaces of
the specimen. This is markeuly different from those conditions
which prevail in the case of "real" crack geometries in cylindrical
bodies. Fur this latter condition initial crack dimensions are
usually small, the crack front is not straight, the K,s are not
constant along the crack front, and the corrodent HIS‘.! only the
surface of the body that contains the crack. These differences
between real cracks and CT specimens raise questions about the
applicability of the CT data in performing fatigue crack growth
assessments of defects found in rea) structures.

Applications-re'ate” studies conducted at MEA under Lhe ongoing
contract include extension of the existing data base of constant
amplitude fatigue crack growth rates, growth of par -through cracks
in both clad and unclad RPY steels, and mechanisms of environment-
ally-assisted cracking. Mowever, the NRC needs a greater body of
such information tc asse *he applicability of the crack growth
rate reference curves in Section X1 %o actual conditions, and to
develop recommendations for the correction of deficiencies in the
dats used by the Code, or methods .f applications of the Code.

The ongoing MEA prugram consists of several types of experimental
fatigue crack growth rate tests, calculationa)l mode! development
tasks, and co ‘osfon fatigue crack growth mechanisms studies.
Compact tension specimens have been used in tests at high load
ratio and low delta-K to assess the accuracy of the Section XI
reference curves and analysis procedures in these infrequently
evaluated areas. Urclad and clad specimens with part-thrcugh
cracks have been tested to ascertain the effect of two-dimensional
cracks. Additiona) studies wil)l evaluate in more depth “"real" crack
geometry effects on environmentally-asristed fatigue crack growth
using part-through cracks, pressure vessel and piping sieels, and
more realistic test specimens such as large diameter cyclically
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pressurized pipe. A data base is to be established which may oe
applied to evaluating and, if necessary, .odifying the Section XI
crack growth rate referenle curves,

Micromechanism models have been proposed which attempt to charac-
terize environmentally-assisted fatigue crack growth from the view-
points of the constitutive chemical elements of the steel, the
water chemistry, the crack tip strain rate, crack tip blunting,
corrosion product buildup in the crack, and crack closure
phenomena. A generally validated micromechanism model is needed to
allow extrapolation of existing data to materials and loading
conditions other than for those evaluated empirically. Without
developing such a model, experimentally derived data must be relied
upon and such data is time consuming and costly to generate. In the
ongoing program, MEA has conducted studies of fatigue crack growth
mechanisms through a series of laboratory tests and fatigue
fracture surface examinations. Development of a strain rate model
incorporating two crack growth mechanisms has resulted in an
analysis of data sets covering a wide range of temperatures, load
ratios, and cyclic frequency test conditions. Substantiation of
the calculational model through fractography and other post-test
studies of plastic-zone size and corrosion product examination is
being completed. The mechanism and modeling studies are being
conducted to help identify potential p.oblem areas in corrusion
fatigue of PWR materials, such as particularly aggressive combi-
nations of loads, cyclic frequencies, environments and material;.
Additional studies will be conducted to enhance and validate
existing mathematical models that describe mechanisms of
environmentally-assisted cracking.

There is a need for a methou to calculate crack extension under
reactor-typical conditions, including load-time history. Must
fatigue crack growth rate tests of pressure vessel and piping
steels have been ccnducted under constant amplitude loading test
conditions. Current research indicates that fatigue crack growth
rates und=- ‘ne more reactor-typical variable amplitude loading
conditieas may be significantly higher thar are predicted using th
Sectica XI crack growth rate analysis procedures. The problems
with the current Section XI analysis procedure stem from 1) the
linear damage summation used in predicting crack growth under
variable amplitude loading, and 2) the very narrow range of test
variables used in developing the fatigue crack growth rate
reference curves. Under the ongoing contract, MEA has conaucted
tests to evaluate the behavior of fatigue crack growth under
variable amplitude loading in both inert and PWR primary coolart
environments.

MEA evaluated fatigue ..ack growth behavior under service-typica)
load spectra and attempted ‘o develop a mathematical wode)l to
compute crack extension under representative variable amp)itude
service loads. The results of this work have shown that the
current Section XI crack growth analysis can be significantly in
error by underpredicting crack extension for a givi ~ load history.
Additiona! testing will be conducted to provi. °  -onger basis
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for the use of load interaction crack growth models and for
possible revision of the Section XI flaw evaluation procedures so
they can be used reliably in assessing suitability for service and

plant aging questions.

