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ABSTRACT

The third in a series of international Leak-Before-Break (LBB) Seminars sup-
ported in part by the U.S. Nuclear Regulatory Commission was held at TEPCO Hall
in the Tokyo Electric Power Company's (TEPCO{ Electric Power Museum on May 14
and 15, 1987, The seminar updated the international policies and supporting
research on LBB. Attendees included representatives from regulatory agencies,
electric utility representatives, fabricators of nuclear power plants, research
organizations, and university professors.

Regulatory policy was the subject of presentations by Mr. G. Arlotto (U.S. NRC,
U.S.A.), Dr. H. Schultz (GRS, W. Germany), Dr. P, Milella (ENEA-DISP, Italy),
Or. C. Faidy, P, Jamet, and S. Bhandari (EDF/Septen, CEA/CEN, and Framatome,
France), and Mr. T. Fukuzawa (MITI, Japan). Or. F. Nilsson presented revised
nondestructive fnspection requirements relative to LBB in Sweden. In addition,
several papers on the supporting research programs discussed regulatory policy.
Questions following the presentations of the papers focused on the impact of
various LBB policies or the impact of research findings. Supporting research
programs were reviewed on the first and second day by several participants from
the U.S., Japan, Germany, Canada, Italy, Sweden, England, and France.
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SUMMARY

The third in a series of international Leak-Before-Break (LBB) Seminars sup-
ported in part by the U.S. Nuclear Regulatory Commission was held at TEPCO Hal)
fn the Tokyo Electric Power Company's (TEPCO) Electric Power Museum on May 14
and 15, 1987, The Central Research Institute of Electric Power Industry
(CRIEPI) of Japan sponsored the seminar with NRC's encouragement, The seminar
updated the international policies and supporting research on LBB, The prior
meetings were held at Monterey, California, in September 1983, and Columbus,
Ohto, ?n October 1985, The proceedings of these past seminars have been pub-
lished in NUREG/CP-0051 and NUREG/CP-0077 respectively,

At this seminar over 100 people were in attendance, including representatives
of 12 countries from 49 different organizatiuns, Attendees included represen-
tatives from regulatory agencies, electric utility representatives, fabricators
of nuclear power plants, research organizations, and university professors.

The attendance list is in Appendix A,

Regulatory policy was the subject of presentations b{ Mr. G, Arlotto (U.S. NRC,
U.S.A.), Or. H, Schultz (GRS, W. Germany), Dr. P, Milella (ENEA-DISP, Italy),
Or, C. Faidy, P. Jamet, and S. Bhandari (EDF/Septen, CEA/CEN, and Framatome,
France), and Mr, T, Fukuzawa (MITI, Japan). Or. F, Nilsson presented revised
nondestructive inspection requirements relative to LBB in Sweden, In addition,
several papers on the supporting research programs discussed regulatory policy.
Questions following the presentations of the papers focused on the impact of
various LBB policies or the impact of research findings.

Supporting research programs were reviewed on the first and second day by
several participants from the U.S., Japan, Germany, Canada, Italy, Sweden,
England, and France, Mighlights of regulatory presentations are summarized
below,

summary of Presentations on Regulatory LBB Policies or Procedures

In the U.5., LBB has been accepted for primary PWR piping. This is referred to
as a limited scope chan?e to NRC's General Design Criteria 4 (GOC-4). As noted
by Mr. Arlotto, currently a broad scope change to GDC-4 1s being implemented so
that it extends LBB to all h1gh-ener?y piping that meets rigorous criteria., In |
these design rule changes, certain limitations exist. First, the piping system

must not be susceptible to either fatigue (mechanical, thermal, or corrosion-

assisted), corrosion (stress corrosion cracking or general corrosion), erosion

(or erosion-corrosion), creep, or water hammer. This restriction generally

gives a small probability of long cracks occurring, and the stress levels

should be low or known. For example, loads from a water hammer event are

unknown, If these restrictions are satisfied, then i1t must be shown that for a
postulated through-wall crack, the leakage can be detected at norma) operating

stresses for a crack length that will be stable at faulted loads (normal plus

safe shutdown earthguake stresses), A safety factor of ten on the leakage

detection capability has been used, There are also safety factors on the

critical crack sfze at the faulted loads. Elastic-plastic fracture mechanics

analysis {s used with the worst case material properties in the crack stability



analysis. The GDC-4 changes permit elimination of pipe whip restraints and jet
impingement shields for qualifying piping systems. LBB is not used for sizing
of containments, emergency core cooling systems design changes, or environ-
mental qualification of eiectrical equipment. One issue to be addressed in the
future is an appropriate replacement for the double-end guillotine break (DEGB)
design criterion,

In Japan, a joint program has been conducted between MITI, electric utilities,
and reactor vendors to improve and standardize LWR component design. This has
involved research programs on stainless steel piping, which have been com-
pleted, and a current carbon stee) piping program. Mr, Fukuzawa of MITI stated
that a task group and technical advisors have been reviewing the applicability
of the LBB concept and the impact on safety. Concerning applicability of the
LBB concept, recent studies on subcritical crack propagation showed that the
LBB concept is applicable to BWR and PWR piping, This assumes that (1)
selection of piping material, design, fabricatifon, and inspection is done in
accordance with technical standards and codes approved by MITI, (2) proper
measures are undertaken to prevent stress corrosion cracking, (3) leak detec-
tion fs possible with existing equipment, and (4) in-service fnspection is
carried out in accordance with the existing standards. Concerning the impact
or safety, the review group determined LBB has no impact on (1) the engineering
safety features, (2) the emergency shutdown systems, and (3) the containment,
The applications of LBB should substantially reduce dynamic loads Gue to pipe
whipping, jet impingement, and pressure imbalance in the vessel cavity,

In West Germany, LBB has been accepted in the guidelines of the Reactor Safety
Commission (RSK) since 1981, Or. Schultz stated that this has been applied to
PWwR's for the abandonment of pipe whip restraints on main primary coolant
piping. The RSK guidelines require that the basic safety concept is followed
to guarantee high-quality piping systems. LBB, for the purpose of elimination
of pipe whip rescraints, has also been accepted for the main steamlines and the
feedwater piping inside the containment and up to the first closure valve
outside the containment, This was included in the 1983 RSK guidelines, 1In
March 1984, the exclusion of the DEGE was extended to austenitic steel piping
fn PWRs such as in the surge line and the branch connections of the emergency
core cooling pipe system, For BWR piping, similar decisions are made for
piping replaced by ferritic matertals. For the high-temperature gas-cooled
reactor (THTR 300), as well as for the sodfum-cooled reactor (SNR 300), the LBB
concept has been accepted in certain systems, In general the LBB concept has
received wide acceptance to large diameter piping, but difficulties arise for
small and medium sized pipe. A point noted in the question and answer period
was that, in west Germany, if a crack has been detected, frequently the flaw
assessment criteria do not necessarily assume that the stresses in the design
report are correct. The service stresses will be reviewed and may be docu-
mented with in-plant instrumentation., In this way the remaining 11fe extension
can be properly evaluated. A second point of discussion was that west German
policy allows LBB justification to reduce design requirements for heavy
components.

In Canada, LBB 1s currently being evaluated for application to the large
diameter heat transport piping system in Candu reactors. Or. J. S. Nathwant
described an ongoing program, The current study is limited to carbon stee)
piping larger than 21 inches (533 mm) in diameter, and is divided into two
elements: those that demonstrate crack stability and those related to leakage,



The crack stability evaluations involved a material test program and elastic-
plastic fracture mechanics., The leakrate program involves cevelopment of a
leakrate estimation computer code and leakrate testing, The testing facility
is in the process of being built,

In Italy, LBB policy is currently being developed by ENEA., A basic approach
was to assume that a postulated through-wall crack may exist, This eliminates
uncertainties in fatigue analysis and in nondestructive-testing crack-depth
accuraries, Since new plants require seamless straight pipe and elbows without
longitudinal seam welds, the circumferential crack is the most likely crack
orient>tion, Current research results show that the crack length should be
limited to less than 140 degrees around the pipe circumference for the maximum
allowable loads from the ASME Section III piping stress code. A safety factor
of four on the crack length is used, so that the maximum length is 35 degrees
for in-service inspection. No credit is given for the depth of the crack. For
reaction forces, the leakage area for the l40-de?ree crack 1s used. Experi-
ments in Italy showed that at the start of ductile tearing, the leakage area
for such 2 crack is less than 5 percent of the pipe's cross-sectional area, At
the maximum load after the start of ductile tearing, the leakage area has been
found to be less than 10 percent of the pipe's cross-section, With the 10
percent cross sectional leakage, the thrust loads are sufficiently small enough
sO that practically no restraint is needed. Pipe whip restraints are then not
needed. This improves inspectability, For in-service inspection, the same
requirements are now imposed on secondary and primary systems. Small diameter
pipe, and pipes with radius-to-thickness ratios greater than 10 will not be
eligible for LBB justification of pipe whip restraint removal., Containment and
ECCS gesigns will continue to be based on the assumption of the DEGB of a
primary pipe. DEGB will also continue to be used for supports of large com-
ponents, such as steam generators, pressurizers, and pumps,

In Sweden, new regulations have been developed for the safety of pressurized
components in nuclear power plants. Two aspects of these regulatory changes
were discussed. One aspect was a new classification system to determine the
inspection frequency of components. Components can be classified into three
control groups. For Control Group A, 75 percent of the objects should be
inspected once every six years, For Control Group B, 10 percent of the objects
are inspected, For Control Group C, rules are prescribed for non-nuclear
equipment. The determination of a component's control group classification
depends on twe indices, The first is the Fracture Index which has high,
medium, and low categories, The second index is the Consequencs Index which
has four categories. A matrix of these two indices has been created so that
components with high Fracture and Consequence Indices will result in a com-
ponent being in Control Group A for inspection frequency requirements. At the
other extreme, any component with the lowest Consequence Index will fall into
Control Group C for inspection frequency. A second aspect discussed involved
the continued operation of degraded equipment, that {s components that might
have cracks. Such components may continue to be used in service 1f (i) the
component satisfies the requirements of ASME Section XI; (11) the R-6 method
could be used 1f not covered by ASME; and (111) for equipment in Control Groups
A and B LBB is highly probable.

In England, LBB has been applied in certain specific instances. More recently,
the work has focussed on the formulation of the LBB procedure using the R6-CEGB
procedure,
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In France, LBB is currently being considered for potential application to their
nuclear power plants, The main objective is to eliminate the consequences of
longitudinal and circumferential pipe breaks, so that pipe whip restraints and
jet impingement shields can be eliminated. The design loads on civil struce
tures for pipe supports can also be simplified, Research programs are under
way to analytically and experimentally validate elastic-plastic fracture
mechanics analyses for ferritic and austenitic steel pipes under quasi-static
and dynamic (seismic) loadin?. In the steps to demonstrate LBB, the stability
of both through-wall and surface-cracked pipe at level D (seismic) loads is
evaluated. Inclusfon of a surface crack stability analysis is an additiona)
feature that {s not consicdered in LBB analyses in many countries. Currently in
France, LBB is not applied to centrifugally cast stainless steel due to con-
cerns about thermal-aging degradation of the material's toughness and the fact
that the ability to inspect for cracks by ultrasonics is difficult,

Summary of Presentations on Research Activities

In the U.S., piping integrity research activities are sponsored by the U.S. NRC
and EPRI. The U.S. NRC is currently sponsoring programs in elastic-plastic
fracture of piping at Battelle (Degraded Piping Program and International Pipe
Integrity Research Group); cracked pipe integrity and fracture toughness
studies at David Taylor Research Center and the U.S. Naval Academy; pipe
material property data base and ferritic steel corrosion fatigue at Materials
Engineering Associates; aging of cast stainless steels, stress corrosion
crack1n?. and acoustic emission evaluation of leakage detection at Argonne
National Laboratories; and NOT at Battelle Pacific Northwest Division. Of
these, a summary of the significance of the Degraded Piping Program results on
LBB and flaw evaluation procedures was made (see paper by Wilkowski).

EPRI has been very active in the formulation of the ASME Sectfon XI pipe flaw
evaluation code procedures, A stainless steel pipe flaw evaluation procedure
has been developed and is in Article IWB-3640, A ferritic steel pipe flaw
evaluation criterfa is currently under development (see paper by Kishida and
Norris). EPRI has also been responsible for many other developments, such as
the EPRI/GE J-estimation scheme analyses, the PICEP leakrate estimation
computer code (see paper by Norris, Kishida, and Chexal), stress-corrosion
cracking studies, NDT improvements, and is active in promoting LBB for the
industry (see paper by Norris, Kishida and Chexal).

In Japan, research efforts have heen undertaken by MITI at NUPEC (see paper by
Asada), by STA at JAERI (see paper by Shibata, Yasuda, Onizawa, and Miyazono),
as well as some efforts at various nuclear system verdors. Experimental
efforts have been completed on fracture of stainless steel piping, while a
carbon steel pipe fracture program fs currently ongoing., Varfous round robin
analyses have been undertaken to gain confidence in methodologies to be used
(see papers by lakahashi and Hasegawa et al.)., Analysis methodo) qies involve
comparisons ¢* large-scale finite element analyses to estimation scheme
analyses for elastic-plastic fracture (see paper by Yagawa and Ueda).

