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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 TEPC0 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),
Dr. C. Faidy, P. Jamet, and S. Bhandari (EDF/Septen, CEA/CEN, and Framatome,
France), and Mr. T. Fukuzawa (MITI, Japan). Dr. 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.
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SUMMARY
!

The third in a series of international Leak-Before-Break (LBB) Seminars sup- ,

1 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 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,
Ohio, in 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 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). Dr. F. Nilsson presented revised
i 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. Highlights of regulatory presentations are sumarized'
beloW.

!

a

l Summary of Presentations on Regulatory LBB Policies or Procedures
! I
4

5 In the U.S., LBB has been accepted for primary PWR piping. This is referred to
4

as a limited scope change to NRC's General Design Criteria 4 (GDC-4). As noted '

1 by Mr. Arlotto, currently a broad scope change to GDC-4 is being implemented so
that it extends LBB to all high-energy piping that meets rigorous criteria. Int

' these design rule changes, certain limitations exist. First, the piping system
must not be susceptible to either fatigue (mechanical, themal, 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;

i should be low or known. For example, loads from a water hamer event are
! unknown. If these restrictions are satisfied, then it must be shown that for a
! postulated through-wall crack, the leakage can be detected at normal operating
] stresses for a crack length that will be stable at faulted loads (normal plus

safe shutdown earthquake stresses). A safety factor of ten on the leakage
detection capability has been used. There are also safety factors on the

'

| critical crack size at the faulted loads. Elastic-plastic fracture mechanics
analysis is used with the worst case material properties in the crack stability i

<

'y |

$
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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 electrical 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 steel 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, fabrication, 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 is possible with existing equipment, and (4) in-service inspection is<

carried out in accordance with the existing standards. Concerning the impact
on 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 due 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. Dr. Schultz stated that this has been applied to
PWR'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. In
March 1984, the exclusion of the DEGB was extended to austenitic steel piping'

in PWRs such as in the surge line and the branch connections of the emergencycore cooling pipe system. For BWR piping, similar decisions are made for
piping replaced by ferritic materials. For the high-temperature gas-cooled Ireactor (THTR 300), as well as for the sodium-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 forj, 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 life extension
can be properly evaluated. A second point of discussion was that West German

t j
policy allows LBB justification to reduce design requirements for heavy

] components. i
'

In Canada, LBB is currently being evaluated for application to the large;

i diameter heat transport piping system in Candu reactors. Dr. J. S. Nathwant
described an ongoing program. The current study is limited to carbon steel
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,

l
1

*
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The crack stability evaluations involved a material test program and elastic-
plastic fracture mechanics. The leakrate program involves development 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
accuracies. Since new plants require seamless straight pipe and elbows without
longitadinal seam welds, the circumferential crack is the most likely crack
orientation. 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 140-degree crack is used. Experi-
ments in Italy showed that at the start of ductile tearing, the leakage area
for such a 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 tnat 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 designs will continue to be based on the assumption of the DEGB of a
primary pipe. OEGB 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 two indices. The first is the Fracture Index which has high,
medium, and low categories. The second index is the Consequence 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 is components that might
have cracks. Such components may continue to be used in service if (i) the
component satisfies the requirements of ASME Section XI: (ii) the R-6 method
could be used if not covered by ASME; and (iii) for equipment in Control Groups
A and B LBB is highly probable.

In England, LBB has been applied in certain specific instances. More recently, i

the work has focussed on the formulation of the LBB procedure using the R6-CEGB
procedure.

;

ll
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In France, L8B 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 struc-
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) loading. In the steps to demonstrate LBB, the stability
of both through-wall and surface-cracked pipe at level 0 (seismic) loads is
evaluated. Inclusion of a surface crack stability analysis is an additional
feature that is not consih red 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 (Oegraded 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
cracking, and acoustic emission evaluation of leakage detection at Argonne
National Laboratories; and NDT 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 Section 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 criteria 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 leaktate estimation
computer code (see paper by Norris, Kishida, and Chexal), stress-corrosion
cracking studies, NDT improvements, and is active in promoting L88 for the
industry (see paper by Norris, Kishida and Chexal).

In Japan, research efforts have been undertaken by MITI at NUPEC (see paper by
Asada), by STA at JAERI (see paper by Shibata, Yasuda, Onizawa, and Miyazono),

ias well as some efforts at various nuclear system verdors. Experimental I
efforts have been completed on fracture of stainless steel piping, while a l
carbon steel pipe fracture program is currently ongoing. Various round robin !
analyses have been undertaken to gain confidence in methodologies to be used j
(see papers by lakahashi and Hasegawa et al.). Analysis methodoldgies involve i

comparisons ef large-scale finite element analyses to estimation scheme (analyses for elastic-plastic fracture (see paper by Yagawa and Veda). '

In West Germany, further research topics include component testing for crack
growth under environmental conditions, crack opening behavice in elbow and

1
.
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branch connections, leakrates at transient loading and operating conditions,
continuous evaluation of operating experience, and generic evaluation for load
following operation with respect to loads, water chenistry, and operator errors,

) (seepaperbySchultz). Significant efforts have also been undertaken at MPA-
|Stuttgart. Past efforts in the Phenomenological Burst Behaviour-Programme have

i 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 t

for LBB are also being undertaken (see paper by Bruckner-Foit and Munz). In t

this analysis, the effect of multiple cracks initiating, rather than just a
,

single crack, was considered. i

In Canada, several research programs are under way at Ontario Hydro (see paper I

by Nathwani). These programs are in the areas of material testing, fracture I

mechanics analyses, and leakrate evaluations. The material testing program is
described in the paper by Mukherjee. The program is aimed at determining the :

i J-integral crack growth resistance curves for various material to be used in
the large diameter heat transport pipe for the Darlington Nuclear Generating '

Station A. The elastic-plastic fracture mechanics analyses involved using the
ABAQUS general purpose finite element computer code. Analyses were performed :

,

for circumferential cracked straight pipe, as well as axial 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 !
involve axial and circumferential1y cracked pipe. Both stainless steel and ',

carbon steel piping have been evaluated by quasi-static fracture tests. Future
] programs will involve evaluation of cracked pipe under dynamic loads, material

property data bases, fracture of elbows and flanges, jet 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 discustas three applications of LBB: evaluation of pressure vessel !
tests, application to bellows in a gas-cooled reactor, and an assessment for '

fast reactor primary vessels. More recent work is focusing on the formulation ,

of a LBB procedure to be included in the R6-CEGB method.
|a

In France, research in the past has involved corrosion fatigue studies, small
diameter pipe burst tests, effects of thennal 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-,

i 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 inertial 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,
i

f

I

.
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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 0. A sumary 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 manufacturing (load, pipe size, welding, etc.), (3) operating and
monitoring (leak detection, operating control, water chemistry, etc.). Of the
three, the significance of material behavior, stress corrosion cracking and
erosion, in particular, was pointed out by many respondents.

The second question was related to the applicabf hty of 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 applica- '

,

tion. However, the significance of an international consensus was commonly
recognized by most of the respondents.

,

The third question was related to the R&D activities to be conducted for the
improvement of LBB studies. The six items considered are as follows: ,

'

full-scale LBB tests (pire fracture tests, leak tests, component tests),
material property tests (tou hness, data bank, quality assurance),

.

fracture mechanics approach crack growth analysis, surface crack analysis, ;

fracture mechanics parameters), 4) moattoring system (crack detection, leak +

detection), (5) loading conditions, and (6) LLB requirements. Of these six '

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 helpful 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 jdata in future conferences.

i

Similarities With Past Ouestionnaires

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 LBB7") 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?").

xiv



- - .- - - - - . .. -

"

,

a

| 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.i
r

Differences: At the 1985 Columbus seminar, the significance of leak detection
was stressed by 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 toughncss was dis-3

cussed as one of the new research topics to be conducted. ,

This seminar was very helpful in clarifying regulatory policies and making
others aware of the research results and plans in different countries. Several
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 is the goal of these seminars. !
Another seminar may be held in England in May of 1988.

,
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LEAX BEFORE BREAK;

SAFFTY INCREASED TODAY - WHAT NEXT
1

by ;

t-

Guy A. Arlotto -

t

Director, Division of Engineering

Office of Nuclear Regulatory Research

U.S. Nuclear Regulatory Comission

,

INTRODUCTION

I have entitled my presentation "Leak Before Break" - Safety Increased Today -
What f! ext." I want to be sure all understand that the proper application of ,

4

"Leak Before Break" as I will discuss will increase the overall safety of'

nuclear power plants. This is what we are all trying to achieve, and we should ,

reflect on our accompitshrtents. But not for too long a time. There is more to
be done, particularly by the international community if we are to achieve the ,

full safety benefit of this technology. Saying it differently, we have
increased safety, but there are potentially additicnal increases that we trust

{ pursue. That is the "what next."
- t

! The USNr.C has been funding, and centinues to fund, research programs adoressing
a broad spectrum of piping research topics. Key research topics include piping'

'design criteria, environmentally assisted cracking, piping fracturt criteria,
leak detection systems and recuirements, and in-service inspection. There have ;

been recent chances in USNRC regulations that stem from research in these ;
drea:; it is anticipated that there will be further changes. Today, I will
focus on current and future regulatory changes resulting frcm acceptance of the
conclusions of one of these research efforts; narrely, "leak-cefore-break."

Since 1978, the USNRC has been funding research examining the leal-before-break !

ccncept because concerns were raised regarding whether overall plant safety was |

increased by postulating a double-ended pipe break. The leak-before-break ,

topic has been the focus of considerable interest in the internaticnal
.

comunity as well. The USNRC sponsored a CSNI Specialists Meetinn in the fall
of 1983 adoressing leak-hefoie-break, and another international seminar on the j'

topic was held in the fal; of 1985. In addition, there have been several i

: technical meetings on the subject held in conjunctien with the ASME Pres'sure
; Vessel ano Piping cerferences. All of these meetings have been well attended

!by the intertiational technical ccmunity, suggesting a high level of
interest.

~

i
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:
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Now that a clear picture is beginning to emerge that provides technict.1
justification for applying leak-before-break, it is imperative that the
internaticr.al dialogue continue to assure mutual understanding that will lead
to a broader acceptance. Seminars such as this one and the workshop scheduled .

for next week help disseminate current research results and encourage |

completion of technology development, thus increasing the probability of
international consensus.

Before discussing the regulatory changes in the United States, I would like to
give you some history on hcw the regulations were introduced and what has led ,

us to char.ce them.

BACKGROUND

Almost 20 years 790, the USNRC's predecessor, the Atomic Energy Comissien,
consicered the problem of pipe breaks and conservatively concluded, or so it
seered at the time, that double-ended pipe breaks should be postulated.
Initially, the pipe rupture event was postulated only for containment design
and the sizing of emergency core cooling systems. Subsequently, tFe dynamic
effects associated with pipe rupture were also assumed to be credible. In
implementing this decision, a "break everywhere" approach was taken, including
a postulated double-ended break in the large reactor coolant piping. A conse-
quence of protecting against the potential dynamic effects of pipe breaks is
the installatien of massive structures to restrain '% hipping" pipes and the
installation of jet impingement barriers to protect important equipment from
the effects of escaping fluid. Further, there were very large loads associated

i
with these postulated breaks, and those loads became part of the design tasis;

1 in many cases the controlling part, particularly for heavy cocponents such as
! steam generators, reactor vessels, and coolant pumps.

Results from subsecuent piping materials research and insights from probabil-
istic risk analyses have shewn that, in some cases, postulating a double-ended
pipe break ray not be contributing to overall plant safety. Consequently, the
USNRC has inplemented codificaticns to its regulations to permit designs that
do rot require protection against dynamic effects associated with postulated

; double-enced pipe ruptures for piping that meets rigorous acceptance criteria.
! Satisfying the acceptance criteria is deemed an adequate demcnstration that the

line under consideration will leak before it breaks. Eliminating the reed to
protect against these dynamic effects 1 cads to removal (or noninstallation for
new designs) of certain pipe whip restraints and jet impingement barriers, ard
permits redesign of heavy component supports. Properly implemented, this
approach will enhance safety, reduce occupational radiation exposures, coc
reduce costs.

MODIFICATIONS TO GCC-4
'

Turning then to the changes to our regulations, the requirement to postulate
the double-ended pipe break for protection actinst dynamic effects arpears most
notablyinGeneralDesignCriterien4(GDC-4)ofAppendixAto10CFR50. A
two-step procedure has been undertaken to modify GDC-4 The first modifi-

! cation, finalized in April of 19E6, was limited in scope to the prir:ary coolant
~

loop of Pressurized Pater Reactors (PWRsi. The second modificatien covers all |
high erergy piping in all U.S. nuclear power plants. Despite the cifference in
scope of the two mooifications, the acceptance criteria basically were the
same.

2
4

i
!
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A fundamental prenise of the GDC-4 modifications is that an acceptably low
probability of failure is assured if deterministic acceptance end fracture

j analysis criteria are satisfied. The acceptance criteria preclude applying !
leak-before-break to any line that is susceptible to significant damage;

1
rechanisms such as corrosion (IGSCC for example), erosion, water hammer, ;

fatigue, creep, or indirect fdilure mechanisms. Satisfying the acceptancei

i criteria, while significant, simply allows one to proceed with the crack j

; stability analyses. Said another way, satisfying the acceptance criteria is a
; necessary condition but is net a sufficient condition.

If it is demonstrated that a line is not susceptible to these damage
mechanisms, then the analysis procedure requires a demonstration that even if a
throuoh wall crack were to develop by some unspecified rechanism, it would
remain stable with margin under the design basis loadings, i.e., normal plus
SSE loads. The size of the through wall crack used in this analysis is derived
from plant leak detection capabilities and a validated leak rate rodel. If the

i staff determines that the acceptance criteria have been satisfied and that the
! results of the fracture analyses indicate sufficient rargin against failure. *

then the plant would be permitted to be designed and operated without the
protective hardware (pipe whip restraints and jet impingement barriers) on the4

specific line analyzed. Other related changes can take place as well. ;

,

At the NRC, the document that governs the licensing review of an applicatien to
'

.t design er operate a plant is called the Standard Review Plan. To implement the
regulation change just discussed, a new section to the Standard Review Flan,<

SRP 3.6.3, "Leak-Before-Break Evaluation Procedures," has been drafted that ,

includes the acceptance criteria and fracture analyses. I will sunnarize the |
j more significant points in the evaluation procedure. t

: -

! The significant aspects of the review procedures recuire that:

| 1. LBB is applied only to ASME Code Class 1 and 2 piping or the equivalent. !
i However, applications to other high energy piping will be considerec; based |
1 on an evaluation of the proposed design and in-service inspection :

! requirements. ;

i

2. LEB is applicable only to an entire piping system or a specifted portion :

{ that can be analyzed as an entity such as piping segments located betweer ;

j anchor points. It cannet be applied to individual welded joints or other i

discrete locations. Ii

|a

! ?. The LBB evaluation uses design basis loads and is based on the as-built |
Iconfiguration as opposed to the oesign configuration. Particular3

attention is given to snubbers whose failure may invalidate the stresses
j used in the crack stability evaluation, j

4 Evaluations of degradation ey erosion, erosion / corrosion, and [

] erosion /cavitatien due to unfavorable flow conditions and water chemistry !

{
must demonstrate that these rechanisms are not potentially significant

~

l sources of pipe rupture. Data based on extended plant operating
experience are most useful in these evaluations. ,

I

!i a
'

.
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4 5. The potential for water hamer is evaluated for the syster under |
consideration to assure that pipe rupture due to this mechanism is i

i unlikely. Frequency of water harrer events ir specific piping systems '

j over extended periods of operation coupled with a review of uperating
i procedures and conditions would be most useful to demonstrate that water

hancer is not a significant contributor to pipe rupture. i
'

6. It must be demonstrated that the lige is not susceptible to creeg or |creep-fatigue. Operating below 700 F in ferritic steels and 800 F in .

: austenitic steels can satisfy cencerns of creep for materials comonly [
used in piping systems. Light water reactors nomally operate below these'

terperatures ano, thus, are expected to meet this recuirement, j

7. It must be demenstrated that the line is resistant to corrosion damage. !
| This demonstration must be based on favorable data from investigations of !

the frequency and degree of corrosion in the specific pipirg systems ever
; extended periods of operation. Modificction to cperating conoitions (as

for example, careful control of water chemistry) or design changes (as for
example, replacing piping material) are treasures that can be taken to

,

r

imprcve corrosion resistance in piping. Stress corrosion cracking is L
important but not the cnly corrosion mechanism to be addressed,

a 8. It must be demonstrated that the systems under evaluation do not have a !
| history of fatigue cracking or failure. An evaluation must be performed '

; to assure that the potential for pipe rupture due to themal ard
,

! mechanical fatigue is unlikely. In addition, it must be demonstrated that
there is no significant potential for vibration induced fatigue cracking
or failure.

For piping systems that satisfy the acceptance criteria, the next step ir. the |
1 leek-before-break evaluation is to demonstrate that a through wall crack, whose i

i length is based on leak detection considerations, would remain stable with !
j margin for the design basis loading; i.e., nomal plus the safe shutdewn ;
1 earthquake. If the acceptance criteria are satisfied and crack stability is
) demonstratec, it is jucged that the line will leak before it breaks.

,

!4

) The details cf the crack stability analysis are too involved to elaborate here.
However, I would like to point out that the crack stability analysis is
conducted using the location in the system with the most unfavorable
combination of stress and material properties for base metal, weldments and4

! safe ends. The results of the analysis, which may be based on either a
,

j fracture mechanics approach or a limit Inad approach, as appropriate, are |
| evaluated against two criteria. First, the critical size crack is deterr.ined '

' for normal plus SSE for the particular location. This critical size crack must !
be larger than the leakage related size crack oy at least a factor of two,

,

i Second, the leakage size crack must be shown to be stable if 1.4 times the
J normal plus !!E loads are applied. If loads are combined by absolute

sunmation, then the factor of 1.4 may be reduced to 1.0.
>

We feel that this cutbination of rigorous acceptance criteria, intended to
) exclude lines that are susceptible to known damage mechanisms, cor.bined with a

crack stability aralysis used to account 'or those unforeseen dareces

' mechanisms, provides an acceptable demonstration that the lire will leak before
it breaks.,

!

i 4

!
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'

As ! noted earlier, fer pWR prinary coolant loeps, redesign of heavy cerponent
supports is permitted for those plants where leak-before-bredk has been !

,

j demonstrated. The scope is being expanded to other piping ir. PWRs and to
i BWRs.
i

.

|

3 The criteria for redesign have just been finalized. For existing plants. '

char (,es in the supporting steel and concrete structures will not be permitttd. !
Redesign will be limited to reducing the capacity and number of snubbers that |
provide lateral support to the component, and to replacing high strength bolt i

material. Eliminating the LOCA loads from the design basis leads to a :

significant 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 hase an
: in-place test capability, will replace the larger hydraulic snubbers.

The NRC's present and on-going modifications to GDC-4 reflect the realization'

that the interpretation of the original regulations, requiring the installation
of pipe whip restraints, jet impingement barriers, and snubbers may not have

i been in the best interest of safety for all cases because of the reducto
' effectiveness of inservice inspection and potential inadvertent restraint of

thermal growth. We believe that the changes to the regulations, if properly
implerented, could result ir greater safety for those linos that treet the.

,

stringent criteria.
4

DIpECTIONS FOR THE FUTUDE

Turning nw to the question of where do we go from here. The changes to GCC-4
; are restricted te design for dynamic effects associated with pestulated !

1 double-ended pipe ruptures. Powever, the double-ended break of the largest !

primary coolant pipe is retaired as the design basis for other censiderations,'

:i such as conteirrent design. ECCS sizing recuirements, and the environmental ;
j qualification of electrical and mechanical equipment. Many of the public

com ents we received on the changes to GDC-4 suggested extending i

leak-before-break to t'.ese other areas. At this point in time, there is net
,

1 sufficient technolod cal evidence to support a different design basis for ;

} containment desien. ECCS requirements, or equipment qualificatien, j

; In closing, let me note that ve have come a long way since the AEC irtposed the |
break everywhere concept. We now have better knowledge of how pipes nay break, i

1 1his knowledge, properly applied, leads to greater overall safety. However. |

] there is a need for validation of certain criteria discussed earlier. ]

Further, as we consider the extension of leak-before-break to other aspects of
) plant design, we must be certain that plant safety is not compromised. At this
j time, principal reliance will be placed on industry effurts for justification
j of this extension.

I will close on a personal technological note. We have faced up to a difficult
; problem, developed data, done analyses, made decisions, and reflected this work |
j in our regulatory decisicrmaking process regarding the need to protect arainst !

cynamic effects of double-ended pipe breaks. I believe the key technological |
-

| question that remains is: What de we substitute for the dcuble-ended pipe I

j break? It is only in confrontirg this cuestion and an w ering it based on a
strcno technological base that we can have a consistens design tasis and assure4

i ourselves that optimum safety is close at hand. In my judgment, the only hope ]
i l

|l 5
1 l
1 !
'

i
1



for success in answering this question rests with the internatiorial
technclogical experts - you. Without international 6greement er such a
cramatic and far reaching change, there is little chance of ecceptance. This
is the challenge of the future - it is yours.

!
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ABSTRACT

i Since the revision of the Guidelines of the. "Reactor Safety Com-
! 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 author 1-

|
ties,

i

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

| The exclusion of pipe break for pipes made of austenitic steel,

|
like the surge line and the branch connections of the ECC-systems
have been decided in March 1984. It has been demonstrated that thei

reliability of special ultrasonic testing methods are sufficient
to ensure the detection of any relevant defects developing inser-
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 contain-
| . , up to the first closure valve in the outside containment com-+

...tment have also been accepted if the applicant had demonstrated
that the principles of basic safety were met equally 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.

j ror the high-temperature gas-cooled reactor (THTR 300) as well as
; the sodium cooled 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 LBB 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 leakaged in piping systems as used in risk stu-
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.

1

8

|
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i !
'

i
) 1. Introduction
4

| Since the revision of the postulates of pipe breaks in the guide- !
lines of the "Reaktorsicherheitskommission" (RSK) /10/ in the (.

i rederal Republic of Germany (FRG) a number of nuclear power plants !
! -have been erected. The change in regulation could be implemented j
| without any great difficnities. The new requirements resulted at ;

the end into a 5

d !
; uniformly high quality level of the components and piping j-

simpler lay-out of the systems !j -

1 .

| which is expected to give an increase in reliability. |
1 !