32



3.3 Pipe Fracture Predictive Methodolugy

The obLjective of the pipe fracture recearch is to evaluate the
fracture behavior of typical Light Water Reactor (LWR) piping under
characteristic loading conditions to determine the ultimate load
carrying capacity of cracked piping and pipe components. The
effort involves both experimental and analytical projects. The
parameters considered in the projects span the range of materials,
crack geometries, and loading types pertinent to LW¢s,

The research addresses many of the research needs identified by the
Piping Review Comm'ttee in NUREG-1061 Volumes 3 (Ref.13) and 5
(Ref. 3). Further, new efforts are being formulated to address
research needs that have been defined since the Piping Peview
Committee completed its work.

The following subsections describe the on-going and pla.ned pipe
fracture research projects.

3.3.1 Degraded Piping Program - Phase !

The Degraded Piping Program - Phase Il is a four year program being
conducted by Battelle's Columbus Division under contract
NRC-04-84-103. The project was initiated oo March 1, 1984, and
will be completed by September 30, 1988. The main objectives of
the project are to conduct experiments to determine the capacity of
cracked ductile piping to withstand normal, transient and accident
loading conditions, and to develop and validate ductile fracture

mechanics analyses for predicting the loading capacity and failure
mode of cracked piping.

The project has evaluated the effects of material type (carbon
steel, wrought and cast stainless steel, Inconel, and the
associated weldments), pipe size, flaw geometry, and loading type
(bending versus pressure versus combined bending anc pressure).
The experimental program includes materials obtained from nuclear
power plant suppliers, cancelled nuclear power plants, and
waterials removed from operating nuclear power plants. The pipe
s12es tested range from 4 ir ' "ameter, Schedule 40, to 37 in.
diameter with a 3.5 in. wal., thickness. The test temperatures are

typical of LWR operating temperatures and thi loading rates are
quasi-static.

The analytical efforts have addressed the full spectrum of
predictive methods. The work has evaluated )imit-load approaches,
identifying the range of apolicability for those aporoaches. The
effort has made use of elastic-plastic three dimensiona) finite
element analyses to evaluate the fracture behavior of cracks in
both base metal and weldments. This work also contributed to
assessing various J-estimation schemes (simplified ductile fracture
mechanics analyses) used when the limit-load approaches are
inappropriate. It has involved evaluating existing J-estimation
schemes and developing modified schemes.
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The results of this project already have had an impact on the
regulatory process by contributing to the technical basis
supporting the leak-before-break philosophy that led to
modifications of General Design Criterion 4 (GDC-4) of Appendir A
to 10 CFR 50, Further, the results have been used in developing
the criteria that must be satisfied to take advantage of the GDC-4
changes. The results have been used in evaluating the margin of
safety inherent in Section XI of the Code, Article IWB-3640,
"Evaluation Procedures and Acceptance Criteria for Austenitic
Piping". The results also have been used in developing flaw
evaluation criteria for carbon stee) piping that will be
incorporated into Section XI as Article IWB-3650.

This project has been the focal point of the NPC's piping fracture
research. As such, strong relationships have been established with
most of the other piping fracture related projects, For example,
this project “as contributed materials and data to the Piping
Fracture Mechanics Data Base (see Section 3.3.5). It also
interacts with the tiastic-Plastic Fracture Mechanics Evaluatior of
LWR Alloys project (see Section 3.3.2) in the exchange of data and
cross-checking of experimental procedures and results, and with the
Aging of Cast Stainless Steels project (see Section 3.3.6) in
providing additional materials to that project.

The project has identified areas that need further research, many
of those areas have been incorporated in other on-going and planned
projects. For example, this project led directly to forming the
International Piping Integrity Research Grouo (IPIRG) (see Section
3.3.4) which is evaluating the effects of seismic and dynamic
loading on the fracture behavior of cracked piping.

The Degraded Piping Program - Phase Il is scheduled to be completed
bv the end of September 1988, The rema‘ning research involves
completing approximately 10 pipe fracture experiments, documenting
those experiments, and preparing a final report on the program.

The data and analyses are providing a strong basis for further
research, clearly identifying areas needing additional work.