In West Germany, further research topics include component testing for crack
growth under environmental conditions, crack opening behavicr in elbow and
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branch connections, leakrates at transient loading and operating conditinns,
continuous evaluation of operating experience, and generic evaluation for load
following operation with respect to loads, water chenmistry, and operator errors
(see paper by Schult2z). Significant efforts have also been undertaken at MPA-
Stuttgart, Past efforts in the Phenomenologfcal Burst Behaviour-Programme have
had a significant impact on the development cf the Basis Safety Approach
employed in the RSK guidelines for LBB justification of the elimination of pipe
whip restraints and jet impingement shields. Most of these efforts have con-
centrated on ferritic pipes with axial cracks, Currently efforts are being
made to evaluate circumferentially cracked pipe under quasi-static loading and
impact loading (see paper by Sturm). Probabilistic fracture mechanics analysis
for LBB are also bcing undertaken (see paper by Bruckner-Foit and Munz). In
this analysis, the effect of multiple cracks inftiating, rather than just a
single crack, was considered,

In Canada, several research programs are under way at Ontarfo Hydro (see paper
by Nathwani), These pro?rams are in the areas of material testing, fracture
mechanics ana'’yses, and leakrate evaluations. The materfal testing program is
described in the paper by Mukherjee. The program is aimed at determining the
J-integral crack growth resistance curves for various material to be used in
the large diameter heat transport pipe for the Darlington Nuclear Generating
Statfon A. The elastic-plastic fracture mechanics analyses involved using the
ABAQUS general purpose finite element computer code. Anal{scs were performed
for circumferential cracked straight pipe, as well as axfal cracks in elbows,
tees, and branch connections., The leakage studies were on leakage detection
capability, leakrate models, and leakrate tests.

In Italy, research efforts have been continuing since 1981, These efforts
fnvolve axfal and circumferentially cracked pipe. Both stainless stee! and
carbon steel p1p1n? have been evaluated by quasi-static fracture tests. Future
programs will involve evaluation of cracked pipe under dynamic loads, materia)
property data bases, fracture of elbows and f1an?cs. Jjet forces and leak
detection systems, and development of UT inspection on stainless steel pipes.

In England, various aspects of LBB are being evaluated and applied. The paper
by Darlston discusses three applications of LBB: evaluation of pressure vesse!
tests, appifcation to bellows in a gas-cooled reactor, and an assessment for
fast reactor primary vessels. More recent work {s focusing on the formulation
of a LBB procedure to be included in the R6-CEGB method.

In France, research in the past has involved corrosion fatigue studies, smal)
diameter pipe burst tests, effects of thermal aging on cast stainless steels
(see paper by Faidy, Jamet, and Bhandari), and leak flow rates through cracks
in pipes (see paper by Chouard and Richard). Current programs involve proto-
typical tests on circumferentially cracked pipes under quasi-static loading,
validation of a one-dimensional cracked element in finite element analysis,
dynamic tests on cracked pipe under inertfal stresses, development of a one
dimensional beam element with three-dimensional elements to conduct dynamic
analyses, and development of a hinge element for simpler finite element
analysis, and assessment of different engineering methods to evaluate elastic-
plastic fracture of cracked pipe.

Xi



Summary of Questionnaire Responses

A questionnaire on LBB concerns was distributed to all the seminar attendees.
Twenty-six questionnaires were returned. The questionnaire asked about con-
cerns that people had about LBB. The questionnaire is given in Appendix B.
The responses are given in Appendix C and are ordered by the respondent's
country, A similar questionnaire was issued to the attendees of the Columbus
LBB Seminar, For reference the Columbus questionnaire and responses are given
in Appendix D. A summary of the questionnaire responses from this meeting is
given below.

The first question was related to limiting conditions when the LBB concept is
applied., Many conditions were considered, but most of them were classified
into the following three catagories: (1) material (stress corrosion cracking,
erosion, quality assurance, toughness, fatigue, crack geometry, etc.), (2)
design and manufactur1n? (load, pipe size, welding, etc.), (3) operating and
monitoring (leak detection, operating control, water chemistry, etc.). Of the
three, the siqnificance of material behavior, stress corrosion cracking and
erosfon, in particular, was pointed out by many respondents.

The second question was related to the applicabii:ty o. the LBB concept to the
loss of coolant accident (LOCA) definition and the design basis of engineered
safety features. There were many views for and against this type of appiica-
tion, HMowever, the significance of an international consensus was commonly
recognized by most of the respondents,

The third question wa: related to the RAD activities to he conducted for the
improvement of LBB studies. The six 1tems sonsidered are as follows:

51; full-scale LBB tests (pipe fracture tests, leak tests, component tests),

2) material property tests (toughness, data bank, quality assurance),

(3) fracture mechanics approach zcrack ?rovth analysis, surface crack analysis,
fracture mechanics parameters), (4) monitoring system (crack detection, leak
detection), (5) loading comditions, and (6) LL3 requirements., Of these %ix
items, many respondents stressed the significance of full-scale tests and
material properties studies.

The final question was related to management of the seminar. In general, most
attendees felt the seminar was helpfu) in updating the information on regula-
tions and research activities for LBB., However, different people requested
more discussion on either public acceptance, leak detection, or experimental
data in future conferences.

Similarfties With Past Questionnaires

The similarities and differences with the 1985 Columbus LBB questionnaire
responses show the following,

Similarities: Responses for the second question at the 1985 Columbus seminar
("What are your critical concerns in regard to LBB?*) are compared with
responses for the third question at the 1987 Tokyo seminar (“What kind of
research work should have priority for the progress of LBB technology?").



Fundamentally, no remarkable differences were obtained at the seminars.

Answers from both seminars can be classified into six common catagories: full-
scale tests, material property tests, fracture mechanics approaches, monitoring
systems, loading conditions, and LBB requirements.

Differences: At the 1985 Columbus seminar, the significance of leak detection
was stressed Dy many respondents., While at the 1987 Tokyo seminar, R&D pri-
orities are also placed on full-scale tests and material property tests., It
should be noted that, at the 1987 Tokyo seminar, the significance of the
effects of cyclic load and dynamic strain-aging on material toughness was dis-
cussed as one of the new research topics to be conducted.

This seminar was very helpful in clarifyin? regulatory policies and making
others aware of the research results and plans ir different countries, Severa!
different areas exist where there are differences of policies in the applica-
tion of LBB. Future seminars of this type will be beneficial to eliminate any
differences that appear to exist in international LBB policies. The develop-
ment of an international technical consensus 1s the goal of these seminars,
Another seminar may be held in England in May of 1988,
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SESSION 1: THE LATEST LBB POLICY
Chairman: Y. Asada, University of Tokyo, Japan



LEnk BEFORE BFEAK
SAFFTY INCREASED TODAY - WHAT NEXT

Guy A, Arlctto
Director, Division of Engineering
(ffice of Nuclear Regulatory Research

'.S. Nuclear Regulatory Commission

INTRODUCT ION

1 heve entitled my presentation "Leak Before Break" - Safety Increased Tocey -
what Mext." | want to be sure al) understand that the proper application of
"Leak Pefore BRreak" as | will discuss will increase the overall sefety of
nurlear power plants, This is what we are all trying to achieve, and we shou'ld
reflect on our accomp!ishments, But not for toc long a time. There is more to
be done, particularly by the international community if we are to achieve the
full safety benefit of thic technology. Saying it differentiy, we have
increased safety, but there rre potentially additicna)l increases that we must
pursue. That is the “"what next.,”

The USN'C has been funding, and continues to fund, research programs &coressing
a broad tpectrum of piping research topics. Key research topics include pipirc
design criterie, environmentally assisted cracking, piping fracture criteria,
leak detection systems and recuirements, and in-service inspection. There have
beer recent chances in USNRC regulations that stem from research in these
greas; it f¢ anticipated that there will be further changes. Teday, I will
focus on current and future regulatcry changes rcsultin? from acceptance of the
conclusions of one of these research efforts; namely, "leak-pefore-hreak.”

Since 1976, the USMRC has been funding research examining the leal-before-break
concept because concerns were raised regardine whether overall plant safety was
increased by postuleting a double-ended pipe break. The 'eak-befure-break
topic has been the focus of considerable interest in the internaticnal
community as well, The USNRC sponsored 2 CSNI Specialists Meetinn in the fall
of 1983 adaressing leak-heforg-break, and another international seminar on the
topic was held in the fa). of 1985, In addition, there have been severa’
technical meetings on the subiect held in conjuncticn with the ASME Pres.ure
Vessel ana Piping cenferences. A1l of these meetings have been we'l attendec
by the international technical community, suggesting & high level of

interest,



Mow that a clear picture is beginning to emerge that provides technice’
Justification for applying leak-betore-break, it is imperative that the
internaticral dialogue continue to assure mutual understanding that will lead
to & broader acceptance. Seminars such as this one and the workshop schecduled
for next week help disseminate current research results and encourage
completion ¢f technology development, thus increasing the probability of
international consensus,

Before discussing the regqulatory chcn?cs in the United States, | would like to
give you some history on how the regulations were introduced and what has led
us to charce them,

BACKGROUND

Almost 20 years 200, the USNRC's predecessor, the Atomic Energy Commissicr,
considered the problem of pipe breaks and conservatively concluded, or so it
seemed at the time, that double-ended pipe breaks should be postulated.
Initially, the pipe rupture event was postulated only for containment desion
and the sizing of emergency core cooling systems, Subsequently, the dynamic
effects associated with pipe rupture were alsc assumed to be credible. In
implementina this decision, a "break evervwhere" approach was taken, including
a postulated double-ended breek in the large reactor coolant piping., A conse-
quence of protecting against the potential dynamic effects of pire breaks is
the installation of massive structures to restrain “whipping" pipes énd the
instellation of jet impingement barriers to protect important equipment “rom
the effects of escaping fluid, Further, there were very large loads associated
with these pcstulated treaks, and those loads became part of the desion tasis;
fn many cases the controlling part, particularly for heavy components such as
steam gererators, reactor vessels, and coo'lant pumps.

Results from subsecuent piping materials research anc insights from probabii-
istic risk analyses have shown that, in some cases, postulating & double-enced
pipe break may not be contributing toc overall plant safety. Consequently, the
USNRC has implemented modificaticrs to its regulations to permit designs that
do rot require protectionr acainst dynamic effects associated with postulated
doudble-enged pipe ruptures ‘or piping that meets rigorous acceptance criteria,
fatisfying the acceptance criterie 1s deemed an acequate demcnstraticr thet the
line under consideration will leak before it breaks. Eliminating the reed to
protect against these dynamic effects leads to remove! or nonfnstallaticn for
new decigns) of certain pipe whip restraints and jet impingement barriers, arc
permits redesign of heavy component supports. Properly implemented, this
approach will enhance safety, reduce occupational radiation erposures, aic
reduce costs,

MODIFICATIONS TO GPC-4

Turning then to the changes to our regulations, the requirement *o postulete
the double-ended pipe break for protection aceinst dynamic effects arpears most
notably in GCeneral Desigr Critericr 4 (GDC-4) of Appendix A to 10 CFR 50, A
two-step procedure has beer undertaken to modify GDC-4, The first modifi.
cation, finalizec¢ in Apri) of 108€, was limited in scope to the primary coolant
loop of Pressurized Vater Reactors (PWRs'., The second modification covers ai)
high ererqy piping tn all U,S, nuclear power plants, [espite the cifference in
scope of the two mogifications, the acceptence criteris basically were the
same,
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A fyundamenta) premise of the GDC-4 modifications is that an acceptably low
probability of failure is assured 1f deterministic acceptance ana fracture
analysis criteria are satisfiec. The acceptance criteria preclude applyine
leak-before-break to any line that is susceptible to significart damage
mechanisms such as corrcsion (IGSCC for example), erosion, water hammer,
fatigue, creep, or indirect failure mechanisms. Satisfying the acceptance
criteria, while sianificant, simply allows one to proceed with the crack
stability analyses., Said another way, satisfyinc the acceptance criterfa is 2
necessary condition but 1s not a sufficient conditien,

If it is cemonstrated that a line is not susceptible to these damage
mechanisms, then the analysis procedure recuires a demonstration that even 1f 2
throuoh wal) crack were to develop by some unspecified mechanism, it would
remain stable with margin under the design basis loadirgs, {.e., normal plus
SSE loacs. The size of the throu?h wall crack used in this analysis s cerivec
from plant leak detection capabilities and a validated leak rate model, If the
staff cetermines that the acceptance criteria have been satisfiec and that the
results 0f the fracture analyses indicate sufficient margin against failure,
then the plant would be permitted to be designed and cperated without the
protective hardware (pipe whip restraints and jet impingement barriers) on the
specific 1ine analyzed. Other relatec changes can take place as well,

At the NRC, the cocument that governs the licensing review of an applicaticr to
design cr operate & plant is called the Stancard Review Plan, To implement the
regulation change jJust discussed, a new section to the Standard Peview Flar,
SRP 3.6.3, "Leak-Pefore-Breal Evaluation Procedures." has been drafted that
inclucdes the acceptance criteria and fracture analyses, | will summarize the
more significant points in the evaluaticr procedure.