\,

i 2. LBB Philosophy And Application |
|

! The change in the regulatory requirements in the FRG with respect
, to the design against postulated pipe breaks was presented and ,

j discussed in the past LBB seminars /9, 16/. For the sake of clari- .

fication the approach development in the RSK-Guidelines is summe- i
1

i rized in table A and B. The related requirements for the component '

; and system design are shown in table C. ;

The term ' break exclusion' ae compared to the term ' leak-before- I
break' does express that a pipe break due to internal as well as [,

] external loads within the trame of the design loading and analyzed !
j accident conditions can be excluded. The term leak-before-break is !
; sometimes narrowed down to a certain behavior of crack growth iunder 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. ;

'

7
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i

! ;

!
t

!

, !

!
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13reak postulates acconting in RSK-Guidelines
!

J = main primary coolant piping
* branch connections

- surge line '

j - RIIR and ECCS-lines break exclusions
: up to the first check-valve maximum opening area

j c of 0.1 cross section (A)
J * main steam line inside conL'

_

6' * main feedwater line " "

y
e

i e main steam line outside conL. break due to
'

E * main feedwater line " external events (2A)
"

,

y
_

'

s e safety and auxiliary systems break postulates selected'

j 0.D.2 50 m m according to criteria
.

' I instrumentation, safety and*

. I auxiliary systems break (2A)
! d 0.D. < 50 mm
1

-

1ABLE A1 :
*

;* ftpeest % $ sG. I (4rD4/SI t?st4906

; -

!

l

:
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: Accroach to deterrnine break costulates
,, --

- |
'

according to RSK GL 4.2-

R
1 e

y
I

,

::

g safety & auxiliary systems
,

3 0.D. > 50 mm

,

| low energy yes !
p < 20 bar i
T < 100 *C

'

'|

no
4

time yes
operatten
<2" -

;

|
'

,

no
:

,

nominal yes !,

stress at operation
5 50 N/m.. *-

I

no
,

i I

i guillotine leak area determining
! 'type break by suberit. crack

or 0.1 A upper bound
i
l

,

; TAELE B
1

11q

i
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Requirements related to break postulates

leak size

containment design 2A, c

j compartment design 2A, c
j system reactivity, shutdown margin 2A, e

p flooding 2A, c

{ instrumentation qualification for containment atmospheren
5 component support F = 2 x pressure x A
5 design of internal structures 0.1 A (15 ms)e
1 pipe whip 0.1 A
' jet impingement 0.1 A
t
i

A = cross section of the pipe-

1 c = circumferenitial
,

r.

1

-. ..c., ,m,u .s.u,,,
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3. Implications To Risk Studies

3.1 Introduction

The thermohydraulic analysis of incident sequences includes a
number of various leakage si:es 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 requirements for the
function of the system for residual heat removal in the case of
leakages in a reference plant pipe system that contains primary
coolant.

Thus, it is necessary within the scope of risk studies to estab-
lish not only the failure frequencies of active components, but

,

also 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 L

coarse allocation of contributions of the occurrence probability ,

of leakages of various pipes to the defined leakage si:es, 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 conven-
tiona). plants .

From the point of view of structure and fracture mechanics, it is
difficult to allocate leakages to a certain category of si:es, as
the size of a leakage is dependent upon the stresses involved and
may change 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 sub-
divide the pipes, including their branches, of the cooling system
under review in accordance with the nominal widths concerned. The
system layout is depicted in Figs. 1, 2 and 3 and need not be
detailed here. With respect to the re ference plant, the ma]or
systems and their nominal widths are shown in Fig. 4.

Separate investigations are required for the determination of
leakage contributions resulting from failures of seals.

3.2 Influencing 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 apprcGwhes 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 investigations carried out, mainly the
first two approaches were used (Fig. 5).

An explicit consideration of the various influencing factors is
difficult, or even impossible, with respe.ct 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 qualitative comparability between the behaviour of
different items since otherwise the reference quantity is restric-
ted too much.

Compared with the nuclear data base used in USNRC /1/, much more-

comptehensive operating experience is available now. An evalua-
ting survey of the American operating experience is contained in
Bush /3/. Reports on cracks in German plants are contained in

| Rumpf /4/ and Miksch /5/ which deal in particular with the influ-
ence of the fluids concerned. The analyses of the operating ex-

. perience with piping systems have confinned the general knowledge

| that for certain equipment and material a pronounced damage may
I occur. Examples are the comprehensive damage resulting from inter-
| crystalline stress corrosion cracking in primary coolant pipes
| made of unstabilized austenitic materials in boiling water reac-
| tors of US vendors, although the results cannot right away be
| applied to Terman plants by analogy, as other materials are used
| here (stabilized austenitic or ferritic steels). Possible damage

to pipes of higherstrength grain refined steels in German plants
was ruled out by an exchange of pipes Schul: /6/. The considera-
tiens indicate that a detailed review of the influencing factors

,

| is needed in order to define the reference quantities for statis-

| tical investigations of the applicability of the results.

Yith respect to damage to smaller pipes, there is a greater number
of different causes. Wherever cracks have led to a rupture, vi-
brations due to flow initiation or valve opening and closing pro-
cesses have often been contributing causes. The investigations
carried out so far are not sufficient to determine significant
differences between the different types of plants.

14
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3.3 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 cm2 Apart from the piping sections that cannot be
isolated inside the containment, 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 f ac-
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
of the piping systems was used in accordance with the following ;

lines. |

The classification uses three categories, viz, pipes of large
| nominal widths, pipes of nominal widths 5 DN 25 and pipes of

| nominal widths < DN 25 > DN 250, For the large nominal...

| widths, the principles of basic safety and the fracture mechanics
| analyses are used. The assessment of nominal widths s DN 25 is
! effected, to a far-reaching extent, on the basis of the statis-
| tical investigations. For the intermediate range of nominal

widths, additional working hypotheses are used.

In a first step operating experince of german PWR-s has been eva-
luated with respect to leaks and severances occurring in the
structure. Leaking caused by damages of sealing or by a malfunc-
tion of fittings has not been the task of this study. In a second I

step, on the purpose of studying the mechanisms of damages occur-
ring in such systems and to broaden the basis of data further
operating experience of PWR-s in other western world countries has
been scanned. The experience used is 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.
I I

The evaluation of these data suggests, that failures in small si:e |

piping are predominantly due to vibration of the piping. We con-
clude that the conditions of operating of such small sa:e piping
are very similar in primary coolant containing systems of all
PWR-s that contribute to the entries of the data banks.

1
iThe 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, j

The broar.ening of the amount of data for nuclear piping damages
beyond the german experience would be desirable, however it must

15 |
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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 coolant containing system that cannot be shut off from
| the main primary coolant reservoir.

3.3.1 Pipes of large nominal widths

!As compared with the seventies, there is now much more information
available, as a result of the experimental and theoretical rese-

i

! 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/, Bartholom6 /8/and Schul: /9/ contain the bases and prerequi-
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 in
order to cope with leakages can be waived with respect to the
primary coolant pipes inside the containment.
As far as operating experience with German pressurized water reac-
tors is concerned, in-service inspections have not revealed any t

findings with respeet to piping systems of large nominal widths.
|

Theoretical investigations on the basis of probabilistic fracture
mechanics were carried out by various organi:ations 1ABG /11/,
USNRC /12/, Rk'IVEV /13/ with respect to the derivation of failure ;

and leakage probabilities of piping systems, with RhTUEV /13/ dea-
ling especially with the conditions of the reference plant consi-
dered in the Risk Study. The methodical approaches and assump-
tiens used in the studies are not discussed here. Various in-
fluencing factors such as material toughness, testing procedures,
time between inspections, loading collective including external
loads (earthquake) were investigated systematically. It should be ;

underlined that, in all studies, the galues of ge probabilities
of leakages are extremely small (lo" 10~ per plant and !...

| year) thus supporting the conclusion laid down in the RSK Guide-
' lines.

|

Therefore, a calculatory value of 10~7 per year and plant is 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 5 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 opera-
ting experience with German pressurized water reactors. However,
the statistical material is insufficient for the derivation of any i

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

jaforementioned data bases can be used, since they contain relicle
|

information on severances of piping of this size.
|
i
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As a result of a check of chese data bases there are zero occur- !

|
rences of severances of piping oi nominal values DN 2 25 for power 1

' operation. The inferences made here take into account in a conser- i
Ivative manner an occurence, which happened during a test in a PWR.

!
3.3.3 Pipes of nominal wi4Lhs > DN 25 ... < DN 250

,

Based on the minimum reqJirements for de function of the system
I for residual heat removal, leak @ s fnd breaks in pipes of these
' nominal widths, which are connectey with the primary coolant

system and cannot be isolated, are of considerable relevance.
i

on the basis of an evaluation by GRS of the operating 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.

t

In the statistical material that is available, the number of lea- I

kages is small. Their cross section is u 1 cm2 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 were used for the derivation of
reference quantities and the relationship between leakage and
break probabilities.

As far as the definition of reference quantities was concerned,
the general engineering experience was used that damage occurs in
particular at no::les, 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 systems 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 thick-
ness allowances, material changes, abrupt wall thickness changes, ,

etc.). This procedure is also in compliance with other investiga- i

tions reported in literature USNRC /1/, Bush /3/.

Proportional nunbers are frequently introduced for the description
of the ugineering experience that, compared with the entirety of
all leakage events, only a small porcentage relates to the full j
cross section of the pipe (break). In various statistical inves- .

tigations of co'"entional pressurized components USNRC /1/, and i
ARGE TUEV /14/, proportional numbers ranging from 50 to 100 are
found, with no classification as to specific nominal widths.
Pipes of .maller ncminal widths are not covered.

17 iI
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In view o f the requirements for v i "y and quality aseurance in
nuclear facilities, as well as the a.4 age monitoring systems in-
side the containment, a global application of such values to the
proportion between leakage and break probabilities over the entire
range of nominal widths is considered as too conservativv. For
various reasons, it makes sense to introNce different categorios
of nominal widths. In view of the pipe leos to be investigated at
the reference plant, the proportional .wnbers shown in Table 3
were used. For the derivation or these 11gures, basic values for
pipes of small and large nomiral widths were laid down on the
basis of statistical evaluations and theoretical considerations.
In the case of pipes of small nominal w!dths, the cominant per-
centage of failures is caused by vibrations resulting in a rup-
ture. As a rule, manufacturing reasons lead to the use of greater
wall thicknesses than would be necessary to cope with the internal
design pressure. This means that cons 1(lerable crack propagations
will be necessary before detectable leakages occur, h'oreover,
external iafluences (assembly stresses, conseqvential damage,
etc.) are of greater importance in. the case of pipes of small
nominal widths. From these points of view, a proportional number
of 10 for the ratio P Leak /B Break is appropriate. The factor 10
is in compliance with operating statistics.

For the range y large nominal widths, proportional numbers bet-3ween 10 and 10 can be derived on the basis of various conside-
rations. Corresponding examples are the investigations on the
basis of fracture mechanics estimates carried out in BarthP.ome'
/s/ apd RV 'UEV /13/. For the present study, an upper basic value
of 10 was chosen which is allocated to a nominal width of DN 1000.
For the determination of the proportional numbcrs in the ranqe of
nominal sidths from DN 25 to DN 250 in the primary -tystem the
fol'.owing quadratic relationship was used:

P leakage DN + 0,4 x E= 9,6 x .-

P break 25 25

3.3.4 AlloNation of leakage areas to failure causes

There are various possib!e approaches to determino the Sping
system sections which make contributions to the leakage cre Jac-tions contained in Table 1. A determination o: the basu i the
critical crack lengths resulting from various scresses c .ot bejustified because of the time and expense involved, and d not
result in any material improvement in view of the overall .a*uracy
of the statements that can be achieved. Starting out from the re-
lationships demonstrated in in.ssmaul /7/, and Bartholome'/J/ bet-
ween leakage opening and critical crack length, and the essessment
of failure probabilities performed in RVIVEV /13/, a cutoff cri-
terion of 2% of the cross-sectional area of the pipe was intres-
duced as another working hypothesis (Fig. 6). Thir means that
cracks in a pipe which cause leakage openings up to 2% (f = 0,02)
of the cross-sectional area make a contribution to leakages. When
2% of the cross-sectional area are exceeded, the difference in
probabl.ity between leakage and break is no longer considered to
be significant in the investigation performed 6.nd the whole pipe

18
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cross section is regarded as being the leak areas. Fig. 7 illus-
trates this fact. i

i

!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, in
the leak range 2 cm2 F5F$ 12 cm2,

'

3.4 Results and Conclusions
i

Starting out from the bases and working hypotheses de' cribed in
Section 3, the occurrence probabilities of leakages ant reaks of
pipes were determined for a PWR reference plant. The results con- ;

cerning the area inside the containment are compiled in Table 5. ,

'

Additional investigations w'ere carried out for piping systems in
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 conclucions 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,
i

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 is small so that large scattering ranges result. '

The working hypotheses chosen lead to consistent results.-

Further differentiations and verifications may be necessary for
a narrowing down of the scattering ranges.

|

I
!

|
.
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TABLE 1.
,

MINIMUM REQUIREMENTS FOR AVAILABILITY OF SYSTEMS FOR

RESIDUAL HEAT REMOVAL IN CASE OF LEAKAGE OF P!P!!1G

CONTAltlif1G PRIMARY C00LAtiT
4

4

;

sectn.(Cm )[hign-
leak cross System functions recu: red '

2
injection Dy low pressure low-tressure acmtss,c:e teec water

pressure pressure inject:en for inject 0n Ce!ay of SUC;!y
inje0t:Cn SC0umu!a- flCCC:ng sump seCOnCan/

tCTs Operat!Cn s:00 '

shut:0wn '

> 500 | |
-

| 1 | 1 | |
- tx-

200-500 1 - 1 1 x -

300-500 - 2 1 1 x -

3 cr 4 - 2 2 x -

80-200 2 1 1 60 1-

1 - 1 1 30 mean
feecwater2 - 1 1 60

i 50-80 1 3 1 1 60 8';P!Y
1 - 1 1 30 cr
2 - 1 1 90 2#

25-50 i
1 - 1 1 60 emergency

|
feecwater i

02-25
-

y0 supply 1- - 1 1 . ,

l
'

' large leak
EEJ medium-sized leak

i i i smallleak

|
|

,

1

1
|
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TABLE 2.

RATE OF OCCURREtiCE OF LEAKAGES AT P!P!tG C0tlTAlfIt:G
PRIMARY C00LAt1T (ACCORD!t1G TO WASH-1400 At1D THE CERMAtt
RISK STUDY, PHASE-A)

Rate of occurrence per plant and year

very small leak (2 - 80 cm ) 3 10-4 - 1 10-2 |2

2medium-sized leak (80 - 400 cm ) 3 10-5_3 10-3 ; |
:

2
.

large leak (> 400 cm ) 110-5_110-0

|
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Table 3

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

DN P leak /P severance

-25 10

50 25

80 25

100 50

150 50

;

!
I

i

1

|

i
i

i
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Table 4-

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

size 2 cm2 g p 5 12 cm2 when making different assumptions
leak

about the critical leak area F =fFcrit pgp, ,

!
1

t

!
*

,

f leak leak that leak that leak that
cannot be can be shut can be shut '

shut off off once off double- |
fold *

1

crack !

0,02
_ _ _

;'DN 2 100 4 E-5 1,5 E-4 1,1 E-4
.

severance !
I DN 25 1,7 E-3 1,3 E-3 4,2 E-3
1 -

total 1,7 E-3 1,5 E-3 4,3 E-3

crack*

DN 2 50 1,3 E-3 2,8 E-4 1,1 E-3
0,1

; severance
,

1

DN 25 1,7 E-3 1,3 E-3 4,2 E-3 |

total 3,0 E-3 1,6 E-3 5.3 E-3
|

?

*

.
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Table 5

Stati'stical paramaters of various contributions to the occurence

rate of leaks of different 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

[cm]2
, ,

'

<2 crack or A 1,5 E-1 1,2 E-1 1,3 E-1
break DN 15 A 2,6 E-1 2,0 E-1 2,2 E-195

crack A 4 E-5 1,5 E-4 1,1 E-42,yg
break DN 25 A 1,7 E-3 1,3 E-3 4,2 E-3

A 1,7 E-3 1,5 E-3 4,3 E-3total
A 4,4 E-3 2,5 E-3 7,8 E-395

crack A 4 E-7 1 E-6-12-25.

break DN 50 A 1,7 E-4 8,7 E-5 5,0 E-4

A 1,7 E-4 8,7 E-5 5,0 E-4total --
A 6,5 E-4 1,6 E-4 9,0 E-4g5

|

crack A < 1 E-7 {
- -

25-80 break DN 80 A 5,7 E-5 1,6 E-4 5,0 E-4 I

break DN '00 A 9,6 E-6 8,2 E-54
-

A 6,7 E-5 2,4 E-4 5,0 E-4total
A 2,3 E-4 9,1 E-4 9,0 E-495

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 - -

A 1,4 E-5 2,5 E-5 1,0 E-4total
A 5,3 E-5 9,9 E-5 3,8 E-495

contd. next page
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Table 5 contd. I
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I

crack or A < 1 E-7 - -

200-400
break DN 250 A < 1 E-7 < 1 E-7 < 1 E-7

A < 1 E-7 < 1 E-7 < 1 E-7
total

A < 1 E-6 < 1 E-6 < 1 E-6
95

. leak or A < 1 E-7 - -

> 400
break

< 1 E-7DN 4 300 A < 1 E-7 -

< 1 E-7A < 1 E-7 >-

total
< 1 E-6A < 1 E-6 -

95 ;
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determination of data analysis

determination of components contribution to risk only
and piping products by circumferential welds
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 (Poisson Model)

damaging mechanisms no interdependence between
to be taken into account

. _

different damages
~

ratio between probability of.
'

methods of analysis leakage and severance
can be determined

fracture mechanics
~

cntical leak area 0.02 F
.

statistical evaluation
of failures
Bayesian Inference

:

!
|

|
FIGURE 5. '

DETERMINATION OF DATA. HYPOTHESES AND METHODS APPLIED.

|
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I

I
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leak area c'ause of leakaae
__

|

' 'CRACK / -

2- 12 (2% of pipe X-sectn.)
|

A=3.3 cm2

%

12 - 25 M,.
e

i

|

25 - 80 / \ / !

/ |
SEVERANCE |

80 - 200 (100% of pipe X-sectn 1 -

|/ |

~~A=165 cm2 -

|

I,

'
i ,

!

FIGURE 6.
.

RELATION OF POSSIBLE LEAK AREAS OF A P!PE TO THE LEAK SIZE-CLASSES
DEFINED BY THE NEEDS OF ACCIDENT ANALYSIS.

( EXAMPLE: NOMINAL DIAMETER 150 MM ) i

I

!

l
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Catastrophic Failure

2: 1,0 S :
BVSO42Y BVZO30n.
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failure

$ $ Av = 200 J @ l

E. g 0,50 0 22 NiMcCr 37 |
9 Sp. melt
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o g Leaka9e curve /BVZ 060/ }| ' '|}
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i

>a BVZ 022 . /
.

o
BVS,020.c,_.d (BVS 030) HIcrit,

0 0,25 0,50 0,75 1,0

l Lenght of surface notch la
Critical slit lenght Icrit

I

(Origin: MPA) |

FIGURE 7.

EXPERIMENTAL EVIDENCE OF FAILURE MODES ( FOR AXIAL CRACKS )
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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. {;

;

,

b

1

,

t

!

4

.

1

,

!

|
|
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!

! Fbrther subjects of research
.

E

! * component testing for crack growth
} under environmental conditions
E

crack opening behavior in*

elbows and branch connections

leak rates at transient loading*
.

and operating conditions
t

continuous evaluatione

of operating experience
:

generic evaluation for load following |*

.

operation with respect to
|

!, loads
water chemistry
operator errors

; 1

i
!

l

|

TABLE D
1

,

:
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Current Status Regarding Policy Making on

"Leak Before Break" in Japan
.i

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 R&D and operating experiences, and information on |

policy making on this matter in foreign countries.

This review is being done by a task group of technical advisors on reactor
I

'

safety and specialists from utilities, vendors, and R&D organizations. |
|

The task group has been reviewing the applicability of the LBB concept to j

the austenitic stainless steel piping that forms the reactor pressure !

: boundaries of LWRs since 1984 The group has also been reviewing the

applicability of the same concept to carbon steel piping sinca 1985.

The above review on austenttic stainless steel includes:

(A) applicability of the concept4

; (B ) design measures to prevent piping break
' (C) impact on safety evaluation. l

|

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 !

j presumption that (1) selection of piping material, design, f abrication,

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

!
37 I
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b

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 possible 'with 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 presunption that
'

the application of the LBB coacept has no impact on (1) the engineered safety
'

features, (2) the emergency shutdown systecs, and (3) the containrent, advised

that the size and location of the break' be assumed on a best estimate basis.

A revie.1 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 (B) 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

i

substantially reduce the dynamic loads of pipe whipping, jet impingement, and

the pressure imbalance in the vessel cavity.

.

Y
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SCHEDULE OF ESTABLISHING l

LBB CRITERIA |

I
e STAINLESS STEEL PIPING

- M AY, 1984 : SAFETY EVALUATION COMMITTEE WAS ORGANIZED
- D EC. 1984 ADHOC COMMITTEE WAS ORGANIZED
-MARCH,1986~ : NEW LBB CRITERIA PROPOSED BY ADHOC

COMMITTEE

- APRIL, 1986 : TECHNICAL ADVISARY COMM. ON NPP
i
'OPERATION REVIEW

- M AY, 1986~ : SAFETY EVALUATION COMM. REVIEW
' DEVELOPING MITI REGULATORY GUIDE REFLECTING' ;

LSB CONCEPT ONLY FOR STAINLESS STEEL j
. PIPING i,

e CARBON STEEL PIPING
1

- AP RIL. 1985 : LSB VER!FICATION TEST (C/S) |

STARTED

-MARCH. 1988 : LBB VERIFICATION TEST (C/S)
WILL BE COMPLETED

-END OF 1988 : MITI REGULATORY GUIDE ON LSB DESIGN

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

39

.



_- -- .

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

MITI - - - - - - - - - - - - - - - - - - - - - - - ,

' |
1

i
TECHNICAL ADVISORY I

SAFETY EVALUATION I

COMMITTEE ON NPP |
g COMMITTEE i

OPERATION | |NDUSTRIAL GROUP
1

I---- / ELECTRIC UTILITIES'

| (VENDORS j
i
i
l
I

i
1

|ADHOC GROUP - - - - - - -

_



REVIEW ITEMS FOR DEVELOPING LEAK-BEFORE-BREAK CONCEPT

;

eVERIFICATION OF LBB CONCEPT

* e DEVELOPING PROTECTION. CRITERIA AGAINST DYNAMIC EFFECTS

RESULTING FROM POSTULATED PIPING FAILURES

1

e SAFETY EVALUATION FOR PROTECTIVE DESIGN IN CONSIDERATION OF

LBB CONCEPTt

,



|

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 I
.