3.3.2 EPFM Evaluation of LWR Alloys

The Elastic-Plastic Fracture Mechanics (EPFM) Evaluation of LwR
Alloys is a multi-year project being conducted by the David Taylor
Research Center at Annapolis under Interagency Agreement
RES-78-104. The project focused initially on pressure vesse)
integrity considerations. However, the umphasis was shifted to
piping in 1980, The current tasks im the project are scheduled for
completion in 1990.

The objectives of this project are to conduct experiments using
small and moderate scale laboratory and pipe specimens to determine
the critical parameters afferting ductile fracture toughness of
nuclear grade steels and weldments, to evaluate new test msethods
for possible standardization, and to verify the applicability of
new data analysis methods to existing specimen types. The test
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procedures, specimen types and data analysis procedures are
examined for the purpose of developing stindardized techniques that
can be implemented by other laboratories to produce material
property data useful in the analysis of cracked pipe. The pipe
fracture experimenis are conducted on small to woderate size pipe
and weldments to develop data useful in validating pipe fracture
analyses and to provide benchmarks for use in evaluating the
material property test procedures, specimens, and data analysis
procedures.

The on-going pipe fracture experiments eva uate the fracture
behavior of cracked ferritic steel weldments. This work will
address the effects of system compliance on the fracture
instability behavior of the pipe. The tests are conducted at 550°F
undder four-point bending at quasi-static loading rates.

The laboratory specimen testing addresses the effects of rapid
loading rates on the fracture resistance of ferritic steels. Test
and analysis methods have been developed that permit
characterization of the J-R curve at these loadir  rates. These
techniques are now being employed in assessing loading rate
effects,

Laboratory specimen tests also ure being conducted in support of
the evaluation of J_, a modified ductile fracture toughness
parameter and the pStcntiaI application of J. to specimen types

other than the Compact (Tension) Specimen (CT). This effort is
expected to identify the appropriate fracture touchness parameter
(the traditional J or the modified J_), define realistic limits of
validity for that parameter, and det8rmine appropriate schemes for
extrapolating small specimen data to 'arge amounts of crack growth,

The effort to standardize test procedures has contributed to the
development of ASTM EB13 ("ch. A Meas re of Fracture Toughness")
(Ref. 43) for determining ch (the initiation of ductile tearing)

and to the development of ASTM Ei)52 ("Standard Test Method for
Determining J-R Curves" (Ref. 44). The on-going effort is
exjected 0 le'd to the standardization of the direct current
potential drop technique for determining crack length during a
fracture toughness tust. This technige is being used by many
laboratories world wige but without a standardized method, which
could lead to inconsistent and, perhaps, erroneous results.

This project is integrated with the Degraded Piping Program - Phase
I by cross-checking experimental procedures and test results; with
the Fiping Fracture Mechanics Data Base by providing data to the
data base; and with the International Piping lnto?r ty Research
Group by providing a test technique for characterizing the fracture
toughness of ferritic matarials under dynamic loading conditions.

The resul's of this project have affected the regulatory
env’ ~_.0t in several ways and the future results are expected to
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contribute in similar areas. For example, earlier results on
stainless steel pipe and welds contributed to the revision of the
evaluation procecures for <tainless steels given in the Codle
Seciion XI Articie IWB~3640. The ferritic steel pipe fracture
results are contributing to the development of the evaluation
procedures for cracks in ferritic steel piping bef incorporated
into Section XI as Article IWB-3650. The contribution from the
laboratory specimen testing will be proven analysis and testing
procedures that can be used by other projects without further
development.

3.3.3 Fracture Mechanics Analysis of Cracked LWR Piping

The Fracture Mechanics Analysis of Cracked LWR Piping project is a
grant to the University of Michigan, under contract number
NRC-04-87-113. The project was initiated in February 1987 and is
expected to be completed in February 1989,

The objective of the project is to analytically evaluate the
effects of the ovalfzation of a cracked pipe on the load carrying
cupacily of tre pipe. The evaluation wil) address the effects of
local changes in geometry (pipe to elbow welds or pipe to nozzie
welds, for example) and local changes in materia)l properties (base
metal to HAZ to weld metal) on the ovalization of (he cracked
section,

The project will draw on data from the Degraded Piping Program -
Phase 11 for benchmarks against which the analyses will be
svaluated. Other pertinent data will be developed in the
International Piping Integrity Research Group project. Those data
will be incorporated as appropriate.