The significant aspects of the review procedures reocuire that:

1. LBE is applied orly to ASME Code Class ! and 2 pip1n? or the equivalent,
However, applications to other high energy piping will be considerec tesed
on an evaluation of the proposed desion and in-service inspection
requirements,

2. LBB is applicable only to an entire piping system or a specified portion
that can be analyzed as ar entit{ such as piping segments located betweer
anchor points, It cannct be applied to individual welded joints or other
discrete locations,

2, The LBR evalyation uses design besis loads and s based on the as-built
configuration as oprosed to the design configuration., Farticular
attention is given to snubbers whose failure may invalidate the stresses
used in the crack stability evaluation,

4, Evaluations of degradatior vy erosion, erosion/corrosion, end
erosion/cavitation due to unfavorable flow conditions and water chemistry
must demonstrate that these mechanisms are not potentially significant
sources of pipe rupture. Data based on extended plant operating
experience are most useful in these evaluations,



£, The potential for water hammer f¢ evaluated for the syster under
consideration to assure that pipe rupture due to this mechanism is
unlikely, Frequency of water hammer events ir specific piping systems
over extendec periods of operation courled with & review of uperating
procedures and conditions would be most usefu! to demonstrate that water
henmer is not & significant contributor to pipe rupture.

6. It must be demonstrated that the 119: fs not susceptible to creep or
creep-fatigue, COperating below 700°F in ferritic steels and BOC™F in
austenitic steels can satisfy concerns of creep for materials commonly
used in piping systems, Light water reactors rommally operate below these
temperatures éra, thus, are expected to meet this recuirement,

7. 1t must be demcrnstrated that the line 1s resistant to corrosion damage.
This demonstration must be based on favorable data frum investigetions of
the frecuency and deoree of corrosion in the specific pipirg systems cver
extended periods of operation, Medificetion to cperating congitions [as
for example, carefu) contro) of water chemistry) or design changes /as for
exampie, replacire piping material) are measures that can be taker to
impreve corrosion resistance in piping. Stress corrosion cracking is
fmportan. but not the cnly corrosion mechanism to be addressed.

8., It must be demonstrited that the systems under evaluaticn do not have a
history of fatigue cracking or failure., An evaluation must be performec
te assure that the potentia! for pipe rupture due to thermal arc
mechanica) fatfgue is unlikely. In agditior, it myst be cemonstrated that
tho:o }s nc significant potential for vibration inducec fetigue cracking
or failure.

For piping systems that setisfy the acceptance criteria, the next step in the
lesk-before-break evaluatiun is to cemonstrate that e through wall crack, whose
length is based on leak detectior considerations, would remain stahle with
margin for the desigr tasis loading; 1.e., normal plus the safe shutcown
earthquake, ¥ the acceptence criteria are satisfied and crack stability is
demonstratec, 1t 1s jucged that the Yine will leak before it breaks.

The detai's ¢f the crack stability aralysis are too involved to elaborate here,
However, | would 1ike to point out that the crack stability analysis is
conducted using the location fn the system with the most unfavorable
combination of stress and materia) properties for base met2), weldments and
séfe ends., The results of the analysis, which may be based on either a
fracture mechanics approach or & 1imit 1~ad approach, as appropriate, are
evaluated against two criteria, First, the critical size crack is deterrined
for normal plus SSE for the particular locatior, This critice) size crack must
be larger than the leakage relatec size crack by at least a factor of two.
Second, the leakage size crack must be shown to be stable 1f 1.4 times the
normal plus SSE loads ere applied., !f loads are combined by ahsolute
sunmation, thern the factor of !.4 may be reduced to 1.C.

wWe fee! that this combination of rigorous acceptance criteria, intended to
exclude Tines that are susceptible to known damage mechanisms, combined with &
crack stability aralysis used to account for those unforeseen darmaoe
mechanisms, provides an ecceptable demonstration that the lire will leal before
it breaks,



As ! notec earlier, fcr PWR primary coolant loops, redesign of heavy component
supports it rermitted for those plants where lesk-before-break has been
cemonstrated, The scope is being expanded to other piping fr PWRs and to
BWRs,

The criteria for recesign have just been finalized. For existing plants,
charces in the supporting steel and concrete structures will not be permitted,
Redesign will be 1imited to reducing the capacity and number of snubbers that
provice lateral support to the component, and to replacing high strength bolt
material, Eliminating the LOCA loads from the design basis leacs to a
sienificant reduction in the needed lateral support capability. This, in turn,
should reduce the need for very large hydraulic snubbers that experience has
shown to be less reliable. Smaller, more reliable, snubbers, which have an
in-place test capability, will replace the larger hydraulic snubbers,

The NRC's present anc on-go1ng modifications to GDC-4 reflect the realization
thet the interpretation of the original regulatiors, requiring the installation
of pipe whip restraints, Jet impingement barriers, and snubbers may not have
been in the best interest of safety for all cases because of the reducec
effectiveress of inservice inspection and potential inadvertent restraint of
thermal growth, We believe that the changes tu the ro?ulat1ons. if properly
implemented, could result ir greater satety for those 'ines that meet the
stringent criteria,

DIRECTIONS FOR THE FUTURE

Turning now to the question of where do we 90 from here. The changes to GLC.4
are restricted tc design for cdynamic effects associeted with pestulateo
double-ended pipe ruptures, However, the double-ended break of the largest
primary coolant pipe 15 retaired as the desigr basis for other cecnsicerations,
such &s containment desion, ECCS sizine requirements, and the ervironmental
qualification of electrice]l and mechanical equipment. Many of the public
comments we received on the changes to GDC-4 suggested extending
leah-hefore-breck to ' ese other are2s. At this point in time, there 15 net
sufficient techncios cal evidence to support a different desiar tasis for
containment desier, ECCS requirements, or ecuipment qualificaticr,

In closing, let me note that we have come & long way since the AEC imposed the
break everywhere concept. We now have better knowledee of how pipes may break,
This krnowledge, properly applied, leads to greater overall safety, However,
there is a reed for validation of certain criteria discussed earlier,

Further, at we consider the extension of leak-before-brezk to other aspects of
plant design, we must be certain that plant safety 15 not compromised, At thiy
time, principal relfance will be placed on industry effurts for justificatior
of thic extension,

I will close on a personal technologica® note, We have faced up to & edifficult
problem, developed cdata, done analyses, made cecisions, and reflected this work
in our requletory decisformaking process regarding the neec to protect irainsgt
ayramic effects of double-ended pipe breaks, | believe the ker technologica)
question that remains 1s: What c¢c we substitute for the deuble-erdec pipe
break? It 15 only ir confrontirg this question and an<wering 1t bacted on a
strore technological base that we can have & consister, desion tasis and assure
ourselves that optimum safety s close at hand. In my fucgment, the only hope
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for success in answering this cuestion rests with the ‘nternatione’
techrclogical erperts - you. hkithout internationa! agreement cr such a
oramatic and far reaching change, there is 1ittie chance of acceptance,
is the challenge of the future - it is yours.

This
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ABSTRACT

since the revision of the Guidelines of tha "Reactor Safety Come
mission" (RSK) in 1981 all license applications for construction
of PWR's which abandoned the pipe whip restraints on the main pri-
mary coolant piping have been accepted by the licensing authorie-
ties.

For PWRs already under construction where the license part concere
ning the primary circuit was still under consideration the aban-
donment o; the pipe whip restraints was accepted if the applicant
could demonstrate that the achieved quality of the main primary
coclant piping complied with the requirement of the basic safety
concept.

The exclusion of pipe break for gxpcs made of austenitic steel,
like the surge line and the branch connections ¢f the ECCesystems
have been decided in March 1984. It has been demonstrated that the
reliability of special ultrasonic testing methods are sufficient
to ensure the detection of any relevant defects developing insers
vice from the inside of the pipes.

For PWRs licence applications which abandoned the pipe whip re-
str . on the main steam and feedwater line inside the containe-

* ., dp to the first closure valve in the ocutside containment come
. ~-tment have alsc been accepted 1f the applicant had demonstrated
that the principles of basic safety were met egually to the prima=-
ry piping. A corresponding amendment to the RSK guidelines has
been published in 1983.

For BWR systems equivalent decisions are taken in some license
applications concerning the replacement of ferritic piping in the
main coolant system.

For the high-temperature gas-coocled reactor (THTR 300) as well as
the sodium cocled reactor (SNR 300) the leak-before-break concept
has been accepted in certain systems.

In general the application of the LBB concept to large diameter
piping has gained wide acceptance in the last years. Difficulties
arise in the application of the LBE concept to small and medium
sized diameter piping, although small leaks contribute signifi-
cantly to the melt-down frequency in severe accident analysis.

Probabilities of leakages in piping systems as used in risk stue-
dies up to now do not represent the present state of the art. The
goal of our present investigation is to formulate a new set of
probabilities of leakages in piping systems of German pressurized
water reactors for the whole range of pipes which are of interest
using the operating experience, the principles of the basis safety
approach and fracture mechanics studies.



: Introduction

Since the revision of the postulates of pipe breaks in the guide~
lines of the "Reaktorsicherheitskommission" (RSK) ,10/ in the
Federal Republic of Germany (FRG) a number of nuclear power plants
have been erected. The change in regulation could be implemented
without any great difficnlties. The new reguirements resulted at
the end into a

= uniformly high quality level of the components and piping
= simpler lay-out of the systems

which 1s expected to give an increase in reliability.

2. LBE Philoscophy And Application

The change in the regulatory reguirements in the FRGC with respect
to the design against postulated pipe breaks was presented and
discussed in the past LBB seminars /9, 16/. For the sake of clari-
fication the approach development in the RSK-Guidelines 1s summe-
rized in table A and B. The related requirements for the component
and system design are shown in table C.

The term 'break exclusion' ar compared to the term 'leak-before-
break' does express that a pipe break due to internal as well as
external loads within the trame of the design loading and analyzed
accident conditions can be excluded. The term leak-before-break 1is
sometimes narrowed down to a certain behavior of crack growth
under design loading conditions including only seismic exitation
as external loads. Especially for medium size piping impact loads
from plant malfunctions may introduce large damage and must be
included in the evaluation.
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Requirements relaled Lo break postulates

leak si1ze
conlaiment design ZA, ¢
E compartment design 2A, ¢
§ system reaclivily, shutdown margin | 2A, ¢
flooding 2A, ¢
" instrumentation qualification for containment almosphere
component support F =2 x pressure x A
design of internal structures 0.1 A (15 ms)
pipe whip 01A
jel impingement 0i A
A = cross seclion of the pipe
¢ — circamferenbial

TABLE C
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3 Implications To Risk Studies
> ¥ ] Introduction

The thermohydraulic analysis of incident sequences includes a
number of various leakage sizes for the occurrence of which cer-
tain specific measures are laid down in order to cope with the
incident. Table 1 is a list of the minimum reguirements for the
function of the system for residual heat removal in the case of
loc:aqol in a reference plant pipe system that contains primary
coolant.

Thus, 1t is necessary within th« scope of risk studies to estab-
lish not only the failure frequuncies of active components, but
alsc the probability of an occurrence of leakages or breaks of
socalled passive components such as pipes.

Earlier risk studies USNRC /1/, GRS ,/2/ were based on a very
coarse allocation of contributions of the cccurrence probability
of leakages of various pipes to the defined leakage sizes, confer
Table 2. These postulates were based on the then operating ex-
perience in the United States with nuclear power plants and ships'
reactors as well as the experience with piping systems in convens
tiona) plants.

From the point of view of structure and fracture mechanics, it is
difficult to allocate leakages to a certain category of sizes, as
the size of a leakage 1s dependent upon the stresses involved and
may caange in the course of the case under review. An unambiguous
allocation is only possible if the full cross section of a pipe is
uncovered as a result of a rupture. Thus, it is suggested to sube
divide the pipes, including their branches, of the cocling system
under review 1n accordance with the nominal widths concerned. The
system layout is depicted in Figs. 1, 2 and 3 and need not be
detailed here. Wwith respect to the reference plant, the majer
systems and their nominal widths are shown in Fig. 4.

Separate investigations are reguired for the determination of
leakage contributions resulting from failures of seals.
3.2 Inflluencing Factors and Methodical Possibilities

The probability of leakage formation and/or failure is influenced
by a number of factors such as

- stresses,

- defects,
= fluid,
- design,

- material,
- manufacture, and
testing.
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A number of different metnodical appreu.hes are available for the
determination of leakage and break probabilities in piping systems,

e.g.

- statistical analyses of operating experience,

- probabilistic fracture mechanics studies,
= probabilistic assessment of limit bearing capacity,

« determination of the occurrence probabilities of individual
failure mechanisms.

within the scope of the investigat.ons carried out, mainly the
first twe approaches were used (Fig. §).