REQUIREMENTS

-NO CREDIT FOR ISI CONSERVATIVELY :

1

42
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Design Criteria for Austenitic Stainless Steel Pipes (BWR)

Pipe Size (B) 2 4 6 10 14 16 20 24

Outer Dia: Do (mm) 60.5 114.3 165.2 267.4 355.6 406.4 500.0 '609.6

P.:pe Wall Thickness
5.5 8.6 11.0 15.1 19.0 21.4 26.2 31.0

: t (mm)

/
Leakage Crack Lengtli

25.14 - - -- - - -

2 0 (deg.)

Stress Limit for /
2.55 2.02 2.01 2.81 2.81 2.80 2.80

Crack Stability (XSm)

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

Sm is design stress intensity ;12.1 kg/mm* *2.

- _ _ _ _ _ _ _ .__ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ - - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ - _ _ _ - - _ _ _ - - _ _ _ _ _ _ - _ _ _ _ _ _ - _ - _ _ _ - _ _ _ _ _ _ - _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _



Design Criteria for Austenitic Stainless Steel Pipes (PWR)

Primary Coolant
Pipe Size (B) 11/2 2 4 6 10 14

Loop P,p,ngii

.___ .-

Outer Dia: Do (mm) 48.6 60.5 114.3 165.2 267.4 355.6 836.0 882.0 943.0

Pipe Wall Thickness
t 7.1 0.7 13.5 18.2 28.6 35.7 68.75 72.7 77.8

: t (mm)

Leak ige Crack Length
_ _ _ _ _ _ _ _

2 0 (deg.)
- _

Stress Limit for
*

Crack Stability (XSm)i

NOTE: Stress limit for crack stability includes membrane and bending stresses.
Sm is design stress intensity :11.7kg/mm**2.

_ _ _ _ _ _ _ _ - _ _ - _ _ _ - _ _ _ _ _ _ _ - - _ _ - _ _ _ _ _ _ -
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PROTECTIVE DESIGN AGAINST POSTULATED PIPING FAILURE

e FUNDAMENTAL CONSIDERATION

TO MAINTAIN FUNCTIONAL CAPABILITY OF;

-REACTOR CONTAINMENT FACILITY

-ENGINEERED SAFEGUARDS AND THOSE RELATED SYSTEMS

-REACTOR SAFE SHUTDOWN SYSTEMS

e DESIGN CRITERIA

TO CONTAIN ;

-PIPINGS IN FLUID SYSTEMS TO BE POSTULATED OF FAJLURES

-POSTULATED FAILURE LOCATIONS, TYPE, SIZE etc.

_ _ _ - - - - - _ - - - - - _ _ - _ _ __ - --__. - _ - - _ _ - _ - _ - - _ _ _ - _ - - - _ . -_ _- - _ _ _ - _ .
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DEVELOPMENT OF RATIONALIZED DESIGN
,

: CRITERIA
i

e APPLICATION OF "LEAK-BEFORE-BREAK" CONCEPT TO
; ELIMINATE :

* - INSTANTANEOUS PIPE BREAKS AS DESIGN BASES .

;

- THEIR CONSEQUENCES AS DYNAMIC EFFECTS

* CONTAINMENT AND ECCS DESIGN REQUIREMENTS, AND

ENVIRONMENTAL EQUIPMENT QUALIFICATION BASIS
UNCHANGED

,

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



RATIONALIZED DESIGN CRITERIA
ACCOMPLISHES

s o e REDUCATION OF CONST-* ELIMINATION OF PIPE
WHIP RESTRAINT RUCTION COST

*
* ELIMINATION OF JET > * IMPROVEMENT OF MAIN-

IMPINGEMENT DESIGN TENANCE AND ISI:
RESULT IN REDUCATION

* ELIMINATION OR SIZE-
OF RADIATION EXPOSURE

DOWN OF COMPONENT
SUPPORTS AND PUILDING
STRUCTURES

-_ --_----_- _-_- - - _ _ _ _ __ ____ _ _ _ _ _ __ . . _ _ _ _ _ _ - _ _ _ _ - _ . _ - _ _ _ _ .
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SESSION 2: RECENT RESEARCH PROGRAM ON LBB (PART 1)
Chairman: M. Mayfield, U.S. NRC, U.S.
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Recent Developments in the

APPROACM TO LEAK BEFORE BREAK BASED ON WORK IN THE UNITED KINCDOM

B J nariaston
,

Berkeley Nuclear Laboratories
TPRD

Central Electricity Generating Board
Berkeley

Cloucestershire CL13 9PB
United Kingdom

I
i

|

This paper includes contributions f rom
Mr R A J Hellen - CECR BNL,

1

Dr I Milne - CECM CERL, I

and Dr D C Hooton - NNC Risley
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SYNOPSIS
J

Various aspects of leak-before-break have been studied within the Cr.0M
and other ll.K. organisations over asa/ years. The work han ranted from toll
size vessel and pipe tests to the study of crack shape development in small
test pieces. More recently the work has focussed on the for ulation of a
leak-bef ore-break procedure to be included in the R6-CECR Procedure for the
Assessment of Defects (Hilne, 1986), and the vider application of the concept
to plant assessment.

This paper provides three examples of recent work in the U.K. Studies
on surface cracks are aimed at determining the stability of the crack
followine, hreak through whilst in the replicattots field, the concept of
Leak-hefore-break has been successfully pursued for a reaction helluws untt.
The final example is on the development of an assessment route for the fast
reactor primary vessels.

<

b

I

i

I

!

! |

1
!

|

,

1

|
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I :Tn nnt'cTInN

The concept of leak-hefore-break arises when it is possible to

evaluate the houndary between those defects which give rise en a leak type

failure and those leading to a di ruption or break type failure. This

situation may change with time an a result of material denradatinn and other

aspects. Figure 1 indicates that one nf several results can be obtained for

a leak-before-break prediction and these differ in the number of safeguards

against the break.

The emphasis of vork 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 Colunhus, Ohio (USNRC 1985). in some countries the

concept is widely used whilst in others there is only a limited application.

Various aspects of leak-before-break have been studied within the CECB

and other U.K. 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 pieces. More recently the vnrk has focussed on the formulation of a

leak-hefore-break procedure to be included in the R6-CF.GM Procedure for the

Assessment of Defects (Milne, 19A6), and the wider application of the concept

to plant assessment.

This pater provides three examples of recent work in the U.K. 9tudies
on surface cracks are aimed at determining the stability nf the crack

following break through whilst in the applications field, the concept of

teak-hefore-break has been successfully pursued for a reaction bellows unit.

The final example is on the development of an assessment route for the fast

reactor primary vessels.

STUDIES ON SURFACE CRACKS (MILNE)

An important component in a leak-before-break analysis is the crack

length on breakthrough. This determines whether or not the through-thickness
crack will remain stable, and whether or not the leak will he detected. The

situation is complicated by the mechanism of breakthrough, breakthrough j

during fatigue resulting in a different situation than breakthrough under I
,

conotonic load. In the latter case the breakthrough may occur due to stress I

1.

corrosion cracking mechanisms (including intergranular attack) or due to the j

application of a fault load. In all cases the crack shape development and

the cracking pattern must he capable of being predicted to a reasonable level

of accuracy.
i

!
!
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I
' Pressure Vessel Tests

The (*FCR has sponsored a number of pressure vessel teats to validate f
the application of their fracture mechanics code, R6 (Mt]ne, 1996). These f

involved the pressurisation nf a series of test veseels each containing a ,

semi-elliptical surface crack expertencina the hoop stress of the vessel. To

date the tests have been performed at temperatures where tho vessel material f
was ductile, and a leak-before-break analysis was employed in the design of
the test, to avoid catastrophic failure. The tests were used for a

collaborative exercise in predicting ductile instability under the auspices ;

of the European Fracture Group, and the first of these exercises has been i

reported by Knee and Milne (1986).
|

In this particular test, time dependent plasticity prevented the :
,

vessel from being pressurised to a leaking condition. Nevertheless it was

possible to make statements about the developing shape of the crack, and also
about the capability of the fracture mechanics and the participants in the }

collaborative exercise to predict the cracking events. These statements ;

remained unchanged in principle when evaluating the remainint tests, which
were all pressurtsed to a leaking condition, as evidenced by the following j
conclusion (Knee, 1986): !

f"It was not possible to predict the development of the
final crack shape at leakage this will be I

!

unimportant for an integrity assessment for which only [
a small amount of crack gerweh is permitted, but it I

imay be significant if leak-hefore-break arguments are r

to he constructed". l

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. However, crack penetratton occurred only over I

a small region of the ligament, sn Icak rates could not he assessed with any (
confidence. !

IFuture Programme
|

Following from this work a enllaborative study is being initiated !
\

involving work at two CF.CM 1.aboratories, Merkeley Nuclent f.ahoratories (MNI.), !

and Central F.lectricity Research 1.aboratories (CF.RI.), and at Unt Freiburg,
under the au- ! ns of the Commission of European Communities, with the |
following oujectivest

|
|

|
;

I
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(a) Validation of assegsment methods for surface defects.

(h) Improving the confidence of J-estimates for surface defects.

(c) Application of convenetonal specimen tests to the assessment of

surface defects.

This will involve a study of existing methods for estimating J and its

variation around the crack front and an examination of well defined
experiments. It is hoped to develop a better understanding of the factors

,

which control the shape changes in a growing surfact crack an1 to develop

toproved methods of prediction.

Approval and financial support for the work has been obtained and the

project is expected to begin in the near future.

AN APPLICATION OF LFAK-REFORE-RREAK PRINCIPLES (HELLF.N)

An axial defect was postulated on the inner surface of a convolution

bend of a reaction hellows in a gas cooled reactor.

A leak-before-break argument in support of the safety case was

developed to demonstrate the application of lesk-hefore-break pretedures.
,

Details of the Defect

It was assumed that the defect was located at the first convolution
bend from the veld to the etid skirt (Pigure 2), and was 2mm deep along most
of its length with a central section Anm deep.

Cvelic Stresses

The source of cyclic stress that is of most concern is vibrational.

,

Theoretical analyses indicated that a number of resonant codes existed at and

! below gas circulator speed. The assessment concentrated on the off-resonant '

!

| vibrational stress levels on the assumption that on-load monitoring would he

pursued.

To account for possible orrors in the calculated vibrational stress

levels, the values deduced were increased by 20%.

|<

|
Table 1 : Typical Calculated Vibrational Hoop Stress Levels (MPa)

Operating condition Stress range 1.2 x Stress range
ao res t.a. Le ras t.a.

Off-resonance 0.33 0.40
1680 rpm resonance 5.32 6.38
1900 rpm resonance 1.41 2.29
(most probable mode) |

,

_
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The theoretical spatial pattern of the vibrational stresses in the

region of the defect were quite complicated. For example, at resonance. in

the region of the crack tip growing up towards the crewn of the convolution

(crack tip A Figure 2), the vibrational stresses were about an equal mixture

of eenbrane and throuch-wall hendinn, whereas at tip A thny were mainly

through-wall hendina. At a lower resonance, tip A was mainly in a hending

vibrational stress field whereas tip R was in a margintily bending fielu.

In order to predict the fatigue flav shape that developed and the

consequent defect semi-length at penetration, it was necessary to know the

proportion of hending to membrane fatigue stresses. In the present case the

problem was bounded by assuming the vibrational stresses to be either pure
bending or pure membrane.

Static Stresses

Finite element 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 bending component whose sign
changes along the length of the existing defect. The static stresses were

pessimistically assumed to be a uniform tensile stress of 100 MPa. It was
also necessary to calculate the critical defect length under the safety valve
lift pressure of 2.18 PMa, which gave rise to a membrane stress of 119 M?a.

,

_T_ ensile Procerties
At the operating temperature of 220'C, the 0.2% Proof Stress for the4

plate material was 640 MPa. The veld metal 0.2% Proof Stress was 460 MPa.
i

*

Fracture Tourhness

The initiation toughness K both mean and lower bound values, are
7

given helow. Also given are values for 0.2mm of stable tearing, as permitted
by the CECM toughness testing procedure. They are considered here to be the
most relevant for a Leak-before-Mreak case.

Fracture Touehness Values for Convolution Material ('fPa/m)
l (Temeerature = 220'C)

Hean Lower Bound

83.3 57.6Initi, ton toughness, Xg
t

|
Tearing toughness, M(0.2mm) 110.6 44.3

i

|
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Stress Intensity Factor

The deduction of the correct SIF function for the present problem was
not simple. An accurate value could only be assured by 3D Finite F.lement
Modelling. Therefore, modelling assumptions were used to bound the problem.
The lower bound was the Centre Cracked Plate Model and the upper hound was
judged to be the Circumferential1y Defect Pipe under Tension.

The Centre Cracked Plate Model (CCPM)

The SIF was given by:

K = Sm/5c' (1)

where Sm was the applied static tensile stress.

The circumferential1y Defective Pioe Model,(CDPM)
The SIF was given by:

K = Sm/ic F(c//rt) (2)

where F(c//rI) was the SIF function (Rooke and Cartwright, 1976). Figure 2
shows the modelling geometry. Figure 3 shows the resulting M(c) curves.
Critical Crack Lenath, c0

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

Using the lower bound value for K(0.2mm) of 95 MPa/E, and the CDPM,
the p.'edicted critical semi-crack length, co, is 53mm (marked with an open
cire le on Figure 3).

Defect Development

If the defect grows under the vibrational stresses, and they are
assumed to be through-wall hending, the resulting defect aspect ratio, a/c,
will be about 0.2, based on experimental observations of fatigue flaw shape
development. The resulting initial penetrating defect semi-length, cl, is
given by:

c1 = t/(a/c) = 7.0 / 0.2 = 35.0em (3)

This penetrating defect is shown to scale (eigure 2).
The aspect ratio may be even larger (and the consequent initial

penetrating defect length, el, smaller) due to the presence of the large
static tensile stress of 118 ppa under normal operation.
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If the vibrational stresses are assumed to be membrane, then the

aspect ratio util be greater than 0.5 resulting in a value of c1 given byr

e1 < t/(a/c) = 7.0 / 0.5 = 1'amn (4)

Leak-Before-Mreak Assessment

Basic Loeic
The essential steps in the leak-hefore-break logic (Connors and

Hellen, 19R5), are:

(a) F.stablish that the initial through-wall defect length, ci, is less

than the critical length, e .n

(b) Show that the leak that occurs during the post-penetration growth

phase can be detected by the leak detection system.

(c) Show that there is suf ficient margin of time between 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 el and-

c0, even for the lower bound initiation toughness value and the upper bound
SIF curve.

Leak Rate Predictions and tesk Detection
Leak rate predictions were made using a pessimistic model for slit

opening (a Centre Cracked Plate Model) and the code DAFTCAM

The axial slit in the convolution is possimistically under-estimated
to be modelled by the expression for the opening of a slit, in a wide plate
under tension (Krdogan, 1976) for the slit centre, do, and the slit tip, da.

The leak rate calculation method using the code DAFTCATM requires the
calculation of an effective slit vidth of an equivalent "letter box" slit

having a constant vidth along its length. This is achieved using the concept

of hydraulic diameter, dh

..

4 x Slit Area
" Slit Circumference

The value of dh is approximately given by

dh = (do + da)
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where f

i *

do = 2es sv in (1 + sin ([ y)}
'

3"
Cos (* Sy)2

.

and
|
j >

# '
da = t"{8** 2S}nF

'where' ty is the material yield (0.2% proof) stress and Sm is the aplied
i membrane tensile stress. .

: !

The equivalent slit width, w, is given by"

;

I
a

i w = 0.5 dh
4

i
i

Substituting values of '

,

4

Sy = 640 MPa

E = 210,000 kPa4

Sm = 113 MPa
I

results in the following values of slit openings,

1

f
*

e (mm) 10 20 30 40 50 60=

i do (micro-m) $6 til 167 222 270 334 i=

j da (micro-m) 3 7 10 13 16 19 [
=

u w (micro-m) 29 59 88 118 143 177 i
=

4 '

i

The DAFTCATB program accounts for the effect of surface roughness
i along the leak path, defined by the Centre Line Average, Ra. Typical upper

bound values of 5 and 10 m were assumed for Ra. The flow is predicted to be

turbulent and choked. The results (Figure 4) show that the leak rate is
|

I sensitive to the value of Ra. For general interest, the predicted flow rates |
for a smooth surface defect is also shown (dashed line). I

For the assumption of pure through-wall bending vibrational stresses,
it can be seen (Figure 4) that the leak rate for a fully developed through-

1

| vall slit with semi-crack length, c, of 35mm, is about 4.0k e /h r . The leak
i

d

:
,
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rate fot a value of e of lamm. resulting from pure tensile membrane fatigue,

is 2.2kg/hr.

This should he easily detected using an established leak detectinn
,

system.

In order to assess the margin of time available hetueen leak

detection. Shortly after penetration, and growth to criticality, the time

taken to grow a further tar was calculated.
'

Post Penetration Hieh Cycle Fatieue Crowth

Membrane Vibration Stress Assumotion !

Using the vibrational stress levels with an additional error margin of

20% (Table 1) the resulting values of AK p p. c.a. are given in Table 2 along

with the times taken, T, to grow a further Imm. 1

Table 2 : Typical Vibrational AK res t.a. Values and Crowth
Rates for a Penetrating Axial Convolution Def ect

Bending Stress Membrane Stress
c1 =.35mm c1 = 14mm

Operating Condition aK T aK T
(MPa/3) (hrs) (MPa/5) (hrs)

Off-resonance 0.24 No growth 0627 Mo growth
16A0 rpm resonance 3.9 0.9 4.35 0.9 !

1900 rpm resonance 1.4 222.0 1.56 A2.7
,'(most probable mode)

_

(Assumed frecuency of vibration = 400Hz)

Discussion

The predicted high cycle f atigue crack growth rate is vanishinR1y
small under off-resonance conditions. This indicates that there is little '

possibility of the defect growing to penetration in the first place.
The worst case growth rate under the 1680 rpm resonance is predicted

to require about 0.9 hours for lem of growth for both the memhtane and

bending vibration stress assumptions. Operating rules ensure the avoidance

of this condition.

A more likely resonant condition is around the 1900 rpn circulator

speed, this being nearer the operating speed. This conditions requires about
222 hours to grow the defect a further imm under the bending vibration stress

assumption or 82.7 hours under the nombrane stress assueption. The margin
between the inital penetrating iefect length, ci, and the critical value, co,
is predicted to be about 17.5mm for the vibration hending stress assumption

58

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



_ __ _____ _ ____ -

l

|

and 385.mm for the membrane vibration stress assumption under f ault pressure
conditions.

The analysis shows therefore that a leak-before-break case can he
,

justifiably argued for this reaction hellows unit.

ASSESSMENT DEVFt.nPMENT FnR TART REACTOR PRIMARY VFSSFt.S (HOOTON)

The structural integrity case for safety related structures of the
commercial demonstration fast reactor (CDFR) (Mitchell, 1986) has two major
elenents. The first is the provision of a high inherent integrity, which is
achieved by a high quality structural unit fabricated in ductile naterials

suited to the operating environment. The second is the enhancement of the
inherent integrity by an integrated approach to design and monitoring, which
establishes confidence levels of defect tolerance. It is as a part of this

second element that the establishment of a convincing leak-before-break
characteristic for the prima?y vessel adds significant confidence to its
integrity in the role of core support.

It is a common nisconception that leak-before-break is an inherent

characteristic of a ductile material such as stainless steel used in the
fabrication of the primary vessel. It is the result of a particular set of

initial defect size and location, structural geometry and types of loading as
well as material properties. It is consideration of these aspects of leak-
before-break, applied to the CDFR primary vessel, that are summarised in this
paper.

CDTR Core Support Path

The structures enmprising the CDFR core support path are shown in
Figure 5. The core weight is carried by the diagrid and transferred to the
primary vessel by the core support structure. The primary vessel then serves
as a single load path member, and the weight of the core is transmitted fron
the primary vessel to the vault through a compressively loaded support cone.
Primarv Vessel Leak-Before-Break

The leak-hefore-break characteristic is relevant to a containing
system where failure of the system will be preceded by a leakage giving
adequate time for remedial action to he taken. For a pipe or pressure vessel
this refers to a leak before catastrophic loss of pressure. For the CDFR
primary vessel it is a very different role and refers to a leak before loss
of the core support capability of the vessel.
Critical Defect Size

The first element of a convincing leak-hefore-break case is a
requirement that the through-thickness critical crack size must be large
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compared to the plate thickness. Such a large crack will open considerably

allowing large sodium flows with lictie risk of bic *ege by debris.

The evaluation of critical crack sizes in the vessel is dominated by

residual stresses, the effects of which have been resolved both by experiment

and analysis. Consideration has alsn been given to the offects on critical

crack size of material degradation in service.

Residual Stresses
The magnitude of weld residual stresses (i.eggatt, R.M., 1986) has been

evaluated by an experimental programme covering a range of weld constraint.
This has provided a knowledge of the high local stress distributions, which

are balanced across the veld, and also the lower magnitude longer range

stresses with a greater amount of elastic follow-up due to the constraint.

The experimental data have been used to verify predictive techniques which

allow extrapolation to other weld configurations.

A series of wide plate tests (ouirk, 1982) has provided and continues

to provide experimental data which serves se a straightforward demonstration

of the effects of residual stresses. The residual stress predictive

techniques are used to design tests with severe short range stresses. These

tests compliment calculations (Hooton, 1984) which account for the local

residual stresses in conservative manner in deriving the defect driving

forces. It is 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 ultimate f ailure will not

be effected by the larg. but short range residual stresses, and calculations

using the CF.CR's R6 failure assessment procedure indicate that through-wall
defects of 300mm are tolerable.

,

Material Deeradation

The mechanisms by which the structural material fracture properties

may he degraded are cold work, thermal ageing and irradiation. The stainless

steel will be supplied in the solution heat treated condition but will

receive some cold work during forming. It is known that 20*. cold work can

reduce the parent plate properties to those of celd metal (Chipperfield,

1976). Generally, this level of cold work is nc. enticipated, even local
areas are not expected to approach this figure but further consideration is

required.

j Thermal ageing tests at cold pool temperatures so far have shown no

effects on the toughness of 316 steel and 17.A.2 veld metal with less than $*.,

I delta ferrite. At higher levels nf delta f errite it can he af fected but
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controls on composition should be adequate en preclude the degradation at
service temperatures (Picker, 1983).

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 irradiation damage of less than 2 dpa
has no significant effect (Picker and Cocks, 1983). The highest level in the
permanent safety related structures is 0.5 dpa and considerably less for most
of the structures.

The conclusion which can he drawn is tha. degradation of the toughness

properties appears avoidable by cold work being at a low level, control of
delta ferrite levels in veld metal and ensuring irradiation damage is less

than 1 dpa, all of which are readily achieved.