The results of the project will provide an improvement in the
a~curacy of prasent pipe fracture analysis schemes. Such
improvements in accuracy can lead to better definition of the
minimum margins necessary to assure plant safety. This eventually
would be reflected in Standard Review Plan 3.6.3,
"Leak-Before-Break Evaluation Procedures,"” which defin~s the
acceptance criteria that must be satisified to take advantage of the
leak-before-break philosophy and associated regulatory channes,

3.3 4 International Piping Integrity Research Group (IPIRG)

“he International Piping Integrity Research Grouwp (IPIRG) project
is a 3 year program “iry conducted by Battelle's Columbus Division
under contract number (RC-04-86-106. The project was initiated on
July 10, 1986. However, as discus.ed below, the work did not begin
until February 1987. The project schedule is referenced to the
date Batte)le was authorized to begin work,

The IPIRG project is a commercial contract that is jointly fundrd
by an international consortium of governments and industries. The
participants have a common goal of developing a justifiable
technology base for acdressing seismic and dynamic loadings and,

36



more importantly, developing an international consensus on the
technology base for accepting the leak-before-break philosophy.
The funding arrangement s unique in that all of the participants,
governments and industrial entities, essentially are contributing
to a common pool of funds used to support the research, The
project scheduie is linked to the execution of the participatien
agreements.

The objective of the IPIRG project is to develop, improve, and
verify engineering methods for essessing the integrity of nuclear
power plant piping containing defects. The project combines a
study of the effects of materia' type, pipe size, and flaw geometry
with a study of the effects of sefsmic and dynamic loading on pipe
fracture behavior under typical LWR conditiorns of pressure and
temperature. The project addresses i‘nertia) loading, dynamic
displacement controlled loading, and the combination of these
loadings. The pipe fracture experiments follow a progression 1
complexity ranging from a relatively simple cantijever
configuration used for the inertial loading tests to a piping
system representative of typical LWR piping system stiffness and
configuratiors. This representative system will be used for the
combined loading experiments. The project also addresses the
fracture behavior of fittings (elbows, tees, etc.), the effects of
local changes in stiffness on the behavior of cracks in welds
(e.g., a crack in the weld between an elbow and straight pipe), and
the estimation of leak rates from cracks that penetrate the pipe
wall. The fracture of fittings and the effects of loca) changes in
stiffness are being addressed experimentally in this project. The
leak rate estimation aspect of the project is discussed in more
detail in Section 3.4,

The IPIRG project {s integrated with the Degraded Piping Program -
Phase II in terms of setting many of the test parameters; with the
EPFM Evaluation of LWR Alloys in terms of the dynamic loading test
techniques for ferritic steel piping; and with the Piping Fracture
Mechanics Data Base in terms of providing materials and materia)l
property data to the data base.

The results of this project will be used to asseass the margin of
safety inherent in present fracture analyses for cracked pipe
subjected to sefsmic and dyamic loadings. Improvements in the
prediction of load carrying capacity for cracted pip» eventually
will be reflected in Standard Review Plan 3.6.3 which defines the
acceptance criteria that must be satisfied tn take advantage of the
leak-before-break philosophy and associated regulatory changes.

3.3.5 Piping Fracture Mechanics Data Base

The Piping Fracture Mecnanics Data Base is being prepared by
Materials Engineering Associates as a task of the Structura)
Integrity of Light Water Reactor Pressure Boundary Components
program, contract number NRC-04-84-102. This four year project was
nitiated in Janvary 1984 and is expected to be completed in August
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1988. However, the NRC expects to continue the data base effort
and a competitive procurement is planned for mid-1988.

The objective of the data base project is to prepare a compre-
hensive data base of fracture toughness and related materia)
property data for representative LW? piping materials. The effort
involves collecting available data from other NRC contractors and
from pertinent industry sources. When pertinent data are not
available, appropriate materials are to be procured and tested.
The data are to be assembled into a numeric data base that is
accessible to the NRC. The numeric data base is to provide a
central repository for the data and a capabi.ity to reprocess the
data as new data analysis schemes are developed.