An explicit consideration of the varicus influencing factors is
difficult, or even impossible, with respect to the methods refer-
red to above. As far as the probabilistic methods of fracture
mechanics are concerned, the distributions of crack and material
characteristics that were used have a great influence. As a rule,
dependencies which may exist are not taken into account. With res-
pect to the statistical methods, it is often only possible to
generate a gQualitative conparnbilxty between the behaviour of
different items since otherwvise the reference guantity is restrice-
ted too much.

Compered with the nuclear data base used in USNRC 1/, much more
compiLehensive operating experience is available now. An evalua-
ting survey of the Anerican operating experience i1s contained in
Bush /3/. Reports on cracks in German plants are contained in
Rumpf /4/ and Miksch /5/ which deal in particular with the influe
ence of the fluids concerned. The analyses of the cperating ex-
perience with piping systems have confirmed the general knowledge
that for certain eguipment and material a pronounced damage may
occur. Examples are the comprehensive damage resulting from inter-
crystalline stress corrosion cracking in primary coolant pipes
made of unstabilized austenitic materials ip boiling water reacs
tors of US vendors, although the results cannet right away be
applied to erman plants by analogy, as other materials are used
here (stabilized austenitic or ferritic steels). Possible damage
%o pipes of higherstrength grain refined steels in German plants
was ruled cut by an exchange of pipes Schulz ,/6/. The considera-
tions indicate that a detailed review of the influencing factors
18 needed in order to define the reference gquantities for statis-
tical investigations of the applicability of the results.

With respect to damage to smaller pipes, there 1s a greater number
of different causes. Wwherever cracks have led to a rupture, vie
brations due to flow initiation or valve opening and closing proe-
cesses have often been contridbuting causes. The investigations
carried out so far are not sufficient to determine 3ignificant
differences between the different tvpes of plants.



3:9 Bases for the Determination of Failure Probabilities

when determining leakage and failure probabilities of piping
systems containing primary coolant, the leak cross sections listed
in Table 1 have to be discussed. It follows from this Table that
an intervention of the emergency core cooling and residual heat
removal system is required in the case of leakage cross sections
exceeding 2 cm?. Apart from the piping sections that cannot be
isclated inside the containcent, the piping systems in the annulus
have to be discussed as well, considering the reliability of the
isolating devices.

In view of the great number of piping systems in a nuclear power
plant, a differentiated determination of the leakage and failure
probability of each pipe, in consideration of the influencing fac-
tors referred to before, will not make sense. The data base that
would be needed for this purpose is not available at present. For
the purposes of a risk study, a less differentiated classification
gf the piping systems was used in accordance with the following
ines.

The classification uses three categories, viz. pipes of large
nominal widths, pipes of nominal widths § DN 25 and pipes of
nominal widths < DN 25 ... > DN 250 For the large nominal
widths, the principles of basic satot¥ and the fracture mechanics
analyses are used. The assessment of numinal widths & DN 25 is
effected, to a far-reaching extent, on the basis of the statis-
tical 1investigations. For the intermediate range of nominal
widths, additional working hypotheses are used.

In a first step operating experince of german PWRes has been eva-
luated with respect to leaks and severances occurring in the
structure. Leaking caused by damages of sealing or by a malfunce
tion of fittings has not been the task of this study. In a second
step, on the purpose of studying the mechanisms of damages occure
ring in such systems and to broaden the basis »f data further
operating experience ¢f PWRes in other western wosld countries has
been scanned. The experience used i1s documented in

- Licensee Event Reports of the USNRC and
= the Data Bank of the OECD (IRS-Sytem).

In addition the results of pertinent research have been assessed.

The evaluation of these data suggests, that failures in small size
piping are predominantly due to vibration of the piping. We cone
clude that the conditions of operating of such small size piping
are very similar in primary coolant containing uzotcnu of ail
PWR-s that contribute to the entries of the data banks.

The situation for intermediate and large size piping is different.
Damages here are determined mainly by the material used, the fa-
brication and testing standard and the operating conditions (e.g.
water-chemistry) specific for the plant under consideration.

The broacening of the amount of data for nuclear piping damages
beyond ~he german experience would be desiradle, hovever it must
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be confined to small size piping. In our study the data bases
mentioned before have been used only for the assessment of the
prebability of severances of small size piping in those parts of
the primary coclant containing system that cannot be shut off from
the main primary coolant reservoir.

3.3.1 Pipes of larqe nominal widths

As compared with the seventies, there is now much more information
available, as a result of the experimental and thecretical rese-
arch performed, to evaluate the failure behavior of the pipes of
the primary coolant loops. Comprehensive and detailed reports on
these aspects were submitted at the MPA seminars. Ref. Kussmaul
/7/, Bartholome /8/and Schulz /9/ contain the bases and preregui-
sites which have led to a new definition, in the RSK Guidelines
/10/, of the breaks and leakages to be postulated in the incident
analyses. Pursuant to RSK /10/, secondary protection measures 1in
order to cope with leakages can be waived with respect to the
primary coolant pipes inside the containment.

As far as operating experience with Cerman pressurized water reacs-
tors 1s concerned, ine-service inspections have not revealed any
findings with respe.t to piping systems of large nominal widths.

Theoretical investigatiors on the basis of probabilistic fracture
mechanics were carried out by varioue organizations LABG /11,
USNRC /12/., RWIUVEV /13/ with respect to the derivation of failure
and leakage probabilities of piping systems, with RWIUVEV /13 / dea-
ling especially with the conditions of the reference plant consis
dered in the Risk Study. The methodical approaches and assump=
ticns used in the studies are not discussed here. Various ine
fluencing factors such as material toughness, testing procedures,
time between inspections, locading collective including external
locads (earthquake) were investigated systematically. It should be
underlined that, in all studies, tho_icluol o!.fgc prebabilities
of leakages are extremely small (10 10 per plant and

ear) thus supporting the conclusion laid hevn in the RSK Cuide-
ines.

Therefore, a calculatory value of 10'7 per year and plant i1s pro-
posed for the treatment of breaks in large pipes within the scope
of risk studies, since a further differentiation is not considered
meaningful in the area of such small values.

3.3.2 Pipes of nominal widths § DN 25

With respect to pipes of nominal width DN 25 or less. values of
the occurrence probabilities of both leakages and breaks can be
determined on the basis of statistical evaluations of the cpera=
ting experience with Cerman pressurized water reactors. However,
the statistical material is insufficient for the derivation of any
differentiated statement related to the various operating states.
To determine the occurrence probabilities of severances of nominal
value DN 25 piping (1") in addition to the German data base the
aforementioned lata bases can be used, since they contain relicule
information on severances of piping of this size.



As a result of a check of chese data bases there are zero occure
rences of severances of piping ot nominal values DN ¢ 2% for power
operation. The inferences made here %take into account in a consers
vative manner an occurence, which happened during a test in a FwR,

3.3.3 Pipes of nominal wi# 8 > DN 25 ... < DN 250

Based on the minimum req.irements for che function of the system
for residual heat removal, leaki.y s “ad breaks in pipes of these
nominal widths, which are connecte: with the primary coolant
system and cannot be 1isolated, are of considerable relevance.

On the basis of an evaluation by GRS of the cperating experience
with German pressurized water reactors, a statistical survey of
piping damage, in terms of systems and nominal widths, could be
derived for these systems. The difficulty involved in the prepa-
ration of this statistical survey concerned the estimates of the
quantities of the pipes of the various systems and various nominal
widths in the PWR power plants on which the evaluation was based.

In the statistical material that is available, the number of lea-
kages is small. Their cross section is << 1 em?, As no results
are available for the break (rupture) of pipes, only zero defect
statistics can be used to work on in almost all nominal width
ranges which are of interest here. As a result of the chort time
of observation, these statistics would provide figures for the
probability of a rupture which would be of the same order of mag-
nitude as for the smallest leakages. To avoid using such unrea-
listic figures, working hypotheses wvere used for the derivation of
reference gquantities and the relationship between leakage and
break probabilities.

As far as the definition of reference Juantities was concerned,
the general engineering experience was used that damage occurs in
particular at nozzles, branches, bends and reductions, and espe-
cially at the connecting seams of these components. This fact was
used as a working hypothesis. The dominance of these areas, as
compared with straight pipes, can easily be explained, since both
the forces inherent in the piping systéms and the temperature
stresses resulting from thermohydraulic mixing processes act upon
these points, and additional influences on local stress conditions
may result from basic manufacturing data (diameter and wall thicke
ness allowances, material changes, abrupt wall thickness changes,
etc.). This procedure is also in compliance with other investiga-
tions reported in literature USNRC /1,/, Bush /3/.

Proportional nuabers are freguently introduced for the description
of the s'\gineering experience that, compared with the entirety of
all leakage events, only a small purcentage relates to the full
cross section of the pipe (break). In various statistical inves-
tigations of co™renticnal pressurized components USNRC /.., and
ARGE TUEV /14/, proportional numbers ranging from S0 1o 100 are
found, with no classification as to specific nominal widths.
Pipes of _waller nominal widths are not <.vered.
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cross section is regarded as being the leak areas. Fig. 7 1illus-
trates this fact.

For the determination of scattering ranges for the probability of
different leak cross sections it is necessary to vary this value
(Table 3). The effect of f turns out to be significant only, 1in
the leak range 2 cm2 F § F § 12 cm?.

3.4 Results and Conclusions

Starting out from the hases and working hypotheses de cribed in
Section 3, the occurrence probabilities of leakages anr .reaks of
pipes were determined for a PWR reference plant. The rssults con-
cerning the area inside the containment are compiled in Table 5.
Additional investigations were carriad out for piping systems 1in
the annulus. The reference quantities concerned were determined
on the basis of system plans, isometric drawings and a limited
number of inspection rounds. Confidence intervals were determined
for the relevant area.

The following conclusions can be drawn from the work carried out:

- The primary coolant pipes do not make any relevant contribution
to the various leakage cross sections.

- Leakage contributions from connecting pipes and breaks of pipes
of smaller nominal widths are the decisive factors.

In addition, the following statements can be made:

- The worldwide operating experience with light-water reactors
is only of limited use as a data source, since, due to diffe-
rences in materials and designs, the failure mechanisms that
occur are partly typical for certain reactor systems.

- The available operating experience with German nuclear power
plants shows only a small number of leakage events. However,
the data base i1s small so that large scattering ranges result.

- The working hypotheses chosen lead to consistent results.
Further differentiations and verifications may be necessary for
a4 narrowing down of the scattering ranges.
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TagLe 1.

MINIMUM REQUIREMENTS FOR AVAILABILITY OF SYSTEMS FOR
RESIDUAL HEAT REMOVAL IN CASE OF LEAKAGE OF PIPING
CONTAINING PRIMARY COOLANT

eak cross_ | System functions "ecuired
| secin. (em?) Thigh- |injection by |low pressure|low-gcressurei2acmiss.icie |f2ec water
; {pressure | pressure |injection for |injection celay of | SUnSlY
linjection accumula- flocaing jsump seccncary
i ters ] |operaticn  [sice
| ‘ | shutcown
>80 | = - ; 1 | 1 % -
{§200-500 1| - | 1 1 %
300-8C0 | - | 2 | 1 1 % -
{3ord - | P | 2 “ ‘ -
80-200 | 2 | - l 1 5 1 60 | 1
1 - ' 1 q 1 30 mean
| 2 _ 1 1 | 1 &0 feegwater
§0-80 i {4 T &0 Suppy
L R 1 | 1 3 &
& | 2 | - 1 i 1 0 2
25-50 1| N 1 | 1 0 ’ emergency
1 - : cae | feecwater
J 2-2% - - 1 1 } 30 SRRy
CI large leak
I medium-sized leak
[ small leak



TABLE 2,

RATE OF OCCURRENCE OF LEAKAGES AT PIPING CONTAININ
PRIMARY COOLANT (ACCORDING TO WASH-1400 AND THE C
Risx STUDY, PHASE-A)

m

B L
MM

Rate of occurrence per plant and year !

very small leak (2 - 80 cm?) 1.40% = 1.10"2

medium-sized leak (80 - 400 cm2) 3.-10°-3.103

-

large leak (> 400 cm?) 1:100-1.10"3




Table 3

Quotient P leak/P severance used in calculations for primary coo=-
lant circutit

DN P leak/P severance
25 10
50 25
80 28
100 50
150 50




Table 4

Comparison of mean values of the occurence rate of a leak of

size 2 cm?2 § F Kk S 12 cm?2 when making different assumptions

lea
about the critical leak area Fcrit = f'Fpipe
£ leak leak that leak that leak that
cannot be can be shut can be shut
shut off off once off double-
fold
crack
DN 2 100 4 E=S 1,5 E-4 r Py E-4
0,02
severance
DN 25 1,7 E-3 1.3 -3 o -3
total 1,7 E=3 1,¢ -3 3 -3
crack
DN 2 50 1,3 E-3 2,8 E-4 P | E=-2
e
severance
DN 25 117 5'3 113 j‘a e j-B
total 3,0 E-3 £, E-3 5.3 E-3




Table 5

Statistical paramaters of various contributions to the occurence
rate of leaks of dif{ferent sizes inside the containment and the
reactor building respectively (PWR)

leak leck leak that leak that leak that
area category cannot be can be shut can be shut
shut off once off double-
fold
[em]? ‘
< 2 crack or A 1,5 E-1 1,8 E-1 1 E-1
2.12 crack A E=5S 1,5 E-4 1,1 E-
break DN 25 A i, E=3 13 E=-3 4,2 E-3
total A 3 E-3 1,5 E-3 4,3 E-2
AQS ; E-=3 2:9 E=3 7,8 E=3
1228 crack 4 E=7 - 1 E-6
break DN 50 1,7 E-4 8,7 E-5 5,0 E-4
A 6,5 E=4 1,6 E-4 9,0 E-=4
a5
crack A < 1 E=7 - -
25«80 break DN 80 A $,7 E=5 1,6 E-4 S,.0 E=4
break DN 90 A 9,6 E-6 8,2 E-5 -
total A 6,7 E-5 2.4 E-4 - E-4
AQS £:3 - 9.1 E-4 ; E=d
crack A < 1 E-7 - -
80-200 break DN 125 - 2,6 E=5 1,0 E-4
break DN 150 A 1,4 E-5 - -
total A l,4 E=S 2o E=5 1,0 E=4
\95 5,3 E=5 9.9 E=5S 3,8 E-~4

contd. next page
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Table 5 contd.