Defect Crowth

The second essential elenent of leak-before-break is -hat defect
growth will cause all credible and low probability defects to grow through
the wall before the critical through-thickness defect length is attained.

The potential growth mechanisms are stress corrosion, fatigue and
,

I

stable tearing. The first of these must be avoided in service by design and

material condition. 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. Crowth 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 smali. There remains the prospect of fatigue

growth by the less frequent loading cycles and by the normal duty cycle on
leu probability but larger defects which have failed to be detected by

volumetric inspection. The amount of growth will be either small or of low

probability. The ongoing activity is to establish the threshold condition

for defect size and loading which will lead to leak-hefore-break and those

whic'1 will not. Initiation and subsequent growth by stable tearing is the

mechanism considered in determining the critical defect sizes discussed in

the previous section. For defe,ets at ne below the detection limit there is
confidence that they will not initiate growth even under low probability load

conditions. Further work is required to resolve the effects on crack growth

of combined tearing and fatigue as the critical crack size if approached

under earthquake loading.
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Discussion |

'The steps described will provide a demonstration of the CBFR primary
vessel leak-before-break characteristic to add significant confidence to the i

structural integrity case for the core support.

Work to date has given confidence that the vessel critical defect size ;

will be large, with correspondingly large openings for leakage. Further work

to remove remaining uncertainties on critical defect sizes and defect growth
,

is being pursued.

OVF.RVIEW AND CONCLUDING COMMEN*!!

In certain circumstances the leak-hefore-break concept can he used

with confidence to establish a safety case. This is shown in the example of ,

the reaction hellows. For some applications such as the fsst reactur primary 1

containment it is necessary to establish and validate a rather more

specialised approach. In pursuing the application of lesk-before-break to a

range of plant enmponents there is the CFCR-R6 procedure to provide the
.

r

analytical framework. For some applicat13ns elements of the approach are
very conservative due to limited understanding or lack of validation. The

research work is therefore focussed on these issues and the example of the

work on growth of surface cracks is one such issue.
,

There is a great temptation in structural analysis to seek a solution
for a wide range of problems. It appears that when considering the concept
of leak-before-break it is essential that a case by case approach is adopted
with the necessary development and validation to meet the specific need of f

the user and the requirements of the licencing body.
|
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OEVELOPMENTS IN LEAK BEFORE F'

3
BREAK APPROAPH IN FRANCE

i ;

!

:

C. FAIOY ;

EOF /SEPTEN ;

{
Ph. JAMET ;

CEA/CEN SACLAY<

:
,

S. BHANDAR! !,

! FRAMATOME
,

.

1,

d

!
i The Leak Before Break (L.B.B.) concept is 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.

|,

I 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 safety consequences are also i
^

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 I

actions to validate step by step the fracture mechanics methodology. The l

French safety authorities are periodically infonned of the development of
i these actions and their final approval will be the ultimate step to apply
i L.B.B. in French PWR plants,
i

|
|

l

l
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1. _0BJECTIVES |

!
The main objectivos of the L.B.B. is not to tak . '7to account

idouble ended guillotine break or catastrophic longi,-. :nal break
for different studies :

,

t

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

j
- 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.

2. GENERAL APPROACH
,

The french approach is established step by step :

- pre-study on some piping of old plants : one ferritic pipe
(steam line) and one austenitic pipe (primary loop) 6

i- feasibility study on complete primary and secondary lines of jplant under design. This study concerns the primary arid auxi-
lia ry lines (class 1) with a diameter greater than 6" and !

i

secondary (steam and feedwater) lines inside the contalment. A
rough study is done on steam and feedwater lines outside the
containment up to the main valve. All these feasibility studies j

t

are done with the actual design rules (RCCM), the actual mate-
(rials, the actual leak detection devices, and the actual

pre-and in-service inspection programs,
t

- cost-benefit analysis specially if some need of modifications
appears at the previous step (feasibility study).

In parallel to these different steps, we continue and increase :

- studies on technological progress like toughness level of
materials or initial flaw sizes or '.newledge of complex loading
like stratification phenomena or sudden valve closure

- large research and development program with tests and numerical
approach to validate the methodology,

Finally, we periodically report the progress of the work to
i

i

safety authorities to obtain their approval before proceeding to !different applications that we would be interested in.

1
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;

'

3. BASIS OF THE DEMONSTRATION,

'

The different classical steps of the demonstration of applicabi-
lity of L.B.B. are :

.

- initial defects : geometry and size
- fatigue crack growth studies for the plant life
- stability studies of the end of life part-through- crack in

level D conditions (seismic loads)
- through-wall crack stability studies in level D conditions ,

- crach area for normal operating load and corresponding leak ;

rate '

- comparison with the detectable leak rate. !

4 POST RESEARCH AND DEVELOPMENT PROGRAMS i

i

Different research and development programs were run during the i

last 10 years between EDF-FRAMATOME and CEA. The main programs
i are : *

I 4.1 - Aquitaine ! Ref /1/ /2/

This test and analytical program was undertaken to vali- '

date on pipes the fatigue crack growth criteria under <

large strain amplitude:s and PWR environment. Tests have4

,

been done on part through semi elliptical longitudinal and i,

! circumferential cracks under cyclic pressure or static
pressure and cyclic moment. The Paris law has been va'i. i

j dated for 3-D situations in PWR environment for 3-D crns.

4.2 - Aquitaine !!! Ref. /3/ /4/ i
;

This test and analytical program was undertaken to deter- f
2

mine ductile fracture criteria applicable to primary *

| austenitic piping. These tests have been performed on 316 ;' L and 3" diameter pipes in two phases - "

!,

specimen testing to determine scale, notched versus I-
'

precraked and geometry effects on CT and CCP
i

burst tests of pipes to confirm the validity of the
[

-

j criteria. j

j A large geometry effect on J re'sistance curve has been
i obtained and, due to the small ligaments and the high !

level of toughness, burst by plastic instability has been i
'

very well correlated for burst tests. '

;

i
4 1

|

i
i
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!
l
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!
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{ 4.3 - Thema1 aged austeno-ferritic steel program Ref. /5/
f

Two aspects are considered in this program : metallurgy |

and material characteristics on one side and mechanical |7
,

tests and analysis on the other side. The corresponding
j objectives of these aspects are :
1

) the effect of aging temperature on the toughness of i-

i these materials and the relation betwen resilience and .

|| toughness ,

the fracture criteria of specimen compared with a real :-
,

j structure (pipe burst test). ;
i

The first part of the program is still going on in France. The !
. burst test of a 3 daJ/cmr resilience thermal aged austeno :

i ferritic piping has been done and has justified the dvetile !

tearing resistance of these material. A complete computation of |
'

the test has shown a geometry effect on the J resistance curve r
'

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 300'C with through wall
; circumferential crack). :

i
4.4 - Stability analysis of pipes Ref. /6/ I

i i

j To run the different studies of stability analysis of I
through wall cracked pipe, we have compared engineering i.

methods (R6, EPRI, Paris method) to finite element method !j

extension methodology)g sheli elements and virtual
|-

(3-D computation usin crack |;

.

! t

The validation of the CASTEM computer system has been t1

4 obtained on the Battelle benchmark (4 point bending
problem), and comparison between FEM and engineering |
methods has been done on : t,

! i

austenitic (316) 32" (PWR hot leg) pipe with circumfe.1
-

; rential crack and complex loading ,

ferritic ( A106) 32"(Steam line) pipe with circumfe- |j -

! rential crack and complex loading. ;

I Our conclusion for these different exercices are :
J !

-

R6 and EPRI method work well but refinements are needed ;-
4

for complex-loading and some stress-stain curve modeli. -,

1 sations to decrease the conservatism,
J the critical crack sizes are very encouraging concer--

ning L.B.B. demonstration.'

,

:

!

!

;

)
!

1
;
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4.5 Other research and development programs
.

,

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

- leak rate model (ref. to the presentation in session 3)
3

1 - leak rate monitoring : global and local measurements i

- non destructive examinations ; specially ultrasonic i

J techniques in stainless steels !
,

- technological aspects like limitating the number of welds >
'

or increasing the quality of some special weld joints.'

3
~

5. NEW FRENCH LEAK BEF0PE BREAK PROGR _AM !

A comon EDF, CEA and FRAMATOME 'frogram of research and develop-
ment has been decided in 1986 with a specific french program and
a participation to the IPIRG program.4

I

j The french program covers : static and dynamic tests, development
of specific computer models, validation and comparison ;f engi-;

neering methods and fonnalisation of recomandations for L.B.S.i
>

analysis.

5.1 Prototypical tests (tables 1 and 2 Figure 1) ,

;

; These concern 4 point-bending tests without pressure on ;'

|
carbon and stainless steels up to 700 m external diameter i

and different radius / thickness ratios at 300'C with circum. !
i '

j ferential through wall cracks and part-through cracks in
i

base metal and welded joints. About 20 tests are scheduled.
|

The objective is to verify some conclusions reached in the ,

j Degraded Piping Program for materials and pipes used in
!french PWR plants.

;
'

|
5.2 A?alytical tests (Figure 2)

! These 4 point-bending specific experiments, without pressure
on 100 m stainless steel pipe are scheduled to verify the1

collapse load and the J estimation directly from experiment <

i
j to validate a 1-D cracked element in finite element method.

5.3 Static tests on singularities !'

I
;

'

Some tests are proposed on reducers, elbows or other pipe i
i

singularities but the detailed experimental program is not !

j completely defined. |
t

5.4 Dynamic tests (Figure 3)

! Some analytical tests on simple are components under dynamic j

loads (sinusoidal or seismic) proposed on straight pipes, ;

elbows or junctions and probably a complete analytical test '

i

on a simple line,

i

I h

n I
>

.

!

.. , _ .
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;

i

The objectives of these different tests are :

- to complement some detailed points of IPIRG task 1 :

- to demonstrate the applicability of our ]Iobal methodology *

to $4'ety authorities,'

j

| 5.5 Computer code developmentt (Figure 4)
1

Two types of development are on going -
,

,

- coupling of 1-0 beam element analys.; with 3-D shell |
, element near the crack te compute J by virtual crack i

! extension method i

l - development of a hinge element with constitutive equations
taking into account the crack, the stable crack
the plasticity and the different Contact problems growth, ;

5.6 , Engineering methods [
All the available tests in France or in litterature (OP !!!, !
IPIRG, other programs) will be used to validate the diffe- ,

rent engineering J estimation schemes (R6, EPRI, Paris I

methods). !
,

A special treatnent is planned to be done on sorr6 specific ;

difficult issues in ,,,3 plying the er.gineering methods like

- prediction of initiation before the limit moment !
- classification of secondary and primary ttresses !superposition of loadings :
- strain hardening effects '

- behaviour under torsion loading |
- leak area evaluations.

|
6. CONCLUSIONS

i

The French utility (EOF) has decided with the manufacturer I

(FRAMATOME) and the French Atomic Energy t. omission (CEA) to '

study the applicability of the concept of Lo.k Before Break on !
its PWR nuclear power plants (in servi,;e, unde; construction or i
undirr design). The approach is based or te steps : j

- feasibility study for plants under construction without
specific modifications due to L.B.B. application |s

cost-benefit studies including safety consequer.ces, inspection !

program modifications or design changes nee (:d for L.B.B. |
application.

!

|

|

|

|
i
i

'
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!
,

in parallel, a large Research and Development program is started r

under static and dynamic load in France ; the french three
parties (EDF-FRAMATOME-CEA) have joined the IPIRG program and try i

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 i

with safety authorities to obtain' their approval on this :

approach.
.

'|
I
!

|
,

,

f

b

|

:

|

t

f
t

i

;

i

,

I

I

I

;

I
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TABLE 1 - 6" (168.3 m) PIPE TESTS

1) Acier A 421 A
foaisseur 21 mm

No
Type Angle Profondeur Temperature

Chargoment Observatiens
defaut 2a (d/t) (*C)

0
1 Traversant 120 1 300 Monotone

1

2 Treversant 60* 1 300 Monotone,

83 Traversant 120 1 300 Monotone Joint soudL

4 Surf ace, interne 1200 0,86 300 Monotone Uwnese per electro 4rosion.

5 Treversant 30* 1 300 Monotone Joint soude.

6 Traversant 30' 1 300
, ,

2) Acier Z 3 CND 17.12 Azote controid
fosisseur 40,5 mm

O # *
Chargoment ObservationsN

defaut 2a (d/t) (*C1

0
1 Traversant 40 1 300 Monotone

0
2 Traversent 120 1 300 Monotone

3 Traversant 40* 1 300 Monotone Joint soudd.

0
4 Surface, interne 120 0,86 300 Monotone Usinage per 64ectro4ros' n le

l
i
i

|
|

i

|
'

. - _ _ . . - _ . _.
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TABLE 2 - 16" (406.4 rnm) PIPE TESTS

1) Acier TU 48C
fpaisseur 11 r9m

o Type Angle Profondeur Temperature
3 defaut 20 (d/t) (*C) * ""

I Sans - - 300 Monotone

2 Treversant 30* 1 300 Monotone

3 Traversant 120* 1 300 Monotone

4 Traversant 30* 1 300 Monotone Joint soudd

y $ Traversant 30* 1 300 Type eseesmee
,

,

2) Acier Z 2 ON 18.10
Epeesseur 18,2 mm

.

N* F-defaut 2 (r (d/t) (*C) " .; Observations

1 Traversant 40* 1 300 - Monoeone

2 Traversent 120* 1 300 - tecnotone

3 Trowersant 40* 1 300 Menotone Joint soude

4 Trowersant 40* 1 300 Typee=Hemes

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._____ _____ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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FIGURE 1 - EOF TEST FACILITY
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FIGURE 2 - CEA TEST FA0!LITY
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FIGURE 3 - CEA SHAKE TABLE .
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FIGURE 4 - COMPUTER CODE MODELS
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VERIFICATION 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 conditior.s in carbon steel piping with |
high quality, and to contribute to establishing rationalized design

.

criteria on postulated pipe rupture as structural design basis in LWR !plants. i

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 program 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 i

test, center-cracked-panel test etc., are performed for 5 pipe materials
and 2 weld metals. Pipe rupture experiments are also performed for base i

metal and weld metal of 6 inch and 16 inch seamless pipe ST542, whis.6 '

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 j
*

** Shuwa-Kamiyacho Building 4-chome Toranomon, Minato-ku, Tokyo, Japan
'

Phone 434-2450

I
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(2) Crack stability is evaluated using plural 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 limiting conditions, if any, of LBB
concept is evaluated for some typical LWR pipings by verified evaluation
procedure above, and based on the results, a draft of rationalized
design criteria of postulated 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.

Y. Asada ; Chairman, University of Tokyo
G. Yagawa ; Vice-chairman, University of Tokyo
H. Kobayashi ; Vice-chairman, Tokyo Institute of Technology
K. Shibata ; Japan Atomic Energy Research Institute
K. Kuwabara ; Central Research Institute of Electric Power Industry
M. Koyanagi ; Tohoku Electric Power Company
A. Minematsu ; Tokyo Electric Power Company
T. Kurogochi ; Chubu Electric Power Company
T. Nakar:ura ; Kansai Electric Power Company
M. Okinaga ; Chugoku Electric Power Company
M. Watanabe ; Shikoku Electric Power Company
M. Fukunaga ; Kyushu Electric Power Company
M. Hirata ; Japan Atomic Power Company
Y. Yamamoto ; Toshiba
T. Yoshinaga ; Hitachi
Y. Toyoda ; Mitsubishi Heavy Industry
T. Umemoto ; Ishikawajima-Harima Heavy Industry <

T. Okazaki ; Babcock Hitachi

H. Hata ; Mitsubishi Atomic Power Industry
..................................................................

K. Takumi ; Nuclear Power Engineering Test Center
T. Maruo ; Nuclear Power Engineering Test Center
T. Toyodome ; Nuclear Power Engineering Test Center
H. Sakamoto ; Nuclear Power Engineering Test Center

!

|

I
|
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SCODEO. 3 R ESEN- A- lO N

e Bac <grounc

e Sc,ematic View of Program
<

* Materia s anc Basic Properties

* Pipe Ruoture Test and Resu ts

* F aw Propagation Ana ysis anc
Prediction of Ruoture Be,avior

e Future Deve coments
>

|
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AGA N S-~ 3 3 E RU 3- U R E

Il\ _WR P _A N TS
-Experimentally examined by NUPEC and industrial

G:oup, Drafted by ADHOC Committee and issueing
by MITI-

PREMISE
e Being Applied to Stainless Steel Piping
e Being Applied to Piping in which the

Possibility of SCC is Eliminated
e Not Applied to Safety System Design

(Containment Vessel,....)

eIndependent of PSI and/or ISI
e Leak Monitoring Capable to Find 5GPM

Leakage
ACCOMPLISHES ELIMINATION OF |

Pipe W,ip Restraints
Jet Impingement Design
Sophisticated Evaluation and Design Wor <s

...or SIZE DOWN OF
Components Supports
Building Structures

86
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SCENARIO OF LBB CRITERIA

PS1 Undete- Operating Leak Monitor
etabiIity Load Cycle sensitivi ty(1 G P M)

e S.F.*(2) & S.F"(2) e S.F."(5), ,,

Init. Crack Size Load Cycles Leak Detectable
For Assess. For Assess. Crack Size

v

Crack G rowth
Analyses .

|
l

1r !

Thr Yes (Thru-Wa l l Crack)
Wa l l ? i Sma l le r l

'

No(Surf ace Crack) Size

Postulated Postulated
Surf ace Crack Thru-Wa l l Crack

Ma x. Des ign
,' Load"

'

o,

nsta Yes Yes table
Fract

~ ture?

No No

| |0 o o o
0 I

No G u i l I ot ine Suberitical
Th ru-Wa i i

Requi rement B reak C rack
8 :

Categories of Design Criteria |,

'-: Safety Factor

--: Normal Operating Load Plus Design Earthcuake Load

87
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POLICY OF PROJECT
,

e Additional Supplements Safeguard
'

Design Guide Against Pipe Rupture
,

1

; * Evaluation Concept be Compatible
a

i to that for Stainless Steel
l

e Selected Materials be One of the;

) Most Popular Use Rupture Properties I

with Average or Lower Trend to i,

Those of Current Use |4

|
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Determinationl
of Location

|
* Object

g e -environment

Operating initial Crack Materials 8, meterlal

Condition Po s tula tion Basic Property - t o rnp e r a tu r e

Test -Pipe site /dimention
.I * Initial Crack

Survey of { Crack growth -NDI detectability
AnalysisCrack Growth ; ,pg,, gyp,

Analysis no . nu rnb e r {Plant Lif e n
rack * Crack growth (da/dn)

rn
. enetratio P' . analysis codep ,yyes -environmental cond,

J
yes

Test
Leak Rate -metallurgical cond.

Survey of E s t imation -loading cond. j
Fracture -Plant lif e time !

Criterion no Det bl * Leak rateo

4 Leakage -crack opening area
+s@ . leak rate I

Analy:Is
-

yes-

F racture
Method . Leak detectability

Identification g terion"
, Unstable Fracture

Unstable -criterla
Fracture . crack type /nurnber

,
loading cond.

| U " lead type
hi,"' LBB ( tens lon , bond. - )

Verification -compilance
yes Test . metallurgical cond,

no -pipe dimention
hbrgin * Margin

y yes -load

"'''" ''**
| Non- L 8 B | | LBB

|
_.y-

Determined Pips
Whip Restraints

Neccessary

ITEM OF EXAMINATION AND TEST FLOW

89
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ORGANIZATION

MITI Verification Test Committee on
Integrity of Carbon Steel

"

Review Piping and We l dmen t

of Plan
Other Research Insti-. Thechnical (Cha i rm a n>

-

Y. AS AD A (The University of Tokyo)tute and Joint __

Utility Research NUPEC
Eva lua tion

G. YAGAWA ( The University of Tokyo)
E

-da/dN data H. KOBAYASHI(Tokyo Institute of Thechnology)

-Leak Rate Practice of Test Program K. SHIBATA(JAERI )

Prediction K. KUWABARA (CRI EPl )

(U t i l i t ies>

ICRIEPl
Tohoku. TEPCO. Chubu. KEPCO Cimooku.

TOSHIBA Shikoku. Kyushu JAPCO

HITAOil < Fab ri ca tors >

MHI Hi tachi. Toshiba. MHl . Bilk. lHl.MAPI
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MATRIX OF THE PROVING TEST
Masee lal Propee t les Pipe Fr actur e .ehavler (Du Vee 6 f ecae 6enTest

Condialen y , ec s., e Cenaer .end aag t t e. Ceap. ) .endl sthash Ceep.) Toas tenthigh Ceep.) High Cen,16 e c.
Tenstle Touchness Ceached

Ce Test less Paul Test Owae l- S t a t ic Owas t - S t a t ic basi-Static Ot Cyclec toad

,,p.p,,_j..eR ..n. . . C, .a... .. ... . . ... . . ..

R I 3 3 R e 7 S R I t 3 RT R T R T HT RY HT R T HT HT High len , wat erFuss e e e e e e o e e*I*''*I
Cinee T e e e T e e e T e e e

(e,alv alen t ) C t t t t t t t t sta= c t= cit = cit = cit = cit = cit = cte= c/t= c/t= c/t= cit = cita cia
s

t eS 9 eS S eS eS eS eS I eS eS eS =eS

6. * * * e * * * * * * 8, e, e, e, e, e, e, e, e,, , ,

ASIM
$i542 - a333 - - - - - - - - - - -' -

---

Gr. e
g6. e e e e e e o e e e, 8, e, e, 8, e, e,

_ _ _ ,_ _ _ _ _ _ ._ _ _ _

ASTM
;g siste u. , , , , e e e e e e e e e

Gs. I
- _ _ _ ._ _ _ _ _ _ -. - -
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WELDING CONDITIONS

Welding Method SMAW SAW

Position Flat Flat
Electrode LB-52 ((5mm ) MF-38 flux

US-36 ( d4mm )
Pre-heat Temp. 100 'c 100 *c
Welding Current 180 ~260 A 500 ~750 A
Welding Voltage 21~23 V 32~38 V
Welding Speed - 30 cm/ min.
Inter-pass Temp. 190 * cmax. 300 * cmax.
PWHT 620 c 625 c

x1.2hr FC x1.4hr FC

b

li \/ | A YY |.