This project interacts with every pipe fracture research project
where material property data are developed or where material
property data are needed. The data base has been of use to other
research contractors, the NRC staff, and the nuclear industry. Use
by other research contractors has been to provide material property
data for analytical efforts and as supporting data for comparison
to other experimenta)l efforts. Use by the NRC staff and the
nuclear industry has been as a generic fracture toughness and
material property data base. The staff und industry can and have
used the generic data base to provide materia)l property data when
plant specific data are not available. This approach has been
addressed in developing Standard Review Plan 3.6.3,
“Leak-Before-Break Evalv.tion Procedures.”

3.3.6 Aging of Cast Stainless Steels

The Long-Term Aging Embrittiement of Cast Stainless Steels in LWR
Systems is a multi-year project being conducted by the Argonne
National Laboratories under FIN A2243. The current scope of work
is expected to be completed in 1989,

The primary objectives of this project are (1) to investigate the
significance of in-service embrittlement for cast duplex stainless
steels under 'WR operating conditions, and (2) to evaluate pussible
remedies to the embrittlement problem for exiiting and future
plants. Current assessments of long-term embritilemert are based
primarily on extrapolation from high-temperature laboratory data
and on Charpy impact data. Additional data on the kinetics and
extent of embrittiement at LWR operating temperatures are being
developed to evaluate the significance of in-service embrittlement
in :ho context of changes in mechanica)l properties and fracture
resistance.

The research will (1) characte)ize and correlate the microstructure
of reactor components and laboratory-aged material with loss of
fracture toughness to identify the mechanism of embrittlement, (2)
determine the validity of extrapolatior of experimentally cbserved
embrittiement to long-term aging at reactor operating temperatures,
(3) characterize the loss of fracture toughness in terms of
fraclure mechanics parameters to provide data needed to assess the
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3.3.7 Estimation of Large Leak Rates From Piping and Piping
Compunents

This pro{o:t is in the early planning stages. The ob*cctivo of the
project is to develup leak rate data essential %o defining a
replacement to the double-ended guillotine break (DCGB).

Public comments on the modifications ot GDC-4 advocated the
extension of the rule to relax pipe rupture postulation
vequirements for containment design, ECCS performance, and
environmental qualification of electrical and mechanical equipment,
The Commission response, in part, noted that there was no intent to
consider near-term changes to ECCS or containment design bases.
Further, the Commission was not prepared to propose new
environmenta) design criteria for temperature, pressure, humidity
or flooding. However, unti) a suitable replacement design basis
could be established for environmental qualification, the
Commissfon was willing to consider case-by-case relaxations in
environmental qualification requirements. More recently, the
Commission has moved to seek public commen. on additional
applications of leak-before-break technolugy, specifically in the
areas of environmental qualification and ECCS performance
requirements., This research project will contribute to defining a
suitable replacement to the DEGS.

Consider 'ng a replacement to the DEGB dictates that accident
scenar’. other than pipe breaks be evaluated. Scenarios that
might become the limiting consideration include valve bonnet

f - lure, stuck-open relief valves, manway cover failure, or pump
set] faily e, in addition to large leaks from piping. Some of
these scenarios have been, and are being, evaluated in other
research activities. This project will provide reference
information regarding credible leakage rates from pipe cracks.

The research contemplated  Jr this project involves the development
and experimental validation of a mathematica)l mode)l for predicting
the leak rates from lar?o cracks n piping and piping components.
(he pFO?r.l emphasis will be placed on dnvolopin? experimental data
concerning crack opening areas and leak rates. These data then
will be used to benchmark the leak rate anzlysis. 'he validated
analysis ultimately would provide input to a “systems” analysis to
evaluate equipment qualification requirements, e.g., pressure,
temperature, and humidity versus time profiles.
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3.4 Leak Detection and Lea' Rate Estimation Models

The objectives of the leak detection and leak rate estimation
modelling efforts are (1) to assess the sensitivity and reliability
of the leak detection systems used in nuclear power plants both
inside and outside containment, and (2) to assess the accuracy of
leak rate estimation models used in leak-before-break ana. yses.

The efforts involve both experimental and analytical work.

Current leak detection requirements focus on detection inside the
containment building and are embodied in log:latory Cuide 1.45,
"Reactor Coolant Pressure Boundary Leakage Detection Systems" (Ref.
45). The Regulatory Guide recommends the following three methods
be employed for leak detection:

o Sump flow (mandatory),
o Afrborne-particulate radicactivity (mandatory), and
o Condensate flow rate or airborne gaseous radicactivity.