200-4C0 grack or A 1 E-7 -
break DN 250 A 1 E=7 1 E-7 1 E-7
total A 1 _E-7 1 _E=7 i_E-
Agg 1 E-6 1 BE- 1 E-6
s 400 leak or A 1_E-7
break
DN 2 300 E=7 l1_E-7
total E-7 1 5o7
Agg E-6 1 E-6
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- Can be shut off doublefold
— can be shut off once
= Cannot be shut off

E';.' RE ]
EMERGENCY CORE CooLinG (ECCS) AND RESIDUAL HEAT REMOVAL (RHR)
SYSTEM
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hypotheses used for

determination of data analysis

determination of components contribution to risk only |
and piping products by circumferential welcs

that contribute to | main contribution by elbows,

risk and leakage tees ans branch connections

size of population

' recurring examinations rule out
being representative

ageing effects (Poissen Mocel)

N |

damaging mechanisms no intercependence between
to be taken into account different damages

ratio between prebability of

leakage and severance
| can be cetermined

methods of analysis

\

fracture mechanics

[

{
| critical ieak area 0.02 F
!

statistical evaluation
of failures
Bayesian Inference

I IEQ’RE E'
DETERMINATION OF DATA. HYPOTHESES AND METHCODS APPLIED,



leak area cause of leakage

) CRACK
¢ - 12 (28 of pipe X=sectn.)

A=3.3 cm2‘~\\\\\\\\‘

~

12 = 2%
25 -« 80

SEVERANCE VA
80 - 200 (100% of pipe X-sectn '\ \
EIGURE ©.

RELATION OF POSSIBLE LEAK AREAS OF A PIPE TO THE LEAK S1z2e-CLASSES
DEFINED BY THE NEEDS OF ACCIDENT ANALYSIS.
( ExAMPLE: MOMINAL DIAMETER 150 MM )
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Catastrophic Failure
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4. Further Subjects Of Research

The results of the extensive research on fracture mechanism in the
past have supported the increasing acceptance of the LBB approach.
A major part of the L3B supporting reseach is presented in this se=-
minar by D. Sturm.

For a more detailed understanding and determination of safety mar-
gins future research subjects devoted to LBB are shown in table D.
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Further subjects of research

¢ component testing for crack growth
under environmental conditions

® crack opening behavior in
elbows and branch connections

¢ leak rates at transient loading
and operating conditions

¢ continuous evaluation
of operating experience

¢ generic evaluation for load following
operation with respect to
loads
water chemistry
operator errors

TABLE D
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Current Status Regarding Policy Making on

“Leak Before Break" in Japan

T. Fukuzawa

MITI

A joint program, ongoing since 1975, was implemented by MITI, electric
utilities, and reactor vendors to improve and standardize LWR plants. In this
context, MITI started a review of LBB related matters in 1984 including
information obtained through R4D and operating experiences, and iaformation on
policy making on this matter in foreign countries,

This review is being done by a task group of technical advisors on resactor
safety and specialists from utilities, vendors, and 4D organizations,

The task group has been reviewing the applicability of the LBB concept to
the austenitic stainless steel piping that forms the reactor pressure
boundaries of LWRs since 1384, The group has also been reviswing the
applicability of the same concept to carbon stee! piping sinca 1985,

The above review on austenitic stainless steel includes:

(A) applicability of the concept

(B) design measures to prevent piping break

(C) {impact on safety evaluation,

Concerning Item (A) above, recent studies on crack propagation show that
the LBB concept is applicable to BWR and the PWR piping., These studies are on
welding defects of steel piping, detection limits of crack, and probability of
cracks of various sizes, However, the above conclusion is based on the

presumption that (1) selection of piping material, design, fadbrication,

shipping tests, and inspection shall ne done in accordance with technical

¥



standards and codes approved by MITI; (2) proper measures to prevent SCC shall
be conducted or proper materials shall be selected to prevent SCC; (3) leak
detection is possikie wity existing equipment; and (4) in service inspections
shall be carried out in accordance with existing standards.

Concerning Item (B) above, the review group, based on the presumption that
the application of the LBB ccicept has no impact on (1) the engineered safety
features, (2) the emergency shutdown systems, and (3) the containment, advised
that the size and location of the break be assumed on a best estimate basis,

A revie.s concerning Item (C) above is still ongoing, and conclusions and
advice have not been drawn, However, it is certain that the group will give
advice on Item (C) based on results of the reviews of Items (8) and (C). It is
anticipated that piping, such as ECCS piping, will be excluded from application
of the LBB concept. It is probable that application of the concept will
substantially reduce the dynamic loads of pipe whipping, jet impingement, and

the pressure imbalance in the vessel cavity.



SCHEDULE OF ESTABLISHING
LEB CRITERIA

® STAINLESS STEEL PIPING

- DEC. 1864  ADHOC COMMITTEE WAS ORGANIZED
—-MARCH, 1886~ | NEW LEB CRITERIA PROPCSED BY ADHOC
COMMITTEE

—APRIL, 1288 : TECHNICAL ADVISARY COMM. ON NPP
OPERATION REVIEW

- MAY, 1886~ ! SAFETY EVALUATION COMM. REVIEW
'DEVELOPING MITI REGULATORY GUIDE
'LBB CONCEPT ONLY FOR STAINLESS STEE
PIPING

o] =t = T =3
|l Wk
g} =4 gt ¥

|

® CAREON STEEL PIPING

-=APRIL. 1985 ' LBB VERIFICATION TEST (C/S)
STARTED

-MARCH. 1288 ' LBB VERIFICATION TEST (C/S)
WILL BE COMPLETED
—END OF 1888 ' MITI REGULATORY GUIDE ON LBB DESIGN

CRITERIA WILL BE ISSUED (FOR BOTH S/S AND
C/9)

-

- MAY, 1984 | SAFETY EVALUATION COMMITTEE WAS ORGANIZED

")



ORGANIZATION TO DEVELOP DESIGN CRITERIA
(AUSTENITIC STAINLESS STEEL PIPING IN CLASS 1 SYSTEM)

| MITI
(=3

!
|

l _

SAFETY EVALUATION

OMMIT TEL

[ TECHNICAL ADVISORY

COMMIT TEE ON NPP

OPERATION

—T-

|
|
|
!
|
i

l ADHOC GROUP ]

INDUSTRIAL GROUP

(ELECTRIC UTILITIES)
\VENDORS |




REVIEW ITEMS FOR DEVELOPING LEAK-BEFORE-BREAK CONCEPT

e VERIFICATION OF LBB CONCEPT

* @ DEVELOPING PROTECTION CRITERIA AGAINST DYNAMIC EFFECTS
RESULTING FROM POSTULATED PIPING FAILURES

e SAFETY EVALUATION FOR PROTECTIVE DESIGN IN CONSIDERATION OF
LBB CONCEPT



MAJOR PREMISE OF LBB VERIFICATION

—PIPINGS IMMUNE TO IGSCC

—QUALITY CONTROL FOR DESIGN, MATERIAL
SELECTION, FABRICATION, INSTALLATION, TEST
AND INSPECTION BASED ON PRESENT
REGULATION, GUIDELINES, ETC.

—LEAK DETECTION SYSTEM BASED ON PRESENT
REQUIREMENTS

—NO CREDIT FOR ISI CONSERVATIVELY

a2



Design Criteria for Austenitic Stainless Steel Pipes (BWR)

Pipe Size (B) 2 4 6 10 14 16 20
Outer Dia: Do (mum) 0.5 i143 165.2 267.4 355.6 406.4 508.0
P:pe Wall Thickness

S5 8.6 11.0 51 19.0 21.4 26.2
: t (mm)
i N N—— Y P e | SSERETR e 1 eG
Leakage Crack Length
- - d 25.14 — -
2 0 (deg.) S/
o B R TN . ( . e - ki . R AN
Stress Limit for r4
. > 2.55 2.82 2.81 2.81 2.81 2.80
Crack Stability (XSm) /

NOTE: Stress limit for crack stability includes membrane and bending stresses.

Sm is design stress intensily ;12.1kg/mm’ "2,

24

609.6

31.0

2.80




Design Criteria for Austenitic Stainless Steel Pipes (PW3R)

Pipe Size (B)

Outer Dia: Do (mm)

Pipe Wall Thickness

: t (mm)

Leal wge Crack Length
2 0 (deq.)

Stress Limit for

Crack Stzbility ( <Sm)

11/2

48.6

7.1

7788

1.84

8.7

2.70

10

2.71

14

355.6

2.71

Primary Coolant

2.69

882.0

NOTE: Stress limit for crack stability includes membrane and bending stresses.

Sm is design stress intensity ;11.7kg/mm" " 2.

Loop Piping

943.0

77.8

2.65
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PROTECTIVE DESIGN AGAINST POSTULATED PIPING FAILURE

o FUNDAMENTAL CONSIDERATION
TO MAINTAIN FUNCTIONAL CAPABILITY OF ;
—REACTOR CONTAINMENT FACILITY
—ENGINEERED SAFEGUARDS AND THOSE RELATED SYSTEMS
—REACTOR SAFE SHUTDOWN SYSTEMS

@ DESIGN CRITERIA
TO CONTAIN ;
—PIPINGS IN FLUID SYSTEMS TO BE POSTULATED OF FAJLURES
—POSTULATED FAILURE LOCATIONS, TYPE, SIZE etc.



DEVELOPMENT OF RATIONALIZED DESIGN
_CRITERIA

® APPLICATION OF "LEAK-BEFORE-BREAK” CONCEPT TO
ELIMINATE :

— INSTANTANEOUS PIPE BREAKS AS DESIGN BALES
— THEIR CONSEQUENCES AS DYNAMIC EFFECTS
® CONTAINMENT AND ECCS DESIGN REQUIREMENTS, AMD

ENVIRONMENTAL EQUIPMENT QUALIFICATION BASIS
UNCHANGED



A 4

RATIONALIZED DESIGN CRITERIA

~ ACCOMPLISHES
® ELIMINATION OF PIPE <~ 5 ®REDUCATION OF CONST-
WHIP RESTRAINT /" RUCTION COST
“,/"_ _‘
®ELIMINATION OF JET -/ 3 ®IMPROVEMENT OF MAIN-

IMPINGEMENT DESIGN TENANCE AND ISI -

i RESULT IN REDUCATION
OF RADIATION EXPOSURE
FOR PERSONNEL

® ELIMINATION OR SIZE- “
DOWN OF COMPONENT
SUPPORTS AND PUILDING
STRUCTURES



SESSION 2: RECENT RESEARCH PROGRAM ON LBB (PART 1)
Chairman: M. Mayfield, U.S. NRC, US.



Recent Nevelopments {n the

APPROACH TO LEAK BEFORE BRFAK BASED ON WORK IN THE UNITED KINGCDOM

B J Darlaston
Berkelev Nuclear Laboratories
TPRD
Central Electricity GCenerating Roard
Rerkelev
Cloucestershire GL1Y 9P8
United Kingdom

This paper {ncludes contributions from
Mr R A J Hellen = CEGR BNL,
Or T Milne =~ CECR CFRL,
and Dr D C Hooton = NNC Risley

MARCH 1987



SYNOPSIS

Various aspects of leak-hefore=hreak have been studied within the ~¥(a
and other U.K. organisations over =ar, years. The work has ranged from +ull
size vessel and plpe tests to the study of crack shape development in small
test pleces. More recently the work has focunsed on the for=ilation of a
ieak-before~hreak procedure to be included in the RA=CRCR Procedure for the
Assessment of Nefects (Milne, 1986), and the wider application of the concent
to plant assessment,

This paper provides three examples of recent work in the U.¥X. Studies
on surface cracks are almed at determining the stability of the crack
following hreak through whilst in the #pplicatio s fleld, the concept of
Leak-hefore-break has Leen successfully pursued for a reaction helluws unit,
The final example is on the development of an assessment route for the fast
reactor primary vessels.