# u
,c ss-

( mm)
'

SMAW SAW

| 93
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CHEMICAL COMPOSITIONS

Welding Method SMAW SAW

Spec. JIS Z 3212 D5016 JISZ3311YSW-41

Trade LB-52 US-36(Wire)
Disignation MF-38(Flux)

Spec. Weld Metal Spec. wire
I ns

'
C O.07 50.17 0.13

'

Si 0.63 50.05 0.02
Mn 1.08 1. 8~2. 2 1.93
P 0.015 50.03 0.010
S * 0.004 50.03 0.009
Ni 0.01 -

-

Cr 0.01 -
-

i
: Mo 0.01 -

-
,

V ! 0.01 -
-

'

Cu ! - - 0.11
Ni+Cr+Al ! - - 0.03

,

Epuivalent to ASME SFA 5.1 ASME SFA 5.1/ |

E7016 F7A6-EH14

* not specified

,

:

*
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Ja = C J +C J' Regression* ,

100 .. Material C. C:

STS 4 2 6' O. 927 x 10~8 0. 3 8 2 x t 0-*

--- STS 4 2 16 " 0.831x10* 0.soa x 10-*
-

-8
--- STS 4 9 0. 9 33 x 10 0.5 53 x t 0-*f
--- SFVC2B 0.10 4 x 10 ' O.21s xt0-*

-

,

4 -x- SGV4 2 0. 617 x 10'* 0. 9 4 7 x 10-*

-o- SMAW 0. t l 7 x 10'' O.24 0 x 10''
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~
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DIMENSION OF SPECIMEN AND NOTCH OF CENTER
CRACKED PANEL TEST

Notch Type Through
-wal l Sur f ace Notch Spec i men
Notch

size
I 11 111 IV|

Material a a c a c a c
( l (t

! STS42(6B) 50 - - - - - - 100 5. 5

STS42(160) 90 90 5 90 7. 5 60 5 180 10.0

SFVC2B 90 90 5 90 7. 5 60 5 180 10.0

SMAW Wid Metal 90 90 5 90 7. 5 60 5 180 10.
J.-.

( m. . . .'

|
|

a a,_
-

_,l l' 'l
_,

E.
_

Through o
#N -wall N' " "

'

Surf ace Notch
Natch

o
.,

-_
W W

_ : __

i

|

|
|
'
,
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a ?
O STS$2 16 8 RT

o O STS42 16 8 1000 0.8-

* 0.6'. O STS42 16 8 2000

g STS42 16 B 300 C i*

STS42 6B RT*

0.4
4 STS42 68 3000

A SFVC2B 26 8 RT

A SFVC2B 26 B 300C
0.2

O SMAW Weld Nbtal RT
g SMAW Weld Metal 3000

t I i i

200 400 600 800 1000 1200

Crack Are . (mm')

NET SECTION STREES AT MAX. LOAD
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PIPE RUPTURE TEST RESULTS (4-POINT BENDING)
._

P!pe Dimension and Notch stiape ResuIts

u Outer- Inner- wall Crack Crack Ma x. Max. Net-Sec. at Maximum Load at Crack initiation

.* Ola. Dia. Ilddness Angle Ratio Load Momen t Stress 4
..g

g D, de t 28 c/t Ja COD 3d Lesd COD 3d

0 (mm) (mm) (nwn) (*) (k g f) (kg f -m) (kgi nn0 (mm) (mm) (mm) (kgf) (mm) ( m ni)

7.2 00 | 6.460 39.3 7 5.56 94.1 6.980 3. 2 680
'

MS-08 165.2 1456 9.8 60 l. 0
,

'

* I-

O REl- 0 2 g 1653 1456 9. 8 120 1.0 4.980 4.610 44.9 10 R_0 3 88.3 4.580 3. 3 50.0

2

MS-Il 165.2 145_6 S is 60 0 51 9.420 8.110 42.6 - 0.16 239.0 ? 400 1. 2 254.0

...

LC- t 165.2 147.4 8. 8 60 1. 0 35.000 7.525 48.7 - - 32 - - -

_

LC- 2 - 165.2 1476 R.S 120 4.0 ?8.700 4.020 411 6 8 18 11.800 49 10.2

! ]
___

T~IXlS ~ ' mm/ kg

$I Load point D i s p l ac e r-te n t

.

9-

--.w.,-- - _ _ _ _ _ . , . - _ + - - e <-. __m ___ _- ______ ___
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DIMENSION OF TEST PIPE AND NOTCH

#
= - EDM notch

/

/ =
~ ' '

__ _.i
'

: 'w
. - -@

d-
d

2800
= =

8
w

*'
7/fh N \

v-
o o o o y

F

high co mpi la n ce test'' low compliance test ''
Type of crack t (mm) a(mm) 2 0 (degree) t (mm) a(mm) 2 o ( degree )

Type I (surf ace crack ) 98 49 60 84 4. 4 60

) 98 49 120 88 44 120g( ,

E(through wall crack ) 98 93 SO 88 88 60

W ( ) 98 98 120 88 88 120*

+1 wi th disk spring (C ~ t x 10-8 mm/ h g )
+2 withou t disk s pr i n g
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Surface Crack

-__-- _-_-

II I
(Tensile Load) (

M(V_/____a_ _ _ _ dy/
gg

M
(Banding Moment) \ \
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j !

3-D ,20n odes
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Model
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RESULTS OF K-VALUE ANALYSIS

Case Nominal Crack Crack Tensile Load ("t=10kg f /mm*) Bend ing Load ( a b= 10 kg f / mm )2

Angle Depth

No. QD.cf Pipe 2<r(du-) (a) FEM (Pipe) Neuman-Ra j u FEM (Pipe) Neuman-Raju
(Panel) (Panel)

1 8.8 0. 2 t 22.5 25.9 19.6 25.1

2 6B 0. 2 5t 36.6 37.9 31.4 36.9
*

3
'

O. 8 t 74.6 ( 91.2 ) 66.8 ( 85.0)
4 0.25 t 38.5 40.0 33.1 39.0

g 120
5 0.8 t 98.7 (136.6) 86.2 (128.2)
6 0.25 t 46.9 53.9 42.7 53.8

60
7 168 0.8 t 102.7 (144.5) 94.4 (138.5)

(RWt-9.0 )8 0.2 5 ~ 62.5 56.6 54.9 56.0
120

9 0.8 t 163.5 (227.5 ) 145.8 ( 219.1 )

10 60 0.2 5 t 66.6 65.1 60.4 64.5(R t=103)

(La f /mm /2 )2

note : ( ) solution are obtained f rom un-applicable crack size

for its formula

.__ ____ ___- _ -_. .- -__- __ _ - _____ ___ _ _ _ - _ _ -
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i

t=9mm Crack (Notch)

/ I
g vi i in y o

D = 165.2 mm
. . . . . .

v

300
_ _

_

5400 2S =800mmi

!P/2 P/2

5 \ c e

2d Crack
I A.f- - (ti~

2Sr = 4500 mm
~

(i) Shape of Specimen (2d= 60*) (ii) Loading Condition

PIPE SPECIMEN MODEL UNDER BENDING LOAD
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PREDICTED MAX, MOMENT OF PIPE RUPTURE

_

P red icted Max. Momen t
( Crack G rowth at Max Moment )

_

Application Phase Simulation
7.03 tonf m( J/T Cri te ria )FEM .

Generation Phase Simula tion 6.11 tonf-m

J-Est imat ion Scheme by G E-EP R I 6.56 tonf-mg

6.37 tonf-m (0mm)
Net Sect ion Collaps Cri teria (note) 6.18 t on f - m ( 3 mm )

5.93 tonf m ( 7 mm )

Two Parameter ( R6 ) method 6.19 tonf-m ( 3 mm )

Experimen tal Result 6.66 tonf-m ( 7 mm )

<t 1

note ; Mf = 4 af m*t ( c o s ~ siner), of ; f low s t ressR
2 2

-. . . _ _ _ _ _ - _ _ . - _ . - -- -. -. . - ._ .-. . _ . _ - -
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l.0 INTRODUCTION

A "Leak-Before-Break" (LBB) approach has been developed for application to ,

the large diameter piping in the heat transport (NT) systas for Ontario
Hydro's most recent four unit (881 MWe per unit) Darlington Nuclear

i Generating Station A (Reference 1). The first of the four Darlington units
is scheduled to go critical in May, 1988.

Application of the LBB concept is, at this time, limited to primary heat
transport piping larger than 21 inched diameter piping *. A pipewhip
assessment performed prior to development of the LBB concept (Reference 2)
had shown that the consequences of pipe-whip for all other pipes inside
containment were either acceptable, or, there were adequate provisions in3

the design to protect against the dynamic effects of rupture.
,

The objective here is to illustrate how each of the major elements in the
overall leak-before-break approach provides the framework for the
assessment of piping integrity. The status of the work completed to date
and current efforts underway to support the program are also presented. ,

;
'A systematic review and a critical evaluation of the failure mechanisms

and causes which could jespordize integrity of the specific piping is, in
our view, an important first step in establishing the scope for

i

; application of the LBB concept. This was completed for Darlington NGS A
(Reference 1). The intent is to provide assurance that adequate protection'

| from f ailures attributable to each relevant potential failure mechanism is

| provided, or, that sufficient provisions are incorporated in the design to ;

cater to each failure mechanism evaluated as being credible. The
conclusion is that, of all the possible failure mechanisms, fatigue can be
considered to be active in the piping system. The existing design !

practices, commissioning checks and periodic inspections all contribute to
minimizing the likelihood of failures from this cause. However, f atigue is
a plausible crack growth mechanism for the primary heat transport piping
and application of {1astic Plastic Fracture Mechanics (EPFM) methods for ,h

demonstrating the safety margin is appropriate. |

The elements integral to the Ontario Hydro LBB approach are shown in
Figure 1. Generally, the elements can be grouped into two areas : (a) ;

; those related to demonstration of crack stability utilizing fracture |
mechanics; and (b) those related to "leakage".

|

I

,

j *The piping is ASME Class 1 and is a seamless, fine grain SA 106 Grade B
carbon steel, i

L

i

a

i '

4

k"

:
o
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2.0 FRACTURE EVALUATION

The proposed approach incorporates several levels of defence-in-depth. It
is demonstrated that the largest inaugural part-through flaw, which can be
detected, will not grow through the pipe during its design life and that
such flaws are stable for the maximum credible piping loads. At a further
level of conservatism, analyses show that a postulated through-wall crack
will not extend in an unstable manner and that the leakage rate is well
within the capabilities of the system to detect.

|

For evaluation of crack stability, the J-integral / tearing modulus (J/T)
approach is used. The J/T approach has been selected since it is a general

i procedure that incorporates a rational crack tip parameter and it can
discriminate between materials of different toughness and tensile
properties.It can also acconunodate various boundary conditions such as
load vs displacement i.ontrol and pipe system characteristics (Reference
3).

2.1 Materials Test Program

i An extensive material test program (Reference 4) to determine the
J resistance curves (J-R) an(' T curves from actual Darlington NGS A

, large diameter heat transport ,,iping, forgings, associated welds and heat
| affected zones has been completed. The test program was designed to take

into account the effect of factors such as test temperature, crack plane!

! orientation, and welding effects which can have an influence on fracture

| properties. The objective has been to identify those factors which tend to
| lower the J-R curves and, subsequently, to apply the appropriate lower
| bound curves obtained from the test program as input to EPFM analyses,
i
'

The test results (Reference 4) show that piping used in the construction|
of Darlington HT piping and all welds and heat affected zone materials
within the scope of the LBB program exhibit uppershelf toughness
behaviour. All specimens show high crack initiation toughness Jre,
rising J-resistance curve and stable and ductile crack initiation.
Toughness of product forms depends on the direction of crack extension

i (circumferential versus axial crack orientation). For a given orientation
| and temperature, toughness of all product forms was reasonably uniform.
| Additionally, the material test program has been validated by comparing
| six test results against tests conducted by an independent materials
| testing laboratory in the U.S. The Jye and J-resistance curves obtained
I by Ontario Hydro and the external test laboratory were comparable.

|
| 2.2 Elastic Plastic Fracture Mechanies(EPFM) Modellina
|

The finite element program ABAQUS (version 4.6), a general purpose
linear /non-linear structural analysis code (Hibbitt, Karlson and Sorensen)

j is being used to perform the EPFM analyses. The analysis is being
i performed not only for circumferentially oriented cracks at girth-butt

welds but also longitudinally oriented cracks in fittings, namely, elbows,
tees and branch connections.

116



Benchmarking of the ABAQUS code has been performed against published
finite element solutions and alternative methods of analyses. Some of the
factors considered are (Reference 5):

-element selection; choices include the use of shell versus solid
elements, full versus reduced integration, and compressible versus
incompressible material behaviours

-crack-tip mesh discretization including the use of spider-web versus
rectangular meshes and the use of collapsed elements for the
crack-tip, with and without 1/4 point edge nodes;

-mesh refinement studies:

-acceptable nodal tolerances for the convergence to equilibrium in
elastic-plastic analyses; and

-use of incremental versus deformation theories of plasticity.

The effect of crack lipping on leakage rate, the effect of including the
hoop component of stress and the effect of pressure acting on the crack
faces have been considered. The results show that crack lipping can
significantly influence leakage rates whereas the hoop component of stress
has a negligible effect on the crack opening area, leakage rate or
J-integral for circumferential cracks in pipes. However, the pressure
acting on the faces of the crack can significantly increase crack opening :
area, leakage rate and the J-integral (Reference 5).

3.0 LEAKAGE

3.1 Leakage Detection Capability
,

'4ith respect to leakage, the approach taken in developing the LBB concept
for Darlington was to assess the capability of existing systems to
satifactorily detect the required levels of leakage from the heat
transport system. Current operating policies and principles at similar
Ontario Hydro facilities (viz. Bruce NGS A and Bruce NGS B) require
insnediate shutdown action to be initiated upon detection of a 0.5 kg/s
leak rate from the heat transport system. This requirement, based on an
extensive operating history and the proven capability of leakage detection
systems, has been adopted by Darlington Operations. Leak rates from the
heat transport system significantly less than 0.05 kg/s (i.e.10% of the
icunediate shutdown action limit) are within the capability of the leakage i

detection systems. For a CANDU type design, the motivation to react to low !

levels of leakage are dictated both by stringent emission limits (Derived !

Emission Limits for tritium) and economic penalties which result from lost
or downgraded heavy water. No modifications to existing systems used to ;
detect leakage from the HT system were required to support the LBB concept '

for Darlington NGS A. However, operating procedures and checks were
formalized to support LBB.
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3.2 Leak Rate Models

A leak rate estimation code, LEAK-RATE, has been developed by ontario
Hydro. The code has been verified against available experimental data and
provides a good estimate of the leak rates through cracks in piping to
within 15%. The code also predicts pressure profiles which include exit
pressures and location of the point of flashing. Conservative methods are
used in conjunction with the use of LEAX-RATE in order to obtain a lower
bound estimate of the leak rate for a given crack size. The crack opening
(width) used in the LEAX-RATE code is calculated by assuming that only
normal internal pressure in the pipe acts to open the crack (bending,

moments are not credited). This approach assures margins on leak rate and
thus provides confidence that the LBB assessment is conservative.

Since there is a limited amount of experimental data available for leakage
rates through actual cracks, Ontario Hydro is scoping out further
experimental work in support of leak-rate model validation. Further work
with fluid representative of heat transport coolant leaking through cracks
in carbon steel piping similar to that used in the Darlington heat
transport circuit is being planned. It is judged that the efforts to
support the computer code development and verification of the critical
assumptions employed in the code would significantly improve our
capability to accurately model and predict the leakage flow through cracks
in piping.

3.3 Leak Rate Tests

A major Burst Test Facility (BTF) has been designed, approved and will be
built at the Ontario Hydro Research Division in late 1987 for full-scale
high energy testing of pressure vessels and piping components (Reference
6). This facility is designed so that it will be able to acconunodate
representative lengths of full-scale heat transport piping sizes used in i

Darlington and other CANDU nuclear stations.

The facility will be an above ground self-contained heavily-reinforced
concrete structure comprised of a Control Room, a Mechanical Service Room,
and Burst Containment Area (testing area). The Burst Containment Room will
be a long, enclosed volume with inside dimensions of approximately 12m
long x 4m wide x 3m high. Massive reaction steel beams will be installed

into and flush with the floor so that loads can be applied to the piping
during testing, as required. Such loads would include large forces and
moments as well as vibration. By means of external heating equipment,
thermal loads may also be imposed. Other loading equipment will include aa

pressurization system and a water heating and circulation system. ,

From the perspective of leak rate testing, one of the most important- and
virtually unique - features of the Ontario Hydro facility is the
capability (from the existing Pump Test Building) to supply large
quantities of high-temperature pr6ssurized water (i.e..at HT system

, operating conditions of up to 13.8 MPa and 300 C). This hot, pressurized
i water can be supplied to the piping test component at a continuous rate of

0.5kg/s for more than 15 hours or at substantially higher rates for
correspondingly shorter periods of time. The storage reservoir has 26,500
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A

i

:

litres of hot, pressurized, conditioned water which can be drawn upon with t

a continuous make-up capability of 1000 litres / hour. The control of water
chanistry is within the present capabilities of the existing Pump Test
Building.

Precise water flow measurements at HT system operating conditions,
required to determine crack leak rates, will be achieved by directing flow
through control pipes of different diameters. The leak rate can then be
determined with full flow turbine meters. Typical turbine flow meter
ranges will include 0.01 - 0.lkg/s 0.05 - 0.5kg/s 0.25 - 2kg/s; and 1-10
kg/s. Because of the continuous supply of hot pressurized water to the
test component, steady state leak conditions can be established and
maintained. Therefore, precise leak rates can be accurately measured by
the "cascade" turbine flow meter approach. Even small changes in leak
rates during the progress of a test can be continually measured throughout
the test duration (possibly several hours per test). This is seen as an
important capability for LBB tests and will be unique in North America.

,

t

!

In Summary, a significant amount of work has been completed at Ontario
Hydro to support the LBB Program. The progress in this area has also
resulted in a significant development of our capabilities within our ;

organization. Based on the work completed, we are confident that the
overall strategy provides a reliable method for demonstrating piping
integrity.
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. ONTARIO HYDRO's LBB PROGRAM

EPFM Pepewhip Assessment Completed
*"* ' 'Y (8 167),4 f9) Regulatory

^ W ""'*Construction LBB Approach Formainzed Matt Test

b'o[h Proto @ dApproval (85371) bak Rate
for Model EPFM Analyses

CompleteDar lington C mpletod
LBB

i r 1 r 1 r 1 r 1 r 1 r 1 r 1 r

June 81 sept 44 Feb85 Apr85 Dec85 June 86 Dec86 Nov87

_.

M Mar 85

Phase 1 Leak Rate BFT Commissioned Phase 1 Leak Rate
Tests Tests Complete

i r 1 r 1 r

June 87 Dec87 Feb88 Dec88

.
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ONTARIO HYDRO's LBB PROGRAM '

BRANCH DIVISION DEPARTMENT

1 DESIGN & Design & Dev- Gen Nucl.ar Studes & Saf.ty

CONSTRUCTION "''s".*8's*'si. ns" * ' *oc
conerosProjects & Const. 'd'''ift** " * " ',ngen

omhnston@neering, construcw and o.n. ration S.rwc.s

2 OPERATIONS- Nuclear Generation omiington Opnations

PRODUCTIOiJ
Technical & Training c.ntra: Nuci..r s.rwc.s

$ Services

3 POWER SYSTEM Research M.tanurgican R.s.wch
Mechanscal Resowch

- - - - - - - - - - - - - - - - . . - - - - - - - - - - - - - -

External Consui3 ants-- Novel.ch Corporation (R. Gamble and A.Zahoor)

thbbatt, Karlsson and Soenns.n (H.H6bstt, C.F. Shah and D.M. Parks)

TOTAL COSTS : LBB Program 8 2.960,000 ($ 2.2 M Estunated in March 1985)

EPFM for LBS $ 1,900,000

30evelopment, Vershcation and Apgdscahon)

1
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!

Darlington- CANDU Design Features

1. SEPARATE- Moderator and Heat Transport Systems

2. Moderator System / Circuit - Low Temp..

- Low Pressure
- Austenitic Steel

,

3. Heat Transport System- Coolant Pressur 9.7 MPa
- Temp. 265 C

4. On-Power Fuelling and Natural Uranium Fuel
Chemical Shim Control (i.e. boric acid) unnecessary
Given above, corrosion-related failure mechanisms not a concern

5. Elimination of Corrosion and Low Operating Pressure
Allows Use of Low Alloy (Uncladded) Ferritic Steel for
The Heat Transport System.

6. Presence of Tritium and Heavy Water Provide Significant
incentive for Leakage Monitoring and Control

i
i

l
:

!

I

4

124
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'

DARLINGTON LBB APPROACH

APPUCATION LIMITED TO LARGE DIAMETER HEAT
TRANSPORT SYSTEM PIPING

,

-21 inch Diameter Heat Transport Pump Discharge;

-22 inch Diameter Steam Generator inlet ,.

-24 inch Diameter HeatTransport Pump Suction

,

9
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LICENCING
,

Maintain :
-Existing Features incorporated to preclude
unacceptable consequences.
-Existing Commissioning, Operating and
inspection practices

-Defence in Depth by Assuring Containment,
Shut-down Systems, Moderator
Large LOCA for sizing of Containment,ECl,
Shut-down systems and safety analysis

i

i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

I

j Uso
of LBB for4

i Large Piping in
Lieu of Pipewhipi

Restraints
,

I L

:
i

I

|
.!

:|

)

i
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! LBB For Darlington NGS A
i

Mechanisms and Causes of
Pipe Failure

,

* ALL POSSIBLE

-Review
-Assessment

h

j . CREDIBLE

! - Design
Capability

I

I'

i
i : VERIFICATION !J

l
i

i

!

|
|

I i

;

!

128

_____ _ _- __. . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ . _ .- -



-- - .. _ . .- .

,

1

Assessment of Failure Mqchanisms:

CONCLUSION
Given the Design, Fabrication and Installation Practices,

,

inspections, and Operational Checks, Catastrophic
Rupture for large diameter piping is not a reatistic
Concern.

----------------

Added Monitoring / Assessment For:4

1. EROSION (Steam -Water)
j !n HT Outlet Piping (2 - 3% Quality (20% Steam)

Thickness Measurements During Inwugural and,

Periodic inspection at those locations considered
susceptible. (CSA N285.4)

2. FRETTING
Checks during Construction /Commissloring to Verify
No Components in Close Proximidt to Large HT Piping ;

i

j 3. CORROSION
Checks of Autoclave Coupons Following Severe

i Abnorme) ChemicalTransients or CANDECON !
i

'

4. FATIGUE
Consequences of Fai ure Acceptable for Piping < 21 in,

| LBB For Large Diameter Piping >21 Ira
j

j

,'

4

: \

|

( l
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ELEMENTS OF LBB APPROACH
r 'Failure

Mechanisms

+--------------...L J

i r

Leakage Fracture mechanics

- Operating Procedures and Checks -Material Properties

- Leakage betection Capability - Modelling (ABAQUS)

- Leak Rate Models and Validation

!

l

|

|

:

|

|

|
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LBB and Fracture Evaluation

1. Based on EPFM Approach Developed in the U.S.

2. Through -Wall Crack Postulated in Piping

- the crack size corresponds to that for which a
|conservative estimate of leakage corresponds to the ;

immediate shutdown action limit t

;

The System is Subjected to Largest Postulated Load

,

Demonstrate Margins o Unstable Crack Propagation

I

i
.