The Regulatory Guide further recommends a sensitivity of 1 gallon
per minuyte for equipment used to monitor identified and
unidentified leakage sources. A review of the technical
specifications pertaining to leak detection requirements was
conducted for the Piping Review Committee and is reported in
NUREG-1061 Volume 1 (Ref. 46). The roport shows that of the 74
LWRs surveyed, all plants use at least one of the two required
systems;, 66 use sump monitors and 71 use particulate monitors.
Su.p monitoring is the primary method of detecting leiks. The
technical specification allewed limits on unidentified leakage are

1 gallon per minute for al) PwWRs and 5 gallons per minute for most
BwRs .

However, in four of the eight plants evaluated as part of the
Integrated Plant Safety Assessment-Systematic Evaluation Program
(Refs. 47-54) a one gallon per minute leak would not be detected in
one hour nor did they have three leakage monitoring systems, as
suggested in Regulatory Guide 1.45. Despite the shortcomings in
current leak detection systems discussed in NUREG-1061 Volume 1,
they were deemed adequate to detect leakage and require nlant
action in 1 day for through-wall cracks 4 to 10 in. long in 12 to
28-in. diameter. However, these systens may not be alequate for
Jetecting leaks in smaller diameter piping.

As notea in Section 3.3, the NRC currantly is preparing Standard
Review Plan Section 3.G.3 which defines the criteria that must be
satisfied to demonstrate "leak-before-break". Consequently, leak
detection sensitivity and reliability are taking on a new
significance. One must perform crack stability analyses using
crack sizes that will proluce detectable leakage when subjected to
normal loads. Further, the margin of 10 on leak detection
sensitivity used in the analysis reflects uncertainty in both the
capabilities of leak detection systems and the leak rate estimation
models. A practical consequence of the margin and leak detection
sensitivitiec of conventional systems is that small diameter piping
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may be excluded from receiving the benefits of leak-before-break
unless more sensitive and reliable systems are employed.

The leak-before-break acceptance criteria stipulate that leak
detection systems used outside containsent must be equivalent to
the Regulatory Guide 1.45 sysitems. In meeting this requirement one
must justify the sensitivity and reliability of the system.
Further, simply employing systems equivalent to the Regulatory
Guide 1.45 systems creater the same potential limitation for small
diameter pipe outside containment as that encountered inside
containment, i.e., smal)l diameter pipe may not meet all of the
acceptance criteria unless more sensitive and reliuble leak
detection systems are used.

Directly linked to the leak-before-break anaiyses for a given line
is the determination of a through-wall crack length given a leak
detection sensitivity and loading level. Approaches to estimating
leak rates range from simply cultiplying the crack opening area by
a constant, to very suphisticated two-phase fluid flow models
coupled with elastic-plastic fracture mechanics methods used to
predict crack opening areas. Most of the data available fer
validating these models lie in the 1 gpm to 50 gpm range. However,
applications for smaller diameter lines require predictions for
leak rates much less than 1 gpm. There are questions about the
validity of the sodels in t'is low flow regime, and about the
possibility of particulates in the fluid "plugging” the crack flow
path thereby reducing the flow rate below the detectable limit,

The leak detection and leak rate estimation mode! research
addresses many of these problems. The nuclear industry has
explored a number of leak detection systems and part .f the NRC
research has been devoted to independently evaluating these
systems. The research also examines the viability of advanced leak
detection systems, such as acoustic monitoring, to pruvide guidance
on potential improvements over the current leak detection m~thods.

This work was supported fn the recommendations of the Piping Review
Commitiee (Ref. 3).

The lcak rate estimation modelling effort explores topics tna. 've
gatned significance as the leak-before-break evaluation criteria
have evolved. For example, the accuracy of the leak rate
estimation mode! can have a significant influence on the so-called
leakage size crack used in the crack stability analyses.

The following subsections describe the research projects that
address le k detection and leak rale estimation mode)ling.