TNTRANNCTIAN

The concenrt of leak=hefore~hreak ari{ses wvhen it 138 possible to
evaluate the houndary hetween those defects which give rise to a leak tvpe
failure and those leading to a di-ruption or hreak type failure. This
situation may change with time as a result of material depradation and other
aspects. Figure | indicates that one of several results can he ohtained for
a leak~-before-hreak prediction and these differ in the number of safeguards
against the break.

The emphasis of work in support of the concept varies depending on the
attitude of the licencing authority and the needs of the user. As reported
at the Seminar in 1985, at Columbus, Nhio (USNRC 1985), in some countries the
concept is widely used whilst in others there i{s only a limited application.

Various aspects of leak-before-break have been studied within the CFGR
and other U',¥, organisations over many years. The work has ranged from full
size vessel and pipe tests to the study of crack shape development in small
test pleces. More recently the wnrk has focussed on the formulation of a
leak=hefore=-break procedure to he included in the R6=CFCR Procedure for the
Assessment of Nefects (Milne, 198A), and the wider application of the concent
to plant assessment.

This parer provides three examples of recent work in the I'.K, Studies
on surface cracks are aimed at determining the stahility nf the crack
following hreak through whilst in the applications field, the concepnt of
Leak=hefore-break has heen successfully pursued for a reaction bellows unit,
The final example {s on the development of an assessment route for the fast
reactor primary vessels.

STUDIES ON SURFACE CRACKS (MILNE)

An {mportant component in a leak-before=-break analysis i{s the crack

length on hreakthrough. This determines whether or not the through=-thickness
crack will remain stahle, and whether or not the leak will he detected. The
situation {s complicated by the mechanism of breakthrough, breakthrough
during fatigue resultinpg in a different situation than hreakthroupgh under
monotonic load. 1In the latter case the hreakthrough may occur due to stress
corrosion cracking mechanisms (i{ncluding intergranular attack) or due to the
application of a fault load. 1In all cases the crack shape development and
the cracking pattern must he canahle of being predicted to a reasonahle level

of accuracy.
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Pressure "“essel Tests

The FFAR has spansared a nu~her of pressure vesse) rests to valldate
the application of their fracture mechanics code, RA (M{lne, LO9RA), These
{nvolved the pressurisation of a series of test veseels each containing a
semi-elliptical surface crack experiencing the hoon stress of the vessel. To
date the tests liave been performed at temperatures where the vessel material
was ductile, and a leak=before-hreak analysis was emploved {n the design of
the test, to avoid catastrophic failure. The tests were used for a
nsollaborative exercise in predicting ductile instahility under the auspices
of the European Fracture Group, and the first of these exercises has heen
reported by Knee and Milne (1986).

In this particular test, time dependent plasticity prevented the
vessel from being pressurised to a leaking condition. VNevertheless it was
possible to make statements ahout the developing shape of the crack, and also
about the capahility of the fracture mechanics and the pariicipants {(n the
collaborative exercise to predict the cracking events. These statements
remained unchanged {n principle when evaluating the remaining tests, which
were all pressurised tn a leaking condition, as evidenced “v the following
conclusion (¥nee, 19RA):

"It was not possible to predict the davelopment of the
final crack shape at leakage: this will he
unimportant for an i{ntegrity assessment for which only
a small amount of crack grevth (s permiited, hut it
may be significant (f leak-hefore-break arguments are
to he constructed”.

In the leak-before-break analysis for the validation tests, a
pessimistic estimate of the through=thickness crack length was used to
demonstrate failure avoidance., Mowever, crack penetration occurred only aver
a small region of the ligament, so lcak rates could not he assessed with any
confidence,

Future Pro‘ra-no

Following from this work a collahorative study {s being initiated
involving work at two CFOR Lahoratories, Berkeley Nuclear lahoratories (ANL),
and Central Flectricity Research Lahoratories (CFRL), and at TWM Freidurg,
under the av' ' ~s of the Commission of Furopean Communities, with the

following o jectives:



{(a) Validation of assessment methods for surface defects.
(%) Improving the confidence of Jeestimates for surface defects.
(e¢) Application of conventional specimen tests to the assessment of

surface defects.

This will {nvolve a study of existing methods for estimating J and its
variation around the crack front and an examination of well Adefined
experiments. It is hoped to develop a hetter understanding of the factors
which control the shape changes in a growing surfacr crack ani to develop
{mproved methods of prediction.

Approval and financial support for the work has heen obtained and the
project is expected to begin in the near future.

AN APPLICATION OF LFAX-BEFORE-RREAK PRINCIPLES (HELLEN)
An axial defect was postulated on the inner surface of a convolution

bend of a reaction hellows in a pas cooled reactor.,

A leak=-before=-break argument in support of the safety case was
developed to demonstrate the application of leak=hefore~hreak precedures.
Details of the Defect

It vas assumed that the defect was located at the first convolution
bend from the weld to the end skirt (Figure 2), and was 2mm deep along most
of its length with a central section imm deep.

Cvelic Stresses

The source of cyclie stress that (s of most concern i{s vidrational,
Theoretical analyses indicated that a numbher of resonant modes existed at and
below gas circulator speed. The assessment concentrated on the off=resnnant
vihrat{onal stress levels on the assumption that on-load monitaring would ke
pursued.

To account for possihle orrors in the calculated vibrational stress
levels, the values deduced were (ncreased by 20%.

Table 1 : Typical Calculated Vibrational Hoop Stress levels (MPa) {
Operating condition Stress range [ 1.2 x Stress range ‘

4C rms t.a. | 4o rms t.a, :

r

Of f-resonance .33 n.40 ‘1
16R0 rpm resonance $.32 6,38 |
1900 rpm resonance 1.9 | 2,29 '
(most probahle mode) | |




The theoretical spatial pattern of the vihrational stresses {n the
region of the defect were quite complicated. For example, at resonance, (n
the region of the crack tip growing un towards the crown of the convelutian
(erack tip A Figure 2), the vihrational stresses were ahont an equal mixtuyre
of memhrane and throuph=wall hendinp, whereas at tip R thov were =mainly
through=wall hending., At a lower rasonance, tip A was mainly in a hending
vihrational stress fleld whereas tip R was in a marginslly bhending flelu.

In order to predict the fatigue flaw shape that developed and the
consequent defect semi-length at penetration, it was necessary to know the
proportion of hending to membrane fatipgue stresses. In the present case the
problem was bounded by assuming the vihrational stresses to he elther pure
hending or pure membrane.

Static Stresses

Finite elament analyses showed that the stresses at normal operating

conditions due to the internal pressure of 1.85 MPa vere predominantly

tensile, although there was a through=wall bendin, component whose 3ign
changes along the length of the existing defect., The static stresses were
pessimistically assumed to be a uniform tensile stress of 1IN0 MPa, 1t was
also necessary :o‘cllculato the crit{cal defect length under the safety valve
1ift pressure of 2,18 PMa, which gave rise to a memhrane stress of 118 MPs,
Tensile Properties

At the operating temperature of 220°C, the N.2% Proof Stress for the
plate material was K40 MPa, The weld metal N.2% Proof Stress was 4A0 MPa,

Fracture Toughness

The ({nictiation toughness Kz both mean and lower hound values, are
given helow. Also given are values for N.2mm of stahle tearing, as nermitted
by the CFGR touphness testing procedure. They are considered here 2o he the
most relevant for a leak-before-Rreak case.

-
Fracture Toughness Values for Convolution Material (“Parm) ,
£)

!
—
Mean Lower Bound |

Inftl, son toughness, ¥, 85.3 §7.6
Tearing toughness, ¥(N,2mm) 110,86 95,3 |




Stress Intensity Factor

The deduction of the correct SiF function for the present prohlem was
not simple. An accurate value could only he assured by 3ID Finite Flement
Yodelling., Therefore, modelling assumptions were used to hound the problem,
The lower hound was the Centre “racked Plate Model and the .pper hound was
judged to he the Circumferentially Nefect Pipe under Tension,

The Centre Cracked Plate Model (CCOPM)

The SIF was given hy:

K = Sm/7e (1)

vhere Sm was the applied static tensile stress.
The circumferentially Defective Pipe Modei (CDPM)
The SIF was given by:

K = Sm/3c  Fle//TT) (2)

where F(c//Tt) was the SIF function (Rooke and Cartwright, 1976)., Figure 2
shows the modr iling geometry. Figure 3 shows the resulting ¥(e¢) curves.
Critical Crack Length, ¢f

Failure was assumed to bde Kr dominated (see R6 terminology, Milne,
1986) following a previous assessment of circumferential defect failure for
reactor bellows,

l'sing the lower bound value for K(0.2mm) of 95 MPa/m, and the CUPM,
the predicted critical semi-crack length, ¢0, {s S3mm (marked with an open
circ le on Figure 1),

Nefect Development

If the defect grows under the vibrational stresses, and thev are
assumed to he through-wall hending, the resulting defect aspect ratto, ale,
will be about N.2, based on experimental observations of fatigue flaw shape
development. The resulting initial penetrating defect semi-length, cl, is
given by:

el = t/(‘/c) L 7:0 / 002 L 35.% (3)

This penetrating defect {s shown to scale (rigure 2).

The aspest ratio may be even larger (and the consequent {nftial
penetrating defect length, cl, smaller) due to the presence of the large
static tensile stress of 118 MPa under normal operation.
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If the vihbvational stresses are assumed to be memhrane, then the

aspect ratin will he greater than N,% resulting {n a value of ¢l given dy:

el < ¢t/(a/e) = 7,0/ 0.5 o limm (3)

Leak=Before=-Rreak Assessment
Basic Logic

The essential steps in the leak-hefore=-break logic (Connors and
Hellen, 198%), are:

(a) Fstahlish that the init{al through=wall defect length, cl, is less

than the critical length, ef,

() Show that the leak that occurs during the post-penetration growth
phase can be detected by the leak detection svstem,

(¢) Show that there i3 sufficient margin of time hetween leak
detection and growth to criticality such that safe shut-down can
be performed.

The previous sections have shown that there is a margin between ¢l and

c0, even for the lower dound {ni{tiation toughness value and the upper bound
SIF curve.

Leak Rate Predictions and Leak Detection

Leak rate predictions were made using a pessimistic model for sii:
opening ‘a Centre Cracked Plate Model) and the code DAFTCAR

The axial slit (n the convolution i{s pessimistically under-estimated
to he modelled by the expression for the opening of a slit, in a wide plate
under tension (Frdogan, 1976) for the slit centre, do, and the slit tip, da.

The leak rate calculation method using the code NAFTPATR requires the
calculation of an effective slit wideth of an equivelent "letter dox" slit
having a constant width along its lenpth., This (s achieved using the concent

of hydraulic diameter, dh

5 & x S1it Area
Slit Circumference

dh

The value of dh {s approximately given by

dh = (do + da)



where

" Qm
2cx Sy 1n 1 % 8in 5y
F ‘ % Sm

Cos (rr)

do

and

da = -5-31 In {sec 3-—}

wvhere Ty ic the material yield (0.2% proof) stress and Sm {s the aplied
membrane tensile stress.
The equivalent slit width, w, is given by

we= 0,5 dh
Substituting values of

Sy = £40 MPa
E = 210,000 MPa
Sm = 113 MPa

results {n the following values of slit openings

¢ (mm) -
do (micro-m) -
da (micro-m) =
v (micro=-m) -

1 20 30 40 50 60
56 11l 167 222 270 23
3 7 10 13 14 19
29 59 88 118 143 177

The NAFTCATB program accounts for the effect of surface roughness
along the leak path, defined by the Centre Line Average, Ra, Typical upper
bound values of 5 and 10um were assumed for Ra. The flow is predicted to be
turbulent and choked. The results (Figure 4) show that the leak rate (s
sensitive to the value of Ra. For general interest, the predicted flow rates
for a smooth surface defect is also shown (dashed line).

For the assumption of pure through=vall bending vihrational stresses,
it can be seen (Figure 4) that the leak rate for a fully developed through=
vall slit with semi=-crack lenmgth, ¢, of 3%mm, {s adbout 4&.0kp/hr. The leak



rate fou
is 2.2g/he.

a value of ¢ of lémm, resulting from pure tensile memhrane fatizue,

This should he easi{ly detected using an estahlished leak Adeteczinn
svstem,

In order to assess the margin of time available hetween leak
detection. Shorrly after penetration, and growth to criticality, the time
taken to grow a further lmr wvas calculated.

Post Penetration High Cvcle Fatigue Crowth

Membrane Vibration Stress Assumption

Using the vibrational stress levels with an additional error margin of
20% (Tahble 1) the resulting values of &K p.p. t.a., are given in Table 2 along

with the times taken, T, to grow a further lmm,

Tahle 2 : TEgtcal Vibrational &K rms t.a. Values and Crowth |
tes for a Penetrating Axial Convolution Defect |

Bending Stress Memhrane Stress !
¢l = I5mm el = léima |
Nperating Condition | &K T AK T *

l (MPav®)! (hrs) (MPara)| (hrs)

Of f-resonance E N.24 INo groweh| 0.27 EVo growth
16R0 rpm resonance | 3.9 0.9 4.3 | 0.9
1900 rpm resonance L 222.0 1.56 | R2.7

I !