,

131
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l

F ,F ,F |a x yz
M ,M ,M + Px y z

N t%I)
'

,

1

|

Elbow Crown: Area with highest hoop stress / strain concentration
under pressure and inplane bending moment
initiation of Longitudinal crack probable.

F ,F ,Fx y g

" M ,M ,M2+Prx yC l

[ F ,F ,Fxy z
i M ,M ,M + Px y z

Stress
Concentratio

Branch (sweepolet,vessolet )/ Tee Connection

i

1
.

1
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| AIMS OF PAST/ CURRENT.

! FINITE ELEMENT ANALYSES
~

.- ut. ' e 'l E ..ii -b . !! sc . r* W. ''e# ' ' ~I '

' C T* '' G 3E' # ~.WI.*4

VERIFY AND BENCHMARK FRACTURE
! MECHANICS CAPAB!LITIES OF ABAQUS
) - DETERMINE ELEMENT TYPE TO USE

e - DETERMINE CRACK-TIP MESHES TO USE
! - COLLAPSED NODES
! - PLACEMENT OF MID-SIDE NODES -

| DETERMINE ADEQUATE MESH REFINEMENT,

! DETERMINE SUITABLE VALUES PTOL/MTOL
| - DEFORMATION PLASTICITY (USING R/O)
| VERSUS INCREMENTAL PLASTICITY

- PROTOTYPICAL ANALYSES
,

.

!

!
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ILEAKAGE )
!

INTEGRALELEMENTS ARE: i

1. Operating Procedures and Formal Checks
,

1

2. Leakage Detection Capability

3. Leak Rate Models and Validation

1

:
!

|

1

B
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LEAKAGE

1. LBB- OPERATING PROCEDURES FOR SYSTEM LEAKS

OBJECTIVE:

-Demonstrate Adequacy of Margins to Support LBB

APPROACH:

-LBB Based on Proven Capabilities of Existing Systems
and Operating Procedures and Practices

RESULT:

LBB is based on the Operating Requirement for immediate
Shutdown Action for an HeatTransport System Leak Rate
of 0.5 KG/S (7.2 USGPM)

135
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2. LBB -Leakaae Detection Capability

Chronic Leakage into immediate Shutdown
Containment HT Leakage Limit
(Normal Conditions (LBB Leak Rate)

"Unidentifiable")

t t
0.003 KG/s 0.5 KG/e
(0.043 USGPM) (7.2 USGPM)

i
1

Large Margins Exist Between Minimum Detectable Leak
Rate and Leak Rate Upon Which LBB is Based

l
1

1

136
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COMMITTED OPERATING PRACTICES TO SUPPORT

LEAKAGE DETECTION CAPABILITIES

1. Assure Availability of Leakage Detection Capability

2. Daily Estimates of HT Leakage into Containment
Using HT Heavy Water Storage Tank Level Trends

3. Daily Estimates of HT Leakage into Containment by
estimating Vapour Recovery Drier Collection Rates

4. Daily Checks of the Contaminated Air Exhaust System
Stack for Heavy Water Losses and Tritium Emissions

5. Level Deviation Alarm on Heat Transport Storage Tank
to be Set at 2% of Normal Level (1650 KG)

|
1
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Leak Rate Models and Validation ,

|
-

|
1. ' LEAK RATE" Code Developed

2. Verified Against Available Experimental Data

-Predicts Leak Rates to Within 15%
- Predicts Pressure Profiles including exit pressures

and location of flashing

3. Application of Leak Rate to Estimate Crack Size

-HT Pump Suction Line (24 in; 1.5in thick); 0.5 KG/s;
- Normal Internal Operating Pressure

4. Limited Data Available For Leakage Rates through l

Actual Cracks 1

-Future Experimental Program and Tests

|
1
|

138

__ __.__ _ _.._. . _ _ _ ._. __. ._. ._. _ _ _ _ _ _ _ . . _ - _ .



_ . __-- ___

,

1
1
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4.0

3.8 Crack

3.6 _ ,

; .

:

3.4
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e

,

2.8

2.6

2.4

, 2.2
5
2 2.0

.x 1.8 - Leak Rate = 1.6 kg/sec
8 2y = 48.5'
J

1.6

1.4 i
Internal Pressure ;

And1.2 Internal Pressure |Bending Moment

(9 fMPa) |1.0 ( 9.7 MPa + 340 kN-m)

08

Leak Rate = 0.5 kg/sec Leck Rote =0.5 kg/sec0.6
27 = 33.5 2y = 48.5*

O.4
l

O.2

! I0.0
O 10 20 30 40 50 60 70 80 90 :

2y (Degrees)
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TABL2 2

Dar11rston ICS A }ff Leak Detection Systems
Estimated Detection Times for Various NT
Leak Detection Systems and NT Leak Rates _

Laak Detection System Postulated Leak Rate Into Containment (ka/s)
Indication /Alars 0.005 0.05 0.2 0.5 7 35

(1) (2) (2) (2) (2) (2:
Iff D 0 Storage Tank 48 to 6 1/2 hrs 3 hrs 1 1/2 hrs 3.5 sin 1 minHT 2

Inventory - Level Trends (l) 72 hrs
Systems - Low Level Deviation

Alarn(2)

(Detection times ::alculated
assuming normal Type A
leakage + postulated leak
rate shown)

D 0 Vapour Recovery 72 hr(5) 24 hr(3) 24 hr(3) 24 hr(3)Vapour . .
2

Detection Drier Collection
Systems -

(Type B Powerhouse Exhaust 72 hr(5) 24 hr(4) 24 hr(4) 24 hr(4) - -

leakage) D 0 in Air2
_

Liquid Beetles Varies, depending
Detection en leak source.
Systems leak location.
(Type S sagnitude of leak
leakage)

D 0 Recovery2
Trench Level (5) > 24 hrs 8-19 hrs 3-8 hrs <1 hr- -

Notes:

(1) Estiestes of Type 8 ?,eakage will be made daily using HT D 0 Storage Tank2
level trends. At least two monitoring periods are assumed required to
detect and confirm small increases in Type B leakage. This monitoring
will identify and confirm small changes in Type S leakage over a few days.

3247b
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ONTARIO HYDRO - LBB PIPING STUDIES

HT PIPING LEAK RATE TESTS

.A. PURPOSE: TO PROVIDE RELEVANT EXPERIMENTAL DATA
TO SUBSTANTI ATE AND TO IMPROVE CRITICAL
ASSUMPTIONS IN PRESENT LEAK RATE ANALYSIS
PROCEDURES.

B. DESCRIPTION OF TESTS: VARIOUS LEAK RATES ARE TO BE
I MEASURED IN STRAIGHT SECTIONS OF HT PIPING

J CONTAINING CRACKS OF VARIOUS SIZES FOR
DIFFERENT THERMAL HYDRAULIC OPERATING
CONDITIONS.

C. ADDITIONAL CAPABILITIES: STRUCTURAL MECHANICS
VALIDATION TESTING PARTICULARLY IN
RELATION TO FRACTURE MECHANICS PRE-
DICTIONS FOR SPECIFIC HT PIPING
COMPONENTS.

4

, - - - - - _ _ - _ - _ - _ - _ _ _ _ _ _ _ - _ - - . _ - _ _ _ - - - - - - - - - - --- - - - + - - - - - - - - - - _ _ _ _ --
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PUMP TEST COMPLEX

DESCRIPTION :t

- DARLINGTON NGS PHT PUMP
- 7.2 MW
- 24 INCH SCH 100 A106 Gr B PIPE

WATER QUALITY

~

5 HYDRAZENE
-

| FILTERSDEMINER ALI ZED DEIONIZER
'

LOOPWATER g
~_

STORAGE: 2 TANKS 22,700 LITERS |

PIPING LOSSES: 13,300 LITERS |
1 [

TOTAL 36,000 LITERS !

1

EXAMPLE: LEAK RATE = 0.5 kg/sec T =20 HOURS j

IN ADDITION: WATER MAKE-UP== 600 LITERS / HOUR

_ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _ . - _ __ _ - _ - -_ _
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ONTARIO HYDRO - BURST TEST FACILITY (BTF)

OBJECTIVE: TO PROVIDE A FACILITY CAPABLE OF PERFORMING
SUCH "HIGH-ENERGY" TESTING ON PRESSURE
VESSELS AND PIPING COMPONENTS AS:

1) LEAK-RATE TESTING,
11 ) HYDROSTATIC BURST / PROOF

TESTING, AND
111 ) CYCLIC PRESSURE TESTING

BTF DIMENSIONS: INSIDE 12 m(l) x 4 m(W) x 4 m(H)

BTF FEATURES: I

1) "CONTINUOUS" WATER SUPPLY (T = 320*C AND p = 15 MPa)
2) HEATING CAPABILITY (700 kW)
3) REACTION FLOOR /20,000 kN TENSILE TEST FRAME

4) FLOW MEASUREMENT (0.001 kg/sec - 10 kg/sec) |
5) CONTROL ROOM / MECHANICAL ROOM

6) CYCLIC MECHANICAL LOADING / PRESSURE CAPABILITY ,

7) DESIGN "lDEAL" FOR PIPING

IN-SERVICE DATE: DECEMBER 1987
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FIGURE 1

ELEVATION CROSS-SECTIONAL VIEW OF BURST TEST FACILITY
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FIGURE 2

PLAN VIEW OF BURST TEST FACILITY
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SUMMARY

1. A MAJOR BURST TEST FACILITY FOR THE "HIGH-ENERGY"
TESTING OF PIPING AND PIPING COMPONENTS HAS BEEN -

. _

8 DESIGNED AND WILL BE CONSTRUCTED BEFORE THE
END OF 1987.

2. HT PIPING LEAK RATE TESTS WILL BE CONDUCTED IN
THE BURST TEST FACILITY UNDER VARIOUS THERMAL /
HYDRAULIC CONDITIONS ON STRAIGHT SECTIONS OF
PIPE CONTAINING DIFFERENT CRACK CONFIGURATIONS.
(TESTING TO BEGIN MARCH 1988).

- __ _ _-
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DARL.NOTON LEAK BEFORE BREAK MATERIAL TEST PROGRAM
J-RESISTANCE CURVES

B. Mukherjee, Ontario Hydro Research, Canada

1.0 INTRODU CTION

Ontario Hydro has developed a leak-before-break (LBB) methodology for application
to the large diameter heat transport piping for Darlington NOS A as a design al-
ternative to the provision of pipewhip restraints, in recognition of the questionable
benefits of providing such devices. This approach has been developed for pipe sizes
which are equal to or greater than 21' nominal diameter (21' NPS). However, the

basic approach and underlying theories are applicable to smaller pipe sizes equally
well.

Piping steels are expected to exhibit a stable crack extension behaviour with rising
load up to the point of instability in the ductile uppershelf regime. Under these
conditions, the application of structural integrity concepts that are based on crack
initiation alone will be overly conservative. Thus the margin against failure must
be determined under elastic plastic condition by taking into account both crack in-
itiation and stable crack growth. Several methods are currently available to :
analyse and evaluate leak-before-break conditions in ductile piping with ,nostulated !flaws under clastic plastic conditions. These methods include but are not !.rnit e d !

to limit load analysis (net section collapse), the J integral / tearing modulus (J/T) ap- '

proach, the R-6 approach and its derivative the failure assessment diagram (FAD).

The J/T method has been selected for the Ont ario Hydro le ak-b e fo r e-br e a k
approach /1/ because it is a general procedure that incorporates a rational crack tip
p ar am e t e r, can discriminate between materials of different toughness and tensile
properties, and can incorporate various boundary conditions (e.g , load vs displace-
rn e nt control) and pipe sys:cm characteristics (e.g., system sonfiguration and sup- i

port c h a r a c t e ris tic s)/2/. There are two critical steps in a le ak-b e fo r e-b r e ak
analysis, which are initiation or first extension of a hypothetical flaw and stability

iof a growing flaw subsequent to initiation. The material value of I associated with
initiation is J gg. If the applied salue of ) is less than Jge then initiation or sig- '

nific ant extension of a crack will not occur and the stability of an existing crack
is ensured automatically. When crack extension is predicted, the amount of exten-
sion must be evaluated to determine if this extension would occur in a stable man-
ne r. The material value of J associated with crack extension which is also known
as material resistance curve or a J-R curve is required for stability assessment.
The nondimensionalised slope of a J-R curve at a given value of J is defined as
tearing modulus (T). The margin against instability is determined from a J-T plot

,where J is plotted against T for the material and the structure. |

In this Darlington leak-before-break material test program J-R and J-T curves were !
determined from actual Darlington NOS A large diam e t e r heat transport piping, I

forgings, associated welds and heat affected zones. Sixty-three tensile tests were I

perforued to determine their stress-strain behaviour accurately. A total of 91 J-
resistance curve tests were conducted. This paper is a summary of the J-R curve
test results and major conclusions.

1

i

|
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2.0 EXPERIMENTAL PROGR AM

A comprehensive description of the test program is given in /3/. The test program '

was designed to take into account the effect of various factors which influence
fracture properties. The objective was to identify those. factors which tend to'

lower resistance curves and apply the appropriate lower bound resistance curves
that were obtained from this program, for structural analyses. Factors that were
included in this project were:

Product Forms;

! Heat of Piping Material;
Crack Plane Orientation;

Temperature;
Welding Effects.

Three different pipe stres of SA-106 Grade B were used (12, 22 and 24 inch NPS).,

Two SA-105 vesselet forgings were also t e s t e d. Vesselet is a trade name for a
weld-in contour fitting. The test program utilized actual piping material from ac- t

tual piping heats that were used in the construction of the Darlington heat t
4 transport system (Units 1 and 2). Table I lists all heats of large diameter piping

employed in Darlington NOS A Units I and 2. >

In the stability assessment of through circumferential and longitudinal flaws, J-
' Resistance curves in L-C and C-L crack plane orientations, respectively, are

re quir e d. Figure i shows the orientation of the specimens with respect to the
product geometry. Specimens from SA106B and SA105 forgings were machined from
both L-C and C-L orientstion. Since the welds are oriented in circumferential
dir e c tion, the weld samples and the heat affected zone samples can only be
machined in the L-C orientation.

] It has been recommended in NUREG-1061 Volume 3. * Evaluation of Potential Pipe
j Breaks'/2/ that 1-r e sis t anc e tests should be conducted at a temperature near the |

. upper range of normal plant operation. The maximum normal operating tempera- f
1 ture of the heat transport system occurs in the reactor outlet header and is 310 C.
] It is known that

ductility of SA106B steel, as measured by'C and 300'C.the lateral contraction
during a tensile test, shows a minimum value between 200 Tensile
tests were conducted in this temperature range and it was es t ablishe d that the3

lateral expansion of this material is minimum in the neighbourhood of 250*C/4/.
; Single specimen J tests were conducted at 200'C. 250'C and 300'C to confirmg

that the toughness,of the
material, when characterized by J ,istance curves fromg and R-curve, also,

: goes through a minimum near 250'C. Figure 2 shows the J-res
' 6 specimens from 24' NPS Sch 100 Parent Material. Two specimens were tested at

each temperature. Although, specimens from either C-L or L-C orientation could:
' have been used to confirm the temperature effect, C-L orientation was selected for
; this program since pipes exhibit lower toughness in the C-L direction. The I,g

values for these specimens are shown in Figure 3. These figures show that t e m-
perature effects on J , and R curves are not very strong between 200'C to 300'C.g
Nevertheless, the lowest J and R curves were obtained near 250 C. Therefore,g
250'C was selected as the, appropriate test temperature for measuring, conserva-
tively, the material response at 310'C. In order to determine if there is any sig-
nificant dependence of toughness on temperature over the temperature range, aq

.

4

'
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0temperature of 20 C was selected arbitrarily, as a lower bound of the lowest serv-
ice temperature for the heat transport system.

l

Ontario Hydro has developed various welding procedures to satisfy ASME Code
requirements based on pipe size, type of welding, shop or field weld, class of pipe,
wall thickness, P Number etc. Two welding procedures (PN-107 and PN-229) were
developed for girth-butt welds on 12' and 22' NPS Schedule 100 pipes. Two dif-
ferent welding procedures (PN-108 and PN-232) were developed for 24' NPS Sch
100 pipe. Each of these welding procedures, which are listed in Table !!, were in-
ciuded in the test program. However, only two Ontario Hydro welding procedures
(PN-108 and PN-232) were within the scope of the Darlington LBB prograrn and are
addressed in this report. Results from PN-107 and PN-229 welds will be published
in this report. Results from PN-107 and PN-229 welds will be published in the
proceedings of the 1987 Tokyo LBB Workshop. Tests were conducted on the weld
material and the heat affected zone (HAZ) material. The orientation of the crack
in the weld and HAZ was in the L-C direction. Due to the V-shape of the weld
preparation surf ace, the crack front in a HAZ specimen straddled the HAZ, parent
and weld material. The measured HAZ toughness is therefore an average tough-
ness. The entire test matrix is shown in Table !!!.

3.0 TEST METHOD

This section describes briefly, a single specimen compliance procedure that was
used to deterrnine the J-Resistance curves.

Three different sizes of compact tension (CT) specimens,1-1/4T, IT and 3/4T, con-
forming to the geometry of the ASTM test procedure E813-81. Te st for l ale,Measure of Fracture Toughne ss were used. The sizes of the specimens were
deterrnined by the largest CT specimens that could be machined from the 24', 22'
and 12' NPS Schedule 100 pipes, respectively. All specirnens were precracked and
sidegrooved after p re c ra cking to ensure a straight crack front. The R-cur v e s
produced with a straight crack front e xt ension exhibit slopes (dJ/da) lower than
those produced with a non sidegrooved sp e cim e n. Sidegrooving also appears to
produce a slightly lower (more conservative) value of crack initiation toughness.

Regarding spe cim en g eom e t ry, existing data indicate that fracture toughness
specimens having approximately the same thickness as the pipe wall and without
sidegrooves tend to model actual pipe behaviour most a c cu r a t ely. However,
sidegrooves specimens will provide an acceptable lower bound J-resistance curve /2/.
Also note that C-T specimens are bend type specirnens. J-R curves from bend type i

specimens defines the lower bound estimate of J-capacity as a function of crack
extension, and has been observed to be conservative in comparison with those ob-

{tained with t ensile loading specimen configur a tion /5/. In this test program l
sidegrooved CT specimens were utilized. Average thickness reduction due to side |grooving was approximately 20%. The specimen thicknesses were approximately |

80% of the respective pipe wall thicknesses from which they were m a chine d. !
Therefore, this test program will provide an acceptable lower bound J-r e sis t a n c e
curve.

A single specimen technique documented in /5/ was utilized to deterrnine the J-R
curves. In this test m e t hod, crack length and crack extension were de t ermined
from elastic com plianc e m e asur e rn e n t s. These measurements were taken on a
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se ries of unloading / reloading segments spaced along the load versus load-line dis-
placement record. The unload / reload segments are conducted under elastic condi-
tions, even when the specimen has undergone extensive plastic deformation. There-
fore, the change in the crack length from one unloading to the next can be in-
ferred through a change in compliance. J values are calculated at the end of the
test from the area under the load versus load-line deflection curves using equations
given in /5/. The extent of the slow stable crack extension at the end of the test
was marked by heat tinting. The initial crack size af ter precracking and the final
physical crack size were censured on the fracture surface using a - nine point
average enethod as per reference /5/.

A personal computer was used for test control and data acquisition. A computer
program was developed to control the loading and unloading sequence. A separate
cornputer program was used to analyze the acquired data and plot final graphs.

A typical R-curve produced with the single specimen compliance technique is shown,

in Figure 4. The proposed ASTM test method indicates that the R curves should
be restricted to a small crack extension given by:

m,, - 0.1 x remaining ligament (b)a

to maintain a region of J controlled growth at the crack tip. The requirement of
J controlled growth has been formulated by Hutchinson and Paris /6/ as

a >> 1

where

o - (b/J)(dJ/da) i

>

The limits of applicability of J-R curves are associated with the assumptiens and
conditions of J-integral comput ation. Within the limits of the restiiction and
the plane strain condition

Jmax 5 (b X Flow Stress)/20

J-integral computations are rigorous.

However, R-curves associated with longer crack extension, which would violate the
o -crit eria may be necessary for application to a given strucural analysis. The
proposed ASTM validity criteria, including that of o are still being researched and
may be altered in the future. Therefore, in this program R-curves have been
developed which exceed the current ASTM crack extension and (c) and plane strain
J limit a tion. When the J-R curve exceeds the plane strain limitation, it simplymax
means that the crack extends under non-plane strain condition. Since sidegrooved
and approximately full thickness specimen were utilized, this data will stil' be ap-
plicable for piping analysis beyond the planc strain limitation on J-integral.

| Where valid data cannot be generated for large crack extensions, some method of
' estirnating the ductile fracture resistance at large crack extension is necessary. A

procedure for making such an extrapolation is recommended in /2/. In this method
J-resistance curve is extrapolated up to a J level twice the highest J where valid

4
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data are available using a straight line tangent to the specimen J-resistance cune
at its point of maximum valid J. A modified version of J called J has also beeng
formulated where calculated J values exceed the ASTM validation limits /7/. Jg
values have been calculated for all tests in this program.i

,

The calculation of J J is definedby the inte'tection oI. in Figure 4 is according to ASTM E813-81.1 ge
a linear regression fit to the data, that f all witNn the 0.15

i and 1.5 r clusion lines, with the blunting line

J-20 da
7

A J-R curve is established by fitting a curve through the experimental data points
using a power law equation in the form

i
C

g (La) 2
'

J-C
;

This equation has been used extensively to establish J-R curves for ferritic
s t e els/8/. This equation provides an excellent fit through the experimental J- a
data points for each experiment in this test program. The J-R curves shown in

,

,

this paper, for comparison between groups of tests, are the fitted curves. Symbols '

have been used in these figures to differentiate between groups of tests. They do
] not represent experimental points.

i
4.0 RESULTS;

in this section test results are grouped and summarized to show the effect of
;

various factors which have an influence on the fracture properties of SA106B piping
steel, associated welds and SA105 forgings. ;

1

3
1

4.1 Pipe Size,

i (

Initiation toughness values J ,let) atare plotted for the 24', 22' and 12' NPS Sch 100 {
: g^

pipes and SA105 forging (vesse 250'C in Figure 5. The results are grouped 1

by orient ations, L-C and C-L. This figure shows that the Jge values within each
orientation are comparable except for one 24' NPS Sch 100 test sample which
showed a high value. Average J gg values after elirninsting the outliers (maximum

)
and minimum value in each orientation) are 148.3 kN/m and 99.6 kN/m in the (L-C) I

and (C-L) orientation, respectively.,

4

J-resistance curves at 250'C and (L-C) orientation are plotted in Figure 6 for three,

pipe sizes. A 24' NPS Sch 100 specimen (J3) which exhibited the highest Jg in
j Figure 5 also gives the highest R curve in Figure 6. The R-curves for the rem,ain-

ing specimens from all three product forms lie within a narrow scatterband. The
i

lower bound of the scatterband is delineated by a 12' NPS Sch 100 test result.
! !