3.4.1 Lea. Detection

The Leak Detection project is a multi-year project being conducted
by the Argonne National Laboratories under FIN A2250. The current
scope of work is expected to be completed in 1988 with
r;:gnnondotions incorporated into regulatory codes and standards in
1989,
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The objectives of the project are (1) t) /ssess the reliability of
current leak ceteciion systems to provide guidance to the NRC on
potential deficiencies, ana (2) to conduct laboratory and field
tests to 2ssess the adequacy of acoustic technigues to detect,
locate, and size leaks. The effort will ‘nclude tests at a reactor
site using an advanced on-l1ine acoustic monitoring system. The
effort also will contribute to the experimental cssessment of leak
detection techniques suggested by the industry to establish their
sensitivity and reliability.

This project has evaluated presenrtly used leal detection techniques
and criteria and has shown that they are not i.>cessarily adequate
to detect small leaks even when caused by large tight cracks.
Further, radiation monitors are deeme. .nherently unreliable
because of the high false alarm rate and the limitations caused by
the high radfation background levels. (Ref, 55)

The assessment of acousticz monitoring techniques has made use of
laboratory tests to develop correlations between leak rate and the
acoustic signal, to establish minimum sensitivities, and to develop
the acoustic signature characteristics of flow through IGSC cracks
versus other acoustic sources (such as back flow through a check
valve). The technigue also has been tested successfully using
simulated leaks at a reactor site that is under construction.
Following these successful demonstrations, efforts have been
underway to permit testing in the environment of an operating

reactor, providing an assessment of the technigue in a realistic
environment.

The recent efforts involved broadening the data base with
additional leaks and cracks at larger flow rates, finalizina data
analyses and operational procedures, and defining the number of
sensors required for a given covirage. The remaining effort is to
conduct tests in the operating reactor environment, in conjunction
with other acoustic emission monitoring work, to validate the
sensitivity and relfability of leak detection techniques.

This project is integrated with the International Piping Integrity
Research Group in that the IPIRG program is addressing leak rate
estimation models and in that there is the potential for using
acoustic monitoring tec/iniques on one or more of the IPIRG
experiments to define the point of break through as well as
nssesiing tre technique during and after a simulated seismic event.

This project is expected to affect the regulatory process by the
developmeit of a revirion to Regulatory Guide 1.45 by incorporating
acoustic monitoring techniques for Juse inside and outside the
containment building, and by providing guidance on improvements in
the sensitivity and relfability of other leak detection technigues.
Establishing credible sensitivity and reliability values for these
technigques would impact the evaluation of leak-before-break
analyses in the context of establishing the leakage size crack used
in the stability analyses.

43






This project is integrated with the Degraded Piping Progran = Phase
I1 oy using the crack opening area data generated in the De(raded
Piping Proyram to validate the crack opening area predictive model,
This project also is integrated with the Leak Detection project by
troviding acoustic data from the leak rate experiments in this
project

The results of this project are expected to affect the regulatory
process chiefly by improving the accuracy of leakage size crack
predictions used in the leak-tefore-break analyses, and in
reducing, or at least quantifying, the uncertainty 1. leak rates
due to the potential for particulate plugging of the crack.
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sponsored research., Regulatory Guide 1.92 "Combining Moda)
Response and Spatia) Components in Seismic Response Analysis" (Ref.
57) will be updated to incorporate changes justified by NRC
research on the independent support motion method, closely spaced
modes, and the combination of high frequency modes. A generic NRC
position on Bechte! energy absorbing supports should be established
in 1988 as a result of an NRC-sponsored study. Regulatory Guide
1.122 (Ref. 29), may be revised in the future to incorporate
changes resulting from research on peak-shifting techniques and
research identifying the uncertainty associated with piping
response calculation.

4.1.2 Integration of Environmentally-Assisted Cracking Research
Results

The program is intended to assess the proposed near-term and
long-term fixes for IGSSC in BWR stainless stee) piping and provide
support to NRR in establishin NRC positions on this and related
Unresolved Safety Issues (A-1l., A-42) (Ref. 9). This work supports
development of licensing criteria described in NUREG-1061 Volume 1,
and and provides the data needed for modification of Regulatory
Guide 1.44 (Ref. 58). Experimental results provide NRR with data
and engineering information to substantiate the technical basis for
licensing decisions relating to BWR pipe cracking.