(most probable mode)

(Assumed freauency of vihration = 400Hz)
Discussion

The predicted high cvecle fatfgue crack growth rate is vanishingly
small under off-resonance conditions. This {ndicates that there {s litcle
possihility of the defect growing to penetration in the firsc place.

The worst case growth rate under the 1680 rpm resonance i{s predicted
to require ahout N.9 hours for lmm of growth for both the memhrane and
bending vibration stress assumptions. ONperating rules ensure the avoidance
of this condition,

A more likely resonant condition {s around the 1900 rpm circularoer
speed, this being nearer the operating speed. This conditions requires ahbout
222 hours to grow the defect a further lmm under the bending vidration stress
assumption or RI.7 hours under the membrane stress asgumption. The marzin
between the {(nital penetrating ilefect length, cl, and the critical value, ¢0

»ite

{s predicted to be about 17.5mm for the vidration hending str2ss assumntinn






compared to the plate thickness., Such a large crack will npen considerably

allowing large sodium flows with litcle risk of bl ‘“age by debris.

The evaluation of critical crack sizes in the vessel {s dominated by
residual stresses, the effects of which have heen resolved hoth by experiment
and analysis. Consideration has also been given to the effects on critical
crack size of material degradation {n service.

Residual Stresses

The magnitude of weld residual stresses (leggatt, R.4,, 1984) has bdeen
evaluated by an experimental programme covering a range of weld constraint,
This has provided a knowledge of the high local stregss distributions, which
are halanced ucross the weld, and also the lower magnitude longer range
stresses with a greater amount of elastic follow=up due to the constraint,
The experimental data have heen used to verify predictive techniques which
allow extrapolation to other weld configurations.

A series of wide plate tests (Nuirk, 1982) has provided and continues
to provide experimental data which serves ae a straightforward demonstration
of the effects of residual stresses. The residual stress predictive
techniques are used to design tests with severe short ranpe stresses. These
tests compliment calculations (Heooton, 1984) which account for the local
residual stresses in conservative manner in deriving the defect d=iving
forces. It {s the intention to treat the long range residual stresses as
primary stresses, hecause of the greater amount of elastic follow=up.

The tests and analysis give confidence that ultimacte failure will not
be effected hy the larg. dut short range residual stresses, and calculations
using the CFCR's RA failure assessment procedure indicate that through=wall
defects of 3NOmm are tolerahle.

Material Degradation

The mechanisms hy which the structural material fracture properties
may he degraded are cold work, thermal ageing and irradiation. The stainless
steel will he supplied in the solution heat treated condition but will
receive some cold work during forming., It {s known that 2N% cold work can
reduce the parent plate properties to those of ‘'eld metal (Chipperfield,
1976). Cenerally, this level of cold work is nc anticipated, even local
areas are not expected to approach this figure but further consideration (s
required,

Thermal ageing tests at cold pool temperatures so far have shown nao
effects on the toughness of 315 steal and 17,8.2 weld metal with less than 2%

delta ferrite. At higher levels nf delta ferrite (¢t can %e affected hut
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controls on composition should be adequate to preclude the degradation at
gervice temperatures (Picker, 1981).

Similarly, it can he concluded that irradiation levels experienced
will not adversely affect stainless steel plate and 17.8.2 weld metal
toughness. The tests have shown that {rradiation damage of less than 2 dpa
has no significant effect (Picker and Cocks, 1983). The highest level in the
pernmanent safety related structures {s 0.5 dpa and considerably less for most
of the structures.

The conclusion which can he drawn {s th»_  degradation of the toughness
properties appears avoidable by cold work heing at a low level, zontrol of
delta ferrite levels in weld metal and ensuring irradiation damage {s less
than 1 dpa, all of which sre readily achieved.

Defect Crowth

The second essential element of leak-before~break {s hat defect
growth will cause all credihle and low probahility defects to grow through
the wall before the critical through~thickness defect length {s attained.

The potential growth mechanisms are stress corrosion, fatigue and
stable tearing. The first of these must de avolded (n service hy design and
material condit:on., The environmental conditions are selected to prevent
potentially hazardous conditions, and are monitored to ensure that the design
intent is achieved throughout the life of the plant. Growth by fatigue has
been studied under normal duty cycle loading and gives confidence that
fatigue growth for defects which are at or below the detection limit of
volumetric inspection will be small, There remains the prospect of fatigue
growth by the less frequent loading cycles and by the normal duty cycle on
lou probahility but larger defects which have failed to be detected hy
volumetric inspection., The amount of growth will he efther small or of low
probability., The ongoing activity i{s to estahlish the threshold condition
for defect size and loading which will lead to leak=-hefore~hreak and those
whichh will not. 1Initiation and subsequent growth by stahle tearing (s the

mechanism considered {n determining the critical defect sizes discussed in

the previous section. For defects at or below the detection limit there is

confidence that they will not initiate growth even under low probahility load
conditions., Further work is required to resolve the effects on crack growth
of comhined tearing and fatigue as the critical crack size {f approached

under earthquake loading.




Discussion

The stens descrided will provide a demonstration of the CNFR primary
vessel leak-hefore=break characteristic to add significant confidence to the
structural integrity case for the core suppert.

Work to date has given confidence that the vessel critical Aefect size
will de large, with correspondingly large openings for leakage. Further work
to remove remaining uncertainties on critical def ot sizes and defect growth
{s being pursued.

OVERVIEW AND CONCLUDING COMMENTS
In certain circumstances the leak-hefore=-break concept can hbe used

with confidence to establish a safety case. This is shown in the example of
the reaction hellows. For some apnlications such as the fast reactor primary
containment {t {s necessary to estahlish and validate a rather more
specialised approach. In pursuing the application of lesk-before~hreak o a
range of plant components ‘here (s the CFOR=R6 procedure tn provide the
analytical framework. For some applicatisns elements of the apnraach are
very conservative due to limited understanding or lack of validation. The
research work (s therefore focussed on these {ssues and the example of the
wvork on growth of gsurface cracks (s one such {ssue.

There {s a great temptation in structural analysis to seek a solution
for a wide range of problems. 1t appears that when considering the concept
of leak=before=hreak {t i{s essential that a case by case approach is adonted
with the necessary development and validation to meet the specific need of
the user and the requirements of the licencing body.
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DEVELOPMENTS IN LEAK BEFORE

BREAK APPRCACH [id FRANCE
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S. BHANDARI
FRAMATOME

The Leak Before Break (L.B.B.) concept 1s now considered for potential
application in French plants, The main objective of L.B.B. is to suppress
the double ended guillotine break or the catastrophic longitudinal break
with respect to their mechanical consequences.

The general French approach considers preliminary studies on some lines in
old plants, feasibility studies on plants under construction with the
corresponding improvement in material charateristics and knowledge of
complex loadings. Cost-benefit analysis and safetv consequences are also
carried out in order to prepare the inclusion of L.B.B, at the design level
of new plants, A large research and development program completes these
actions to validate step by step the fracture mechanics methodology. The
French safety authorities are periodically informed of the develcpment of
these actions and their final approval will be the ultimate step to apply
L.B.B, in French PWR plants,



1.

OBJECTIVES

The main object‘ves of the L.B.B. s not to tab ‘“to account
doudble ended guillotine break or catastrophic lomy... 'nal break
for aifferent studies :

- mechanical consequences : simplification of pipe supports (no
pipe whip restrain, no jet impingement shield, ...) and conse-
quences on the civil work due t> the decreasing of load on
supports

= system analysis : this important point cannot be analysed at
the present time without large modifications in the global
satefy approach of the PWR French plants, There are no work and
no reflexions in this field at the present time in France.

GENERAL APPROACH

The french approach is established step by step :

= pre-study on some piping of old plants : one ferritic pipe
(steam 11ne) and one austenitic pipe (primary loop)

- feasibility study on complete primary and secondary lines of
plant under design. This study concerns the primary ard auxi-
1iary lines (class 1) with a diameter greater than 6" and
secondary (steam and feedwater) lines inside the conta‘mment. A
rough study is done on steam a:d feedwater lines outside the
containment up to the main valve, A)] these feasibility studies
are done with the actual design rules (RCCM), the actus! mate-
rials, the actua! leak detection devices, and <the actual
pre-and in-service inspection programs,

= cost-benefit amalysis specially 1f some need of modifications
dppears at the previous step (feasidility study).

In paralle) to these different steps, we continue and increase :

- Studies on technological progress like toughness leve! of
materials or initial flaw sizes or '.nowledge o complex loading
Tike stratification phenomena or sudden valve closure

- large research and development program with tests and numerica)
approach to validate the methodology.

Finally, we periodically report the progress of the work to
safety authorities to obtain their approval before proceeding to
different applications that we would be interested in.



SISOF T NSTRATION

The different classical steps of the demonstration of applicabie
Tity of L.B.B. are :

- initial defects : geometry and size

- fatigue crack growth studies for the plant 1ife

- stability studies of the end of life part-through- crack inm
level D conditions (seismic loads)

« through-wall crack stability studies in leve! D conditions

= cract area for normal operating load and corresponding leak
rate

- comparison with the detectable leak rate,

TR RCH Al ¥ NT PR

Oifferent research and deve' spment programs were run during the
last 10 years between EDF-FRAMATOME ana CEA. The main programs
are ~

4.1 - Agquitaine I Reéf. /1/ /2/

This test and analytical program was undertaken to vali-
date on pipes the fatigue crack growth criteria under
large strain amplitudes and PWR environment. Tests have
been done on part through semi elliptical longitudina! and
circumferential cracks under cyclic pressure or statie
pressure and cyclic moment. The Paris law has been va'i.
dated for 3-D situations in PWR environment for 3.0 cracs.

4.2 - Aguitaine 111 Réf, /3/ /4/

This test and analytical program was undertaken to deter-
mine ductile fracture criteria applicable to primary
austenitic piping., These tests have been performed on 116
L and 3" diameter pipes in two phases :

= Specimen testing to determine scale, notched versus
precraked and geonotry effects on CT and CCP

- burst tests of pipes to confirm the validity of the
criteria,

A large geometry effect on J resistance curve has been
obtained and, due to the small ligaments and the high
level of toughness, burst by plastic instability has been
very well correlated for burst tests,



4.3 « Therma! aged susteno-ferritic steel program Réf, /§/

Two aspects are considered in this program : N!t|?1urg{
and material characteristics on one side and mechanica
tests and analysis on the other side. The corresponding
objectives of these aspects are :

- the effect of aging tempersture on the toughness of
these materials and the relation betwen resilience and
toughness

-~ tng fracture criteria of specimen compared with a rea!
structure (pipe burst test).

The first part of the program is still going on in France. The
burst test of a 3 daJ/cm? resilience thermal aged austeno
ferritic piping has been done and has Justified the ductile
tearing resistance of these material, A complete computation of
the test has shown a geometry effect on the J resistance curve
but the use of CT J resistance curve is conservative,

A last test is planned to take place at Battelle Columbus Labora-
tory in 1988 (4 point-bending test at 3IN0°C with through wal)
circumferential crack),

4.4 . Stability analysis of pipes Ref. /6/

To run the different studies of stabflity analysis of
through wall cracked pipe, we have compared engineering
methods (RE, EPRI, Paris method) to finite element method
(3«0 computation using sheli elements and virtual crack
extention methodology).

The validation of the CASTEM computer system has been
obtained on the Battelle benchmark (4 point-bending
problem), and comparison between FEM and engineerirg
methods has been done on :

« austenitic (316) 32" (PWR hot leg) pipe with circumfe-
rential crack and complex loadin

« ferritic (A106) 32"(Steam lino? pipe with circumfe-
rential crack and complex loading.

Qur conclusion for these different exercices are :

« R6 and EPR] method work well but refinements are needed
for complex-loading and some stress-stain curve modeli-
sations to decrease the conservatism,

- the critical crack sizes are very encouraging concer-
ning L.8.B, demonstration,



4.5 QOther research and cevelopment programs

To complete this program, there are some other programs
related o L.B.B. but not specific to L.B.B.

- leak rate mode! (ref, to the presentation in sesston 3)

- leak rate monitoring : global and local measurements

- non  destryctive examinations ; specially ultrasonic
technigues in stainless steels

- technological aspects like limitating the number of welds
or increasing the quality of some special weld joints,

NEW FRENCH FOPE BR

A common EDF, CEA and FRAMATOME rogram of research and develop-
ment has been decided in 1986 with a specific french program and
2 participation to the IPIRG program,

The french program covers : static and dynamic tests, development
of specific computer models, validatfon and comparison .f engi-
neo;inq methods and formalisation of recommandations for L.B.5.
analysis.

§,1 Prototypical tests (tables 1 anc 2, Figure 1)

These concern & point-bend‘ng tests without pressure on
carbon and stainless steels up to 700 mm external ciameter
and different radius/thickness ratios at 300°C with circum-
ferential through wall cracks and {grt-through cracks in
base meta) and welded joints, About tests are schedyled,
The objective s to vor1f{ some cuonclusions reached in the
Degraded Piping Program for materfals and pipes used in
french PWR plants.