The J-T curves corresponding to the J-R curves of Figure 6 are plotted in Figure
7. These curves start at J values approximately equal to J , and extend to the !r

i maximum measured J values. Unlike the J-R curves, the J-T curves show a layer- :ing effect. All 22' and 24' NPS Sch 100 specimens, except 13, in a narrow band.
lThe 12' NPS Sch 100 specimen results lie below this band. Closely clustered J-R

,

:
i :
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curves will show up as layers in the J-T domain since the slope change of J-R
curves between J gg and J,,, is much larger than the actual changs of J values.

J-resistance curves at 250*C and (C-L) orientation are plotted in Figure 8 for three
pipe sizes. In this orientation the R-cur ves from 12' NPS Sch 100 specimens are
higher than these obtained from.22' and 24' NPS Sch 100 specirnens.

4.2 Crack Plane Orientation *

:

In order to determine stability assessment of longitudinal (C-L) and circumferential
;(L-C) cracks, J-R and J-T curves are required for both orientations. Specimens i

were machined from both orientations as shown in Figure 1. The effect of orienta- !
tion on J-R curves is shown in Figure 9 for 22' NPS Sch 100 pipes. Crack initia-

|tion toughness, J values for all product forms are shown in Figure 5. All
ge, higher iproduct forms have J and higher J-r c sis t anc e curves in (L-C) dire c tion '

of (C-L) georientation. At 250'C, average J valme for allcompared to those
ge 6

product forms is 148.3 kN/m in (L-C) orientation and 99.6 kN/m in (C-L) orienta- "

tien. The variation of toughness wit.. orientation is related to the principal direc-;

tion of mechanical working or grain flow in pipes and forgings. , Similar material ,

behaviour in pipes has been observed by other investigators through conventional -
"

Charpy tests /9/.

4.3 Effect of Temperature
i

!

In order to determine the effect of temperature on the J-r e sis t anc e curves of !

SA106B piping. SA105 forging and assor?ated welds, tests were conducted at 250 C
and 20*C. In principle J-resistance curves are needed for the operating tempera-0. f 310 C, However, tsats were conducted at 250 C as these provide a ,
ture o 0

slightly conservative J-resistance curve, see Figures 2 and 3. A lower bound of the
service temperature was selected arbitrarily as 20'C. Toughness behaviour of high

. toughness - low strength C-Mn steels such as A106B shows a transition with tem-
l perature. An examination of the load displacement curves indicated that at 20'C
! all SA106B pipes, SA105 forging and welds exhibited ductile, high toughness upper
| shelf behaviour.

!

The effect of test temperature ca crack initiation toughness, Jge, values for s 22'
NPS Sch 100 pipe and a vesselet is showt. in Figure 10. Temperature effects are
shown for L-C and C-L orientations. The average Jg values at 250'C were lower
than those at 20'C but the degree of reduction is de, pendent on product form and
specimen orie ntation.

Por 22' NPS Sch 100 pipe the average J ,ientation was onlyg value in the L-C
orienta' ion was reduce 4 by 39%, but the reduction in the C-L or
22%. The average Jg value s for forged vesselet matorial were not influenced by
temperature to the sam,e degree, its average J , value wu reduced by only 6% ing
the L-C orientation and by 15% the C-L orientation.

The J-r e sis t anc e curves at two test ternperat 3res for a 22' NPS Sch 100 parent.

material are shown in Figures 11 and 12. These figures show that the J-resistance,

0curves for parent materials at 250 C are lower than those at 20'C. A comparison
of Figures 11 and 12 will show that the lowering of the J-resistance curves in the

| C-L orientation with temperature is not as large as that observed 19: L-C orienta-
tion.

,

^
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The effect of test temperature on J and J-resistan:e curves of s< eld materialsge
and heat affected zones is similar to that observed for parent m a t e rial. S p e cifi-

values and 1-resistance curves for PN 232 weld at 250 , are lower thancally, J , 20'C.g

those at J values and J-resistance curves of PN 232 weld are shown ing

Figures 10 and 13,g re sp e c tiv ely. All weld specimens were machined fro.u C-L
o rie nt a tion.

The observation that Jgg and I-R curves are icwered with temperature la the upper
shelf temperature range, is characteristics of low-strength high toughness structural
s t e els/10.l l/. Reduction of materia! tensile stress with temperature will promote
this behaviour. Other factors such as strain aglag will also redcce J and J..gg
resistance curves.

4.4 Welding Effects

Two Ontario Hydro welding proc.dures (PN 103 at:d PN 232) were uscl for the 24'
pipe. J values for the weld and HAZ maserial for these we!dt. procedurer are
shown in!cFigure 14. Average parent r.etal J7c h. vee sge of 3 tests) are also sia,an
in these figures. J-resistance curves for these ws!C5 ario HAS are shown in Figares
15 and 16.

4.5 Validation of Test R e sult s

Considerable care was exercised in che cking t , scdocer c alibr a tion and computer
programs that were developed for data an+1ysle. o; single specimen J Since
the material test p.orram is pivotal to 11 e 7 arlington LBB program. g, tests.it was decided
to validate the material test program by . . paring thre t test resulu ap,minst tests
conducted by an independent laboratory. Mate inis EngMeering Associate cf Lan-
ham, Maryland was selected for conducting the s fida.ing tests becauce of their ex-
perience in conducting :ngle i,p e tim e n J-resistaace curve tests for U.S. Nr.cl e.s r
Regulatory Commission /12/ and Electric F;wer Research Institute /8/..

A section of a 22' NPS Sch 100 parent material was shipped to MEA. Three 2.5
cm thick compact tension specimens were machbed by MEA and were tested at

0250 C, All specirnens were machined in the J.-C orient ation. Yield end 'JTS
values were provided to MEA by Ontario Hydro.

J-resistance curves are compared in Figure 17, With the enctption of c,ne MEA

which produced a high Jgb,le.all OH and MEA J , values of 22' IJP3 Sch 100test,
g

material were compara The MEA J-resistance cune= for the parentparent
material (Figure 17) were slightly higher than the OH J-resis%ce curve 5. A com-
parison of Figura 17 with all parent matt +sa. * *ts in Figure 6 n;ggests that both,

OH and MEA data lie within the observed ath md of all parent material tests.

In sumrnary, the J and J-resistance curves obtained by OH and MEA on parentge

materials were comparable. There were no systeraativ vatiation or discrepancy be-
tween the tests conducted by two independent laboratories. This comparison
provides an independent but indire c t validation of transtucer c alibia tion, test
method, crack length and J calculation procedures.

i
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5.0 DISCUSSION OF RESULTS

The objective of this test program was to develop a comprehensive material data
base for all product forms, heats of steels and weld procedures that have been used
in the construction of large diameter Darlington heat transport circuit. At the end
of the test program, it can be stated with confidence that this objective has been
achieved.

Specimens from four product forms were tested. These were 24', 22' and 12' NPS
Seh 100 pipes and SA105 forgings. Toeghness values and J-resistance curves of
these product forms depend on temperature and orientation. However, at a fixed

temperature and at a fixed orientation toughness value (Figure 5) and J-resistance
curves (Figures 6, 8) lie within a reasonable s c a t t e rb and. Observed scatter in the
data is due to usual experimental and material variability.

A general observation from all parent material results is that all precracked parent
material specimens showed stable and ductile crack exttnsion with rising load. At
both test temperatures and specimen orientations all parent material specimens
showed high Jg, and rising resistance curves with crack extension.

Toughness values of pipes depend on the direction of crack extension relative to
the pipe g e om e t ry. Tests using conventional Charpy specimens have shown that
toughness of SA106B steel, as indicated by energy absorption, depends on specimen
o rie n t a tion /9/. A literature search was conducted to identify papers which had in-
vestigated the effect of specimen orientation on J ,. and J-resistance curves butg

none was found in this particular search. Stability assesstnent of longitudinal and
circumferential cracks requires that J , and J-resistance curves are known for bothg

orientations. Therefore, tests were conducted on all product forrns to quantify the
effect of orientation on toughness.

0At 250 C, J , and J-resistance curves in the longitudinal direction were lower thang

those in the axial direction for all product forms. Changes in Jgg values and J-
resistance curves were comparable for the 24' and 22' NPS Sch 100 pipes and
SA105 forgings. The 12' NPS Sch 100 pipe specimens showed the least reduction
of toughness with orientation.

Toughness behaviour of high toughness - low strength C-Mn steels such as SA106B
and SA105 forgings show a transition with temperature. An examination of load
displacement curves and Charpy ener these steels show an
upper shelf toughness behaviour at 20gy values indicated thatC. Specifically, load versus displacement be-
haviour of all specimens were highly ductile. All specimens exhibited high crack
initiation toughness, stable crack extension and steeply rising resistance curves
beyond Jge.

J and J-r e sis t anc e curves at 250*C were lower than those at 20*C, which is
cbaracteristic of lower strength, high toughness structural steels. Reduction of
material tensile stress with temperature will promote this behaviour.

Ontario Hydro has developed variou* welding procedures for the construction of
Darlington PHT system. These prm tures satisfy ASME Code requirements. The
PN 108 and PN 232 weld procedun were used for all welds within the scope of
the Darlington LBB project. Pos weld heat treatment is required for these weld
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procedures. All tests on PN 108 and PN 232 weld and HAZ material at both-test
'

temperatures showed high Jge, stable crack extension and rising resistance curves,
that is, general uppershelf toughness behaviour..

19 values (Figure 14) and J-resistance curves (Figures 15,16) for the PN 108 and
PN 232 welds were higher than the corresponding parent material properties. Due |
to the geometry of weld preparation and the given thickness of pipes, the crack '

front in a HAZ specimen straddled the weld, HAZ and parent m at e rial. The
i measured HAZ J-resistance curves, therefore, lies between the weld and parent
| material J-resistance curves. Effect of test temperature on the toughness of PN

232 weld was similar to that observed in parent material tests in that Jge and J-
resistance curves at 250'C were lower than those at 20'C. An uppershelf tough-
ness behaviour was observed at both test temperatures.

6.0 CONCLUSIONS
-

t
'

l. Toughness (Jgg and J-R e sis t anc e curve) of parent materials depends on
specimen orientations. Toughness of a pipe in the circumferential orientation
was higher than the corresponding toughness in the adal direction. The e f-
fect of orientation on toughness was quantified.

; 2. For a given temperature and specimen orientation, toughness also depends on
,

various product forms, though to a lesser extent.

3. Toughness (J * and J-Resistance curve) of parent and weld materials at 250'j
0were lower thsn those at 20 .

! 4. The material test program was validated by comparing three test results )
against tests conducted by Materials Engineering Associates of Lanham,
Maryland. The Jge and J-resistance curves obtained by Ontario Hydro and
MEA were coroparable.,

;
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TABL E I

Lar9e Olameter Piping Heats Carlington NGS A
Heat Transport Piping Units 1 and 2

,

.

Pipe Size (NPS) Heat Numbers

21 J1136
J1157

I J9990

22 J9968
J9969
L7204

24 J1136
; J1157 ,

J9980
J9932-

L7204
L7205

1
4

i e
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i

|
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I

:

4

't

1

l
|

i
,

,

:

|

I I

i

i

{ ,

;

e - ~ -, y -. - - , , , , - , , . . - - - . . , - - - - - - - . - - - - . , , - - - - , , , - . , , . ,



. . .

!

'

TA BLE ||

Ontarlo Hydro Nuclear Weld Procedures
t
r

NPS Ontarlo Hydro '

(Inches) Weld Procedure Weld Process '

.

12 PN 107 - GTA W root pass
22 - SMA W fill up

- field and shop welding '

- no PWHT
,

PN 229 - GTA W root pass
- SMA W 2nd pass i

- SA W fill up
- for shop welding only
- no PWHT

24 PN 108 - GTA W root pass I

- SMAW fill up
- for field and shop ;

welding
- PHWT performed i

PN 232 - GTA W root pass
- SMA W 2nd pass '

- SA W fill up
- for shop welding only '

- PWHT performed
|

l
i

i Notes: (1) PN 108 weld procedure applied to 22' NPS pipe also for
| comparison of effect of PHWT. '

\
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TABLE III DARLINGTON LBB J-RESISTANCE CURVES

DARLINGTON LBB A1068 MATERI AL DATA SLWARY 1ABLE

TEST DIRECTION COUPON TEST
NO MATERIAL OF TEST NO DESCRIPTION TEMP

C
J l PARENT L-C Mt 24' NPS Sch 100 250
J 2 PARENT L-C Mt 24' NPS Sch 100 250-

J 3 PARENT L-C 31 24' NPS Sch 100 250
J 4 WELD PN-108 L-C Al 24' NPS Sch 100 250
J $ % ELD PN-108 L-C Al 24' NPS Sch 100 250
1 6 WELD PN-108 L-C A3 24' NPS Sch 100 250
J 7 HAZ PN-108 L-C A2 24' NPS Sch 100 250
J 8 HAZ PN-108 L-C A2 24' NPS Sch 100 250
J 9 WELD PN-232 L-C B1 24' NPS Sch 100 250
J 10 WELD PN-232 L-C B I- 24' NPS Sch 100 250
J 11 WELD PN-232 L-C B3 24' NPS Sch 100 250
J 12 HAZ PN-232 L-C B2 24' NPS Sch 100 250
J 13 HAZ PN-232 L-C B2 24' NPS Sch 100 250
J 14 PARENT L-C NI 22' NPS Sch 100 20
J 15 PARENT L-C NI 22' NPS Sch 100 20
J 16 PARENT L-C N2 22' NPS Sch 100 20
J 17 PARENT L-C N1 22' NPS Sch 100 250
J 18 PARENT L-C N2 22' NPS Sch 100 250
J 19 PARENT L-C N2 22' NPS Sch 100 250
J 20 % ELD PN-107 L-C Cl 22' NPS Sch 100 20
3 21 % ELD PN-107 L-C C1 22' NPS Sch 100 20
1 22 WELD PN-107 L-C C2 22' NPS Sch 100 20
1 23 % ELD PN-107 L-C C4 22' NPS Sch 100 250
J 2 4 % ELD PN-10 7 L-C C2 22' NPS Sch 100 250
J 25 % ELD PN-107 L-C C4 22' NPS Sch 100 250
1 26 HAZ PN-107 L-C C3 22' NPS Sch 100 20
1 27 HAZ PN-107 L-C C3 22' NPS Sch 100 20
J 28 HAZ PN-107 L-C C6 22' NPS Sch 100 250
J 29 HAZ PN-107 L-C C6 22' NPS Sch 100 250
J 30 % ELD PN-229 L-C DI 22' NPS Sch 100 20
J 31 % ELD PN-229 L-C D1 22' NPS Sch 100 20
J 32 % ELD PN-229 L-C D2 22' NPS Sch 100 20
J 3 3 % ELD PN-2 29 L-C D4 22' NPS Sch 100 250
1 34 % ELD PN-229 L-C D2 22' NPS Sch 100 250
J 35 % ELD PN-229 L-C D4 22' NPS Sch 100 250
1 36 HAZ PN-229 L-C D3 22' NPS Sch 100 20
J 37 HAZ PN-229 L-C D3 22' NPS Sch 100 20
1 38 HAZ PN-229 L-C D6 22' NPS Sch 100 250
J 39 HAZ PN-229 L-C D6 22' NPS Sch 100 250
1 40 WELD PN-108 L-C El 22' NPS Sch 100 250
J 41 WELD PN-108 L-C El 22' NPS Sch 100 250
J 42 % ELD PN-108 L-C E2 22' NPS Sch 100 250
J 43 HAZ PN-108 L-C E2 22' NPS Sch 100 250
1 44 HAZ PN-108 L-C E2 22' NPS Sch 100 250
J 45 PARENT L-C Pt 12' NPS Sch100 250
1 46 PARENT L-C Pt 12' NPS Sch100 240
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TABLE III DARL1NOTON LBB J-RESISTANCE CURVES

DARLINGTON LBB A106B MATERI AL DATA SBMARY TABLE

TEST DIRECTION COUPON TEST
NO MATERIAL OF TEST NO DESCRIPTION TEMP

C
J 47 PARENT L-C P2 12' NPS Schl00 250
J 48 % ELD PN-107 L-C F1 12' NPS Sch!00 250
J 49 % ELD PN-107 L-C Fl 12' NPS Sch100 250
J $0 % ELD PN-107 L-C F2 12' NPS Sch100 250

'

1 51 HAZ PN-107 L-C F3 12' NPS Sch100 250
J 52 HAZ PN-107 L-C F3 12' NPS Sch100 250
J 53 PARENT L-C R1 22'*12' VESSELET 20
J 54 PARENT L-C R1 22'*12' VESSELET 20
J 55 PARENT L-C R2 22'*12' VESSELET 20
J 56 PARENT L-C R1 22'*12' VESSELET 250
J 57 PARENT L-C R2 22**12' VESSELET 250
J 58 PARENT L-C R2 22'*12' VESSELET 250
J 59 PARENT C-L M2 24' NPS Sch 100 250
1 60 PARENT C-L M2 24' NPS Sch 100 250
J 61 PARENT C-L Sl 24' NPS Sch 100 250
J 62 PARENT C-L N3 22' NPS Sch 100 20
1 63 PARENT C-L N3 22' NPS Sch 100 20
1 64 PARENT C-L N4 22' NPS Sch 100 20
1 65 PARENT C-L N3 22' NPS Sch 100 250
J 66 PARENT C-L N4 22' NPS Sch 100 250
J 67 PARENT C-L N4 22' NPS Sch 100 250
J 68 PARENT C-L P2 12' NPS Schl00 250
J 69 PARENT C-L P3 12' NPS Sch!00 250
J 70 PARENT C-L P3 12' NPS Sch100 250
1 71 PARENT C-L R3 22'*12' VESSELET 20
J 72 PARENT C-L R3 22'*12' VESSELET 20
J 73 PARENT C-L R4 22'*12* VESSELET 20
J 74 PARENT C-L R3 22'*12' VESSELET 20
1 75 PARENT C-L R4 22'*12' VESSELET 20
1 76 PARENT C-L R4 22'*12' VESSELET 20
1 77 PARENT C-L R$ 22'*l2' VESSELET 250
4 78 PARENT C-L R$ 22**l2' VESSELET 250
J . 79 PARENT C-L F6 22'*12' VESSELET 250 |
J 80 %2LD PN-2 3 2 L-C B3 24' NPS Sch 100 20 l

J 81 % ELD PN-232 L-C B8 24' NPS Sch 100 20
J 82 % ELD PN-232 L-C 88 24' NPS Sch 100 20 -

J 83 W PN229 SR L-C DS 22' NPS Sch 100 20 I
J 84 W PN229 SR L-C DS 22' NPS Sch 100 250
1 85 W PN229 SR L-C D8 22' NPS Sch 100 250
TD 13 PARENT C-L M5 24' NPS Sch 100 200

'

TD 14 PARENT C-L M5 24' NPS Sch 100 200
TD 15 PARENT C-L M5 24' NPS Sch 100 250
TD 16 PARENT C-L M2 24' NPS Sch 100 300
TD 17 PARENT C-L M6 24' NPS Sch 100 300
TD 18 PARENT C-L M6 24' NPS Sch 100 250

.

1
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FIGURE 2

COMPARISON OF J-RESISTANCE CURVES AT 3 TEMPERATURESo
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SUMMARY

The results presented in this paper are based upon experimental works
performed at the Nuclear Research Center of Cadarache and aimed at estimating
the mass fluxes in throughwall cracks.

ne previous studies about leak rate estimation had generally been carried
out within the scope of intergranular stress corrosion problems regarding Boiling Water

Reactors piping system, it was therefore necessary to investigate in the domain of
Pressurized Water Reactors primary conditions, so that to ensure the related leak
before break assessment.

De test program was dedicated to simulated tight cracks with different
crack wall surface conditions, either smooth or rough surfaces. When compared to
the calculations performed with the help of existing two phase flow models, the test
results actually showed the necess'ty to introduce some modifications in the

modelization, specifically to better take in account the wall roughness,

ne accuracy of the mass flux predictions resulting of these modifications
applied to the model already adopted by the Battelle Columbus Laboratories, appears

! very satisfactory while remaining slightly conservative from the safety point of view.

e

e e
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1 - INTRODUC'!10N

ne leak before break concept requires that we know how to estimate the

leak flow rate in a throughuall crack under level 2 service conditions *, wich relies on

the dul knowlegde of the mass flux on the one hand, and of the crack breach area on

the other hand.

It is therefore obvious that the accuracy of the estimation depends on the

accuracy of both terms. The following is only concemed with the first term. noting

that in order to ensure the conservatism of the leak before break methodology we esust

be in a position to propose a calculation model which underestimates the flow rate and

then the mass flux. It is however necessan that the underestimation degree should

be reasonable in relation to the safety coefficient to introduces this is a matter of leak

detection system reliability and beyond that, of the power of the methodolofy for the

design and analysis of the systems which participate in the reactor safety.

De results presented hereafter are based on expenmental works resulting

frotn a quadnpartite co-operation between CI A, FRAMATOME. EDF and

WESTINGHOUSE - the major part of these works having been carned out at the Nuclear

Research Center of CADARACHE - in onier to estimate the mass fluxes in throughwall

cracks which might affect the PWR primary piping system.

2-BACKGROUND

|
,

Major experimental programmes have been carried out a little before 1980

at Columbus by the BATTELLE Laboratory under EPRI (1), (2) and also a little af ter
I

at the University of BERKELEY (3) in order to work out a data base on flow rates in

throughwall cracks.
1

* according to AFCEN/RCC-M (French standards)
./.

I
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The BATTELLE's works had been camed out within the scope of intergranular

stress corrosion problems faced in BWR reactors. ney have made it possible to propose

a flow model, basically satisfactory (HENRY's approach), and which, in spite of rather
,

a significant dispersion, is situated around the experimental mean results obtained from

simulated cracks. It can be noted however, that the dispersion is still greater in the

cas'e of tests on real!GSCCs where the surface roughness was not accurately evaluated.