This program has provided data an. information on the "fixes"
proposed by industry for mitigation of intergranular stress
corrosion cracks including induction heating stress improvement,
hydrogen water chemistry, repair by weld clad overlay, and
replacement material Type 316 NG stainless steel. Further, the
program will provide data to determine the extent, if at all, to
which repaired cracks may continue to grow and thus threaten
catastrophic failure of the pipe system especially when it is known
that the weld clad overlay tends to preclude effective ultrasonic
inspection to monitor any further growth, In 1984 this program
contributed directly to the NRC Piping Review Committee study on
IGSCC of BWR piping which was reported in NUREG-106]1 Volume >, and
its implementation by NRR staff as described in SECY 83-287C (Ref.
59). The results of this project provide data and engineering for
the NRR implementation document NUREG-0313, Rev. 2 (Ref. 11).

The crack growth rate data being generated is being utilized in the
Code Section ¥I procedure to evaluate acceptability of cracks in
pipes. Fatigue life research results are expected to provide the
data needed to suppor't a broad modification of toe Section 11J
fatigue design procedures to account for the effects of
environment,

4.1.3 Integration of Pipe Fracture Research Results
The pipe fracture research program addresses the experimenta)
validation of pipe fracture analysis methods, the technical

Justification for margins used in those analy.es, and the
definition of a replacement to the double-ended guillotine break
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criterion. The research results are anticipated to impact the
regulatory environment in several ways,

The research programs that focus on pipe fracture behavior and the
prediction of pipe fracture (see Sections 3.3.1 through 3.3.5) are
expected to provide input to the refinement of the criteria used to
justify leak-before-break and to the justification of the margins
used in those analyses. Presumably, these research efforts wil)
lead to less restrictive criteria and reduced margins in the
analyses.

The results are expected to impact Standard Review Plan Section
3.6.3 by refining the criteria and margins, Finally, the results
have beer used in validating the flaw evaluation procedures for
stainless steels as implemented in Section Al Article IWB-3640, and
in developing similar criteria for evaluating flaws in ferritic
stee) piping. These criteria will be implemented in Section XI as
Article IWB-3650.

The material property studies (Piping Fracture Mechanics Data Base
and Aging of Cast Stainless Steels) are expected to provids data
useful in plant specific analyses. Further, data from these
programs are expected to be useful to the Section XI committee in
developing flaw evaluation procedures for ferritic stee) piping and
in considering the applicability of flaw evaluation procedures for
stainless steels to the cast stainless steels,

Finally, the program on defining a replacement to the postulated
double-ended guillotine break criterion (Estimation of Large Leak
Rates From Piping and Piping Components) is expected to contribute
to the technical basis justifying further revision to 10 CFR 50,
appendix A, General Design Criterion 4 This revision would impact
equ 'oment qualification requirements. Consequently, changes would
:o ¢ pected in the pertinent Regulatory Guides and the Standard
eview Plan.

4.1.4 Integration of Leak Detection and Leak Rate Estimation
Research Results

The leak detection research is expected to lead to the deve)opment
of regulatory guidance concerning use of acoustic moritoring
techniques, and to provide guidance on the sensitivity and
reliability of other leak detection techniques. This could lead to
changes in the Standard Review Plan Section 3 6.3 margin on leak
detectiun sensitivity,

The leak rate estimation mode! ,2search is expected to lead to

further refinements in the procedures for predicting the leakage
size crack used in the leak-before-break analyses. Further, the
work is expected to contribute to cuantifying the uncertainty in
leak due to the potential for particulate plugging of the crack.




4.2 Anticipat le for Integr R h Results

Figure 1 depicts the major piping research program activities to be
completed by fiscal year. Schedule information for each research
project was discussed in Section 3.
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This document presents the piping research oro?rcn plar for the Structural
and Seismic Engineering Branch and the Materials Engineering Branch of the
Division of Engineering, Office of Nuclear Regulatory Research, The plan
describes the research to be performed in the areas of piping design crite-
ria, environmentally assisted cracking, pipe fracture, and leak detection
and leak rate estimation, The piping research program addresses the reg -
latory issues regarding piping design and piping integrity facing the NRC
today and in the foreseeable future,

The plan discusses the regulatory issues and needs for the research, the
objectives, key aspects, and schedule for each research project, or group
of projects focussing of a specific topic, and, finally, t.e integration
of the research areas into the regulatory process is described., The plan
presents a snap-shot of the ?"‘“9 research program as it exists today.
However, the program plan will change as the regulatory issues and needs
change. Consequently, this document will be revised on a bi-annual basis
to reflect the changes in the piping research program,
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