§.2 Aalytical tests (Figure 2)

These 4 point-bending specific experiments, without pressure
or 100 mm stainless stee) pipe are scheduled to verify the
coilapse 10ad and the J estimation directly from experiment
to validate a 1-D cracked element in finite element method,

§.3 Static tests on ;ingg1|r1t1!!

Some tests are proposed on reducers, elbows or other pipe
singularities but the detailed experimental program is not
completely defined,

§.4 Dynemic tests (Figure 3)

Some snalytical tests on simple are components under dynamic
loads (sinusotdal or seismic) proposed on straight pipes,
elbows or junctions and probably & complete anmalytical test
on 2 s'mple line,



The objectives of these different tests are |

« t0 compiement some detailed points of [PIRG task |
« t0 demonstrate the app!icability of our )loba! methodology
to sa‘ety authorities,

$.5 (Compyter code developments (Figure 4)

Two types of development are on going °

« coupling of 1<0 beam element analys ; with 3.0 shel!
element near the crack to compute J by virtual crack
extension method

- development of a hinge element with constitutive equations
tcuin? into account the crack, the stadble crack growth,
the plasticity and the different contact problems,

5.6 Ragineering methods

All the available tests in France or in litterature (DP [II],
IPIRG, other programms) will be used to validate the diffe-
rent engineering J estimation schemes (R6, EPRI, Paris
methods ).

A special treatment 15 planned to be done on som: specific
gifficult issues in . plying the ergineering methods 1ike :

prediction of initiation before the 1imit moment
classification of secondary and primary ytresses
superpesition of loadings

strain hargening effects

behaviour ynder torsion loading

leak area evaluations,

SONCLUSIONS

The French utility (EDF) has decrdes with the manyfactyrer
(FRAMATOME) and the Frencr Atomic Energy Lommission (CEA) to
study the applicability of the concept of L2 & Before Break on
its PWR nuclear power plants (in serviie, unde: constryction or
under design). The approach 's based on twn steps

« feasibility study for oplants under construction without
specific modifications due to L.B.B. application,

- cost-benefit studies inclucing safety comsequerces, inspection
program modificatiors or design _.hanges neec:3 for L.8.8.
application,



In parallel, a large Research and Development program is started
under static and dynamic load in France ; the french three
parties (EDF-FRAMATOME-CEA) have joined the IPIRG program and try
to use the different international Research and Development
programs to validate the applicability of leak before break
situation for primary and secondary piping.

All the developments are presented and discussed periodically
with safety authorities to obtain their approval on this
approach,
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1) Acier A 4214
Epaisseur 21 mm

TABLE 1 - 6" (168.3 mm) PIPE TESTS

N° dva:o.t A;’: p’m' Tomg(r::mu Chargement Observaticns
1 Traversant 120° 1 300 Monotone
2 Traversant 80° 1 300 Monotone
3 Traversant 120° 1 00 Monotone | Joint soudd.
4 Surtace, interne 120° 0,68 300 Monotone | Usinege par #lects o-¢rosion.
5 Traversant 30° 1 00 Monotone | Joint soudé.
6 Traversant 30° 1 300 l‘"‘.
2) Acier Z 3 CND 17.12 Azots contréid
Epaisseur 40,5 mm
v ok | e crergamenn Ohvien
1 Traversant «° 1 200 Monatone
2 Traversant 120° 1 300 Monotons
3 Traversant «0° 1 300 Monotone | Joint soudk.
4 Surface, imtarne | 120° 0,86 300 Monotone |  Usinage par électro-drosion




TABLE 2 - 16" (406.4 mm) PIPE TESTS

1) Acier TU 48C
Epaisseur 11 mm
N° :“v:' A)n:o on‘l:v,:un Tcn;‘(r:;m . AL P
! Sans - - 300 Monotone
2 Traversant 30° 1 300 Monotone
3 Traversant 120° 1 300 Monotone
4 Traversant 2° 1 300 Monatone Jont soudd
% Traversant 30° 1 300 Type esbismes
2) Acier Z2 °N 18.10
Epaisseur 18,2 mm
" — e (@ e — Crrgemant | Otnarvations
1 Traversant «® 1 300 © Monotone
2 Traversant 120° 1 300 - Monotons
3 Traversant «° ! 300 Monotons Joint soudé
4 T raverant 40° 1 3090 Type ¢ wbismes




- EDF TEST FACILITY
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FIGURE 4 - COMPUTER CODE MODELS
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VYERIFICATION TEST PROGRAM CN INTEGRITY OF CARBON STEEL PIPING
IN LWR PLANTS
Y. Asada *

Verification Test Committee on Integrity of Carbon Steel
Piping and Weldment

NUCLEAR POWER ENGINEERING TEST CENTER **

This verification test is started in April 1985 and scheduled to be
completed in March 1989 under the sponsorship of MITI.

Objectives of this verification test program are to demonstrate leak-
before break concept that instantaneous pipe rupture cannot occur
under the actual plant operating conditiors in carbon steel piping with
high quality, and to contribute to establishing rationalized design
c;iteria on postulated pipe rupture as structural design basis in LWR
plants.

The test program is planned to obtain basic materials properties and
pipe rupture behavior for the carbon steel piping which are representa-
tive of actual plants and to develop an acceptance criteria for fracture
evaluation.

The test orogram comprise of information survey, material property and
pipe rupture experiments and fracture mechanics analysis.

Information survey include not only information for domestic and
foreign countries, but also plant data required for fracture evaluation
such as piping route, design conditions, design load, material, welding,
system compliance of piping, crack growth and others.

Basic materials property tests, e.g. tensile test, fracture toughness
test, center-cracked-panel test etc., are performed for 5 pipe materials
and 2 weld metals. Pipe rupture experiments are also performed for b se
metal and weld metal of 6 inch and 16 inch seamless pipe, STS42, whi.n
are representative of LWR plants' pipings in Japan.

As for the fracture mechanics evaluations, the following are performed.

(1) Stress intensification, K-values, of inside surface of piping
based on the FEM are compared with Newman-Raju Solution which
is convenient engineering me“hod. The engineering method will
be used to predict crack growth.

* Prof., University of Tokyo

** Shuwa-Kamiyacho Building, 4-chome, Toranomon, Minato-ku, Tokyo, Japan
Phone 434-2450



(2)

/

Crack stability is evaluated using .lural fracture criteria as
net section collapse failure, J-integral, R-6 method comparing
with pipe rupture experiments. This is to establish the
appropriate fracture criterion applicable to carbon steel

piping.

Finally, applicability including 1imiting conditions, if any, of LBB
concept is evaluated for some typical LWR pipings by verified evaluation
procedure above, and based on the results, * draft of rationalized
design criteria of pestulated pipe rupture will be proposed.

This presentation gives abstract of the verification test program,
typical data of material property test, pipe rupture experiment data of
6 inch pipes. and preliminaly analysis of K-value and crack stability as
of March, 1987.

Following are members of Verification Test Committee on Integrity of
Carbon Steel Piping and Weldment.
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. Hirata

. Yamamoto
. Yoshinaga
. Toyoda

. Umemoto

Okazaki
Hata
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; Chairman, University of Tokyo
; Vice-chairman, University of Tokyo
y Vice-chairman, Tokyo Institute of Technology

Japan Atomic Energy Research Institute
Central Research Institute of Electric Power [ndustry
Tohoku Electric Power Company

Tokyo Electric Power Company

Chubu Electric Power Company

Kansai Electric Power Company

Chugoku Electric Power Company

Shikoku Electric Power Company

Kyushu Electric Power Company

Japan Atomic Power Company

Toshiba

Hitachi

Mitsubishi Heavy Industry
Ishikawajima-Harima Heavy Industry
Babcock Hitachi

Mitsubishi Atomic Power [ndustry

. Takumi
. Maruw

Toyodome

. Sakamoto

. @ e W

Nuclear Power Engineering Test Center
Nuclear Power Engineering Test Center
Nuciear Power Engineering Test Center
Nuclear Power Engineering Test Center



SCOPE OF PRESENTATION

® Background

® Schematic View of Program

Materials and Basic Properties

Pipe Rupture Test and Results

Flaw Propagation Analysis and

Prediction of Rupture Behavior

Future Developments




SAFEGUARD DESIGN GUIDE
AGAINST PIPE RUPTURE
IN LWR PLANTS

— Exverimentaily examinad by NUPEC and Industrial

Group, Drafted by ADHOC Committee and Issueing
by MITlI—

PREMISE

® Being Applied to Stainiess Steel Piping

® Being Applied to Piping in which the
Possibility of SCC is Eliminated

® Not Applied to Safety System Design
(Containment Vessel,....)

® Independent of PSI and/or ISI

® |_cak Monitoring Capable to Find §GPM
Leakage

ACCOMPLISHES ELIMINATION OF
—Pipe Whip Restraints

—Jet Impingement Design
—Sophisticated Evaluation and Design Works
..or SIZE DOWN OF

—Components Supports

—Building Structures
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SCENARIO OF LBB CRITERIA

PS1 Undete- Operating Leak Monitor
ctability Load Cycle sensitivity(1GPM)
- S.FX2) = S.FI(2) e S.F(5)
Init. Crack Size Load Cycles Leak Detectable
For Assess. For Assess. Crack Size
v
Crack Growth
Analyses
Thru. Yes(Thru=Wal!| Crack)
Wall? Smaller
Size

No(Surface Crack)

Postulated
Surface Crack

?

nstable
Fracture?

Postulated
Thru=Wal! Crack

|

! Max. Design
' Load™”
Yes Yes

No

Y

Unstablq
Fracture”?

No

i

:

p—

]
No Guillotine Subcritical
Thru=Wal |
. Requirement Break Crack
i
[ Categories of Design Criteria l

»=. Safety Factor

Normal Operating Load Plus Design Earthauake Load



POLICY OF PROJECT

@ Additional Supplements Safeguard
Design Guide Against Pipe Rupture

® Evaluation Concept be Compatible
to that for Stainless Steel

® Sclected Materials be One of the
Most Popular Use Rupture Properties
with Average or Lower Trend to

Those of Current Use



Dolormlmtlonl

Determined Pipa
Whip Restralnts
Neccessary

Plant
Operating Initial Crack Materials &
Condltion postulation Basic Property
Test
1
Survey of Crack growth
ICrack Growth | Analysis
An.‘)'ll no
Plant Life no
rack
Time enetratlo . P‘Ipo
T," upture
ey Test
Leak Rate
Survey of Estimation
Fracture
Criterlen aa Dﬂfcihbl
M : Leakage
Stable Unstabl
Analysls Fohia Fracture
Method
Criterl
Idant|fication 1 rien
Unstable
Fracture
Analysls
{
o T LB B
Staule
Verification
Test
no
[Mor—LeB| | Lee ]
L

+Object
~environmaent
“material
~temperature
“pipe slze/dimention
*Initial Crack
~NDI detectabliity
~Flaw type
-number
*Crack growth (da/dn)
~analysls code
-environmental cond,
“metallurglical cond

~loading cond

~Plant 1lfe time
*Leak rate

“crack opening area

~leak rate

*Leak detectabillity
*Unstable Fracture
~criteria
~¢rack type/number
- loading cond.
- load type
(tenslon, bend. )
~gompliance
~metallurglical econd
“plpe dimention
‘Margin
- load
~erack slze

ITEM OF EXAMINATION AND TEST FLOW
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8

Other Research Insti—
tute and Joint
Utility Research

—da/dN data
—~Leak Rate
Prediction

ORGANIZATION

Verification Test Committee on WI

Integrity of Carbon Steel
Piping and Weldment

MITI
o Review
of Plan
Thechnical
Advice
NUPEC

Evaluation

Practice of Test Program

CRIEPI

< Chairman >

Y. ASADA (The University of Tokyo)

G. YAGAWA ( The University of Tokyo)

H. KOBAYASHI (Tokyo Institute of Thechnology )
K. SHIBATA { JAER1)

K. KUWABARA (CRIEPI )

<Utilities >

Tohoku. TEPCO. Chubu, KEPCO, Chugoku,
Shikoku, Kyushu., JAPCO

<_Fabricators -
Hitachi, Toshiba, MHI, BHK, 1HI, MAPI
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MATRIX OF THE PROVING TEST

Appl e Systems of the Materliats

Svg*y
Sisey

. Foed Water .
. Feed Water. Main Steam

SFWCI0 . Etbows and Tees of the above pipings

SGve2

. Main Steam

Core Spray Main Steam. Migh Pressure Injection Residual Meat Removal Neactor Water Cleso Up

Matecial Froperties Plpe Fracture Behavior LB Veritication
Test - — S i —— — e e - - -
Condition Femtimen Center Bending (Low Comp ) Bending(high Comp ) Tensloni(high Comp ) High Compliance
Toughness Crached B S e i BaaE e dree —— .
Cv Test Pawl Tost Quasi- Statie Quast - Static Oussl  Static DL Cyclic Load
Round Bas cr Pane: o8 148 [ 158 LI 8 Plnl!.lbluJ Tee
RS S r,. 