1

In this context, the purpose of the programme tackled at CADARACHE at
f'

the time when some of these results were already known, was also to study mass fluzes.
;

but concentrating on the thermodynamic conditions in PWR primary systems and aiming i

in addition at evidencing the role of the crack wall surface roughness, with a high or l
,

low roughness.
!

3 - EXPERIMENTAL RESULE

i

The results given in table 1 are representative of tight cracks i.e. of cracks

whose depth /hydraulle ratio. L/Dh,is >80. '

l
i

These cracks have been made in plates of a thickness > 40 mm and whose

dismantling capability made it possible to achieve and control the smooth surface ,

conditicas (k <10-3mm) or rough conditions (k > 10*1mm. refer to Fig.1).

Leak flow rates have spread between 0.166 and 1.63 kg/sec., i.e. from about

4 to 40 GPM and, depending on the tests, the subcooled conditions were caused to vary:
,

!

10'C <Tsub = (Tsat - To) < 45'C.
.

!

./. ;
,
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4 - CHOOSING A MODEL

WESTINGHOUSE, a partner in the quadrtpartite co-operation, had selected

two calculation models for comparison punoses againts the experimental results, the

first one being but the one used by BA1TELLE (isentropic flow without slipping), hereaf ter

designated as BATTELLE-HENRY (BH), and the second one derived from the methods

proposed by GRIFFITH after FAUSKE and HENRY (4) (with a siipping assumptioni

designated here as FAUSKE - HENRY - GRIFFITH (FHG).

For most situations related to PWR primary piping these two models were

intended to be a best estimate, an upper (FHG) and lower bound (BH) for the leak rate
r

through tight cracks.

A further model, with separate phases taking in account the mechanical and

thermal non equilibrium, developed in common by CEA, EDF and FR AM ATOME and

introduced in the CATHARE code (5) has also been used by EDF in the

calculation / experiment comparison.

The extreme and average deviations of the predicted mass fluxes, when the

different models are applied directly without any special precaution, are shown in table 2

hereunder:

TABLE 2

B.H. F.H.G. CATHAREO/G exp

|2% - 11%minimum - 44 % -- ,

| i

3% + 58 % * -13 % |maximum *

i

average - 26 % - 20 % - 31 % |

./.
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i
i

nis demonstrates that it is indeed possible to bracket the test results with an

approximation better than 60%

We have however tried to improve the calculatica/esperiment cornlation by

introducing two types of modifications in the B.H. model which immediately appears

as rather a conservative model from the safety point of views

- a better account of the crack walls surface conditions.

- a correction of the parameter ruling the distance as from which friction through

the crack (flashing inception) is considered.

As a matter of fact, on the basis of a study (CEGB (61), it has appeared that

the friction coefficient, according to the KARM AN - PRANDTL formula, where the

asperity height is considered, is no longer satisfactory when the surfaces are smooth.

It is then necessary to use a relation which is a function of the REYNOLDS number.
[

Regarding the flashing point, a visualization camed out in the WESTINGHOUSE

laboratorses has shown that the phenomenon is very unstable and has therefore a marked

hazardous nature. For the flashing relative distance, the value proposed in the F.H.G

model has been preferred because it better reflects the results obtained in the case

where the water stagnation subcooling is moderate.

Table 3 reports these modifications and swws that th cterelatice then becomes

very entistactory while remaining conservative, except for the test with the highest

subcooled condition.

In order to widen the validation of the model thus corrected, we have integrated

the experimental data obtained at the University of IIRKELEY for cracks with smooth

wall surfaces, in the domain similar to the PWR primary thermodynamic conditions

and which brackets the domain explored at CAD ARACHE. ne findinds are the same.

./.
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By considering both data groups together, Fig.2 shows that, for a total of 27 points,

the correlation underestimates the mass flux by 8 % as an average. De trend is more

pronounced in the case of low or moderat 3 subcooling. Tsub < 30'C, while for ;

45'C < Tsub < 62'C, the mass flu:: is slightly overestimated. I

5 - CONCLUSION

i

I

|De experimental works camed out at Cadarache and the corresponding analysis
|
|

show that we are now in possession of the necessary means for a veey good prediction

of mass fluzes in throughwal) cracks of Pressurised Water Reactar primary piping at
|

nominal service conditions, provided that we can auess the hydraulic diameter. (i.e. j

i
practically the opening 6 ) and the crack surface roughness k. '

l
Where the following domain only is considered

|

120 <P< 155 bars for the primary water

a T ub < 60'C 1 ther sodynamic characteristics,s

and the ratio L/DH > 80 for the crack geometry,

|
using the modified BATTELLE-HENRY correlation underestimates very little the mass !

flux as an average with a aurow scatterir g, A G/G exp = - 8 25%, and therefore

constitutes an excellent method for approaching its value.

Besides, considering the difficulty to appreciate the geometrical characteristics

of real cracks, the accuracy is very satisfactory and it does not appear necessary to

make provision fw additional theoretical w esperimental developments in this respect.
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TAB 8.E Z
MODEl/MXPERIMENT COMPARISON

f Stagnation G cEP GI cal A GI/G cup GZ cal A G2/G cup
10 kgf,25 initial B.II. (%) modified B.lf. (%)Pwasum AT sut> cooling sec

5 2 2(MPa) (*C) 10 kg/m cc go5kg/m sec

15.0 20.7 0.3143 0.2087 - 33.6 0.2657 - 13.5

15.0 20.1 0.3050 0.2074 - 32.0 0.2635 - 13.6

15.0 25.1 0.3646 0.2727 - 25.Z 0.3349 - 8.1

14.0 19.6 0.3281 0.2467 - 24.8 0.Z979 - 9.2
,

13.0 15.5 0.3177 0.2239 - 29.5 0.2646 - 16.7
l
l
' 15.0 10.1 0.4077 0.2908 - 28.8 0.3244 - 20.4

15.0 24.6 0.4851 0.3510 - 27.6 0.4196 - 13.5

h 15.0 45.1 0.4643 0.4754 * 2.4 0.5446 e 17.3

19.6 0.3690 0.3163 - 14.3 0.3571 - 3.214.0 '

_

13.5 16.3 0.4345 0.3012 - 30.7 0.34Z3 - 21.2

13.0 14.3 0.3330
'

O.Z849 - 14.5 0.3271 - I.9

12.5 10.3 0.4196 0.2659 - 36.6 0.3274 - 22.0
t

|

15.0 21.5 0.2790 0.1573 - 43.6 0.2051 - 26.5

14.0 19.6 0.2893 0.1443 - 34.2 0.1875 - 18.5

!

| 13.0 14,3 0.1988 0.1324 - 33.3 0.1705 - 18.I
|

15.0 25.I 0.2707 0.1943 - 28.2 0.2636 - Z.6 i

|

14.0 20.1 0.2448 0.1788 - 27.1 0.2401 - 1.9

i .0 I4.3 0.2241 0.1623 - 27.6 0.2182 - Z.6 |
. ,

,

i 1

. - - l
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Chairman: G. Wgawa, University of Tokyo, Japan

1

i

i

I

;

!

r

4

F e



.

SIGNIFICANCE OF DEGRADED PIPING
PROGRAM RESULTS ON LBB AND IN-

SERVICE FLAW INSPECTION CRITERIA

by

Gery M. Wilkowski
Battelle Columbus Division

The objective of the Degraded Piping Program is to verify and
improve fracture mechanics analysis methods for nuclear power plant piping.
Results of this program, which is now in its final year, will provide bases
for regulatory decisions regarding applications for leak-before-break (LBB)
and in-service flaw assessments.

At this point in the program, it is possible to make an evaluation
of the benefits this program will provide by the closure of the current
program. Numerous tasks have been undertaken to satisfy regulatory needs.
The remaining discussion in this summary briefly describes the many technical
issues and their impact on current or future regulatory needs, that are anti-
cipated to be sufficiently addressed by the end of this program. Technical
concerns that may require further evaluation are also reviewed.

Technical Issues Sufficiently Addressed
by the Completion of the Current Program

.

The ASHE IWB-3610 (limit-load) analysis for cracks in austenitic
piping has been verified. Experimental results have shown that the analysis
procedure provides a better than average value for the advertised safety
f actor rather than a minimum safety margin. It has also been shown that a
correction is needed for the pipe radius to thickness ratio for surface- :

cracked pipe. Larger R/t pipe fails at lower stresses, probably due to |

ovalization effects. I

It was experimentally demonstrated that there is a large safety
margin between the load at crack initiation and maxinum load for low-toughness
large-diameter pipe with a through-wall crack. Hence, current LBB analysis
procedures could incorporate crack growth considerations to take advantage of
this margin.

The ASHE IWB-3640 flux weld analysis was evaluated by seven full-
scale pipe fracture experiments with through-wall or surface cracks.
Analytically, the analysis was found to have inherent safety margins.
However, it was recently found that the material property data used in this
analysis was higher than typical values for the flux welds. The experimental
data indicate that these margins seemed to compensate for the use of higher
than actual toughness values used in developing the analysis.

!

I

|
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Fracture tests at LWR conditions showed that cracked pipe *'ith weld-
overlay s epairs had large deformations in the unwelded pipe adjacent to the
weld overlay. These large deformations occurred prior to the fracture of a
crack in the overlay. In evaluating the design analysis procedures, it eas
found that well-defined guidelines do not exist. One could predict either
very low loads relative to tha experimental data cr loads slightly higher than
the experimental data depending on what radius, thickness or flaw depth was
used. A final experiment and an analytical round rebin, which are currently
underway, should clarify the design analysis procedures.

A large data base has been developed from the pipe fracture experi-
ments. This has been used to develop a screening criterion and a unified
statistical criterion to predict maximum loads for carbon or stainless steel
pipe. This could be applied to through-wall or surface-cracked pipe, This
simplified procedure which could easily be incorporated into a code procedure,
can be used for in-service flaw evaluations or LBB evalustions.

Correlations between Charpy data and fracture toughness have been
verified for ferritic nuclear piping materials at LWR temperatures. This is
useful for in-service flaw assessment criteria, and could be app 11ed to mill
quality control requirements for new plant construction. This was
incorporated into the statistical pipe flaw analysis described above..

i

Technical Issues Requiring Further Evaluations

9 be addressedThere are certain technical issues that will need
further to assess their ir. pact on r(quiatory or industrial applicatiels. Most
of these evolved from investigations c.onducted during this program The most
significant ones are summarized below.

More data are needed for prototypical evalus.tions of cracki in
carbon steel welds and thermal-aged pipe. These data are needed (cr
verification of tentative ASME carbon steel pipe flaw evaluations and plant
life extersion evaluations.

For LBB analyses, the presence of allowable shallow surface flaws
(such as those allowed by A5ME Section X IWB-3514,3) could contribute to
lowering the apparent t0ughness of the pipe. The current complex-cracked oipe
results show that such a 1 hallow flaw could lower the apparent fracture
resistance by 25 to 50 percent. Further data are reeded to astoss this margin
and evaluace its significance on LBB analyses.

Crack instabilities have been observed in many nuclear grade cLrbon
steel piping materials at 550 F (288 C) during the course of this program.
T5ese unexpected instabilities have recurred in both laboratcry and pipe
experiments. It is believed to be rclated to. dynamic strain aging that occurs
in many carbon steels. The net result is a significant reduction 1.1 the
fracture resistance. This metallurgical phenomenon needs further evaluation
to: (1) understand why some of the carbon steels are susceptable to unstable

212
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cracking while others are not, (2) predict its effect on pipes using labora- |
'

tory specimen data (3) assess its magnitude at seismic as well as at normal
operating condition strain rates, and (4) assure that it will not lower the t

initiation toughness for a surface-crackad pipe under a seismic loading to the ;

extent that the current LBB approach is jeopardized. :

<

IThe crack propagation toughness along a stainless steel SMAW fusion
line was recently found to be lower than the fracture resistance in the SMAW. |
This is significant since the SMAW weld metal is currently believed to be one
of the lower toughness austenitic materials. Moreover, stress corrosion !

cracks more frequently grow along the fusion line than into the weld metal. 3

!Further attention should be given to evaluation of crack initiation toughness
and crack growth resistance along the fusion line of welds. This could impact

!both in-service flaw acceptance criteria, such as IWB-3640, as well as LBB
acceptance criteria. Neither of these analyses address the question of fusion '
line toughness since this observation is a recent finding.

A theoretical finite-length surface-cracked pipe analysis is needed j

to verify the approximate Code criteria for conditions where there are no !

experimental data. Efforts are currently underway to develop such an j
analysis. In addition, data for shorter length surface-cracked pipe are :

needed under combined pressure and bending to evaluate tentative in-service ;

flaw acceptance criteria. ;
.

For determination of crack growth resistance curves from laboratory ;

specimens, it currently appears that two specimen sizes are needed to account '

for gecmetry effects using the Modified J-Integral approach. Such studies are
underway using current data, but the applicability to different classes of ,

nuclear piping materials should be verified, j
.

'It has been found that material anisotropy affects the fracture
toughnes3 and direction of crack propagation in full-scale pipe experiments.

!The possible beneficial or detrimental effects of the anisotropy should be
examined more closely. For instance, most circumferential cracks in seamless i

carbon steel pipe propagate in a helical direction even under pure bending. ;

What would happen if the pipe were subjected te torsional loads was well? i

A large data base on nuclear material properties has been developed |

and will be incorporated in the f.'RC pipe material property data base. This
will help to determine generic lever bound properties, but is not a statis- '
tically significant sample size by itself. Further data are needed, particu-
larly for carbon steel welds, heat affected zones, and fasion lines.

|
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Degraded Piping Program QBallelle ,

.

!

SIGNIFICANCE OF DEGRADED PIPING PROGRAM -

RESULTS ON LBB AND
IN-SERVICE FLAW INSPECTION CRITERIA

1

g by
|

G. M. Wilkowski*

Compilation of results by J. Ahmad, C. Barnes, F. Brust,*

D. Guerrieri, G. Kramer, G. Kulhowvick, M. Landow,
,

C. Marschall, M. Nakagaki, V. Papaspyropoulos, l

V. Pasupathi, P. Scott, and G. Wilkowski

DP-GA1-6/87-GW
,
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Degraded Piping Program CBallelle

Objective: Verify and improve fracture mechanics analyses,

for nuclear piping

Scope: Assess various materials at 288 C (550 F)
* '

Circumferential cracked pipe*y
<

|
*

Quasi-static bending and pressure loads*

Pipe sizes from 102 mm '4 inches) to 1,067 mm ;
*

(42 inches)
Verify / modify J-estimation schemes that can*

predict loads and displacements,

,

4

:

DP-GA2-6/87-GW

<

-
_ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ ___-_ __ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- - . . - -__ _ _ _ _ _ _ _ _ _

.

1 |

i

1,

il

|

.

:
4

i Small and Large Diameter
: Pipe Experiments
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Degraded Piping Program ,,Ballelle'

Technical Disciplines w
|

Material Characterization and Metallurgy.

Tensile and fracture toughness testing |
-

Other metallurgical investigations
|

-

Pipe Fracture Experimentation3 .
'

Instrumentation and data acquisition-

Testing at 550 F with pressurized water-

. Analysis
Limit load-

Checks on Code and NRC simplified proceduresi
-

i Elastic-plastic fracture mechanics estimation-

schemes
Finite element detailed analysis-

,

DP-GA4-3/87-GW

:
'
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Degraded Piping Program
Tasks 4 .* N e ll e

, .

1

!
!

I

i

. Over 60 technical subtasks in the following areas'

: Pipe Procurement-

Material Characterization |g -

Facility Modification )
-

Pipe Fracture Experimentation-

General Analyticr.! 2ffort-

Analysis of Pipe Fracture Experiment-

Coordination With Other Programs |-

Program Management-

|:

-

.

I

DP-GA3-6/87-GW

1
|
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Degraded Piping Program OBallelle !

| .

:

i

Leak-before-break analysisApplications: *

In-service flaw assessment analysis*

i

'

i 3
Technical issue completely addressed

'

Review of Results: *

Technical aspect arising from DP3||*

research results

I

!

|

!

:.

DP-GA6-6/87-GW

.
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IWB-3640 Analysis for
,

Stainless Steel CBaHelle
,

Base metal and weld metal (Iow toughness) criterion !
*

better than average, but not lower bound

Inconsistencies in ASME Flux Weld Criteria*

; g Used too high of toughness for SMAW and-

,

SAW4

Used weld metal ratiier than base metal-

strength
Conservative GE/EPRI analysis procedure-

compensated

Fusion line toughness half of SAW toughness.*

DP-GA8-6/87-GW
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Technical issues
Sufficiently Addressed CBattelle'

;

;

!

!

Screening criteria developed to show linlits of net-*
|

| section-collapse analysis
,

!
1

IS
"

\

! Margins between load at crack initiation and maximum*

load are large
;

I

:
i

.

1

i DP-GA7-6/87-GW
;

|

|
I
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| Plastic-Zona Screening
! Criteria for TWC Pipe OBauelle

i

I2 j ~

-

P "'/Pl- #'
Experunentoi trend curves <['"#I L _ ,,,,,,,,, _ _ qh-
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~~~" lo -

y " ~'"~ , , (bh

| ra

] 08
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y ; _1 i, ,1 Neutrol_ Aluminum A

"*6 Stoaniess Sleel SAW O

y 02 -

i

:
:

I I lo
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Dimensionless Plastic-Zone Parameter, (2sa,2)/( ' )D,,
' i

DP-GA9-6/87-GW
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| Technical Issues
| Sufficiently Addressed OBaHelle

:
i
i

,

|

IBM-PC J-estimation scheme computer code, NRCPIPE,*

with improved TWC and SC analyses developed
.

! i
: n

.

"

Pipe with weld overlay repairs*
,

!

;

l
'

.

l

: DP-GA10-6/87-GW
i

!

'
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Estimation scheme methods currently in NRCPIPE

Analysis Method
Available Within Loading (4) ;Structure NRCPIPE Type '

'

Center-Cracked Panel GE/EPRI T
Cogact-Tension Specimen GE/EPRI T
Single-Edge Notch Specimen GE/EPRI T |

Bend Specimen GE/EPRI 8

Circumferential Through-Wall
Cracked Pipe GE/EPRI T,8,T+8 '

Paris T,8 T+8 I

LB8.MRC T,8,T+8
LB8.8CL1 T,8,T+8
L88.8CL2 T,8,T+8
Modified GE/EPRI T,B,T+8
CEG8.Rev. 3 T,8,T+8

Complex-Cracked P1pe GE/EPRI T,8,T+8
Paris T,8,T+8'

LB8.NRC T,8,T+8
iL88.8CI,1 T,8,T+8 :

L88.8CL2 T,8.T+8 |
Modified GE/EPRI T,8,T+8 .

,

CEG8.Rev. 3 T,8,T+8 |

Surface-Cracked Pipe SC.SEN 8
SC. Thin 8*

SC. Thick 8
CEGB. Rev. 3 T,8,T+8

(a) T = Tension, 8 = Bending, T+8 = Tension + 8ending.

!

:

1
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Uniqueness of J-Estimation
Schemes OBallelle

Calculated Initiation
load, lh(kN)(d)

Method Case 1(b) Case 2(C) Uniqueness ?

GE/EPRI 34,540 (153.7) 34,540 (153.7) Yes

LBB.flRC 44,410 (19/.6) 44,410 (197.6) Yes

LDB.BCLI 40,446 (183.0) 40,446 (100.0) Yes
M
*

LBB.BCL2 39,451 (1/S.6) 39,451 (175.6) Yes

Modified GE/EPRI 38,902 (172.2) 53,750 (239.2) No

(a) Circumferential-cracked pipe 2c/nD = 0.37, diameter = }6 inches (4g6 mn)
thickness - 1.03 inch (26.2 an), JIc - 11,900 in-Ib/in (2.08 MJ/m ).

6
(b) f - 73.740 x 10 , n = 3.58, (o , c , and a based on yield stress).o g

6(c) F - 73.740 x 10 , n - 3.58, (o , c,, and a based on flow stress).o

DP-GA12-6/87-GW
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Technical Issues :

Sufficiently Addressed CMelle
'

!

Statistical analysis to predict maximum load*

i

; * Charpy energy and J c correlations evaluatedl

|

9 Round robins on held to verify i*

Tensile testing-

; Calculating J-R curve
i

-

! Finite element analyses-

J-estimation schemes for SC pipe-

Design analyses for weld overlay repairs-

,

DP-GA14-6/87-GW
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Statistical Analysis of Pipe
OBaHelleTests
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95-Percent Confidence
OBallelle

.
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Jlc Versus Charpy Data OBattelle
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Modification of IWB-3640
Using Statistical Analysis OBattelle

Exa cle of modification to ASME Table IWB-3641g--Allowable end-of-evaluation period flaw depth
to thickness ratio for circumferential flaws--nor.?al

operating (incluoing upset and test) conditions.

Stress Raus et new Leasui, t,, to mes crachmaca tus 0)1

Ratio 03
the (23) 0.0 0.1 0.2 OJ 0.4 er c ostne

1.3 (4) (4) (4) (4) (4) (4)
1.4 0.75 0 60 0.21 0 15 (4) (4)
1.3 0 75 0.73 0.J 9 0.27 0 22 0.19
1.2 0 'S 0.75 0.54 0 40 0.J 2 0 27
1.1 0 75 0.75 0.7) 0.31 0 42 0H
10 0.75 0.73 0.75 0 63 0 31 0 41
0.9 0.75 0.75 0.75 0.73 0.39 0 47
0.0 0 75 0.75 0.75 0.73 0 64 0.33
0.7 0.73 0 75 0.75 0.75 0.75 0.50

s06 0.75 0 75 0.75 0.75 0.75 0 e3

4071s.
(1) F av seets e a.'er a Mace Paw

ta.for atwt u ace Aaw
I = nea=4 t#wcuws:
Leaese etegoaten es pe'mt&bie.

] f D,+8,+e /2. ? ? |g(2) $trell s t's *a ,
C 3'fou

#. = **N'y 6*atit.neM wDratw rtmss (#. 5 0.3 J.)
#. = >^Ney bene +ag ftress

3,3 * fl, + 1,)/2 f e e coce tallet. .

*"*: :"r",
't * II +5,'s:t.a1 :/ 5,+$,?cose taales' 't * 1 if act at 5, sas 1,p

eal.es are wa s aoem .

* am e.. .e, [e >."m)-.

h!' * !!J,/(s g t >I'i

t * elettic see.1.:
J, * J at 4*a:t tait t at t e tf pneum, etne-vise use C*acer eae*ty

e s** e l e t t oa if Oma'er sata a*e settlasle o* vse lowe* ens sa

valves if ne sata a*e ova tlas te. |
I

e, * 1. (0.2$ . 0.032(t/t)M*,/!P, * 7,) L

oie w s e - e.ee - e.. !
I4) fe B.3414.3 than te wwe.

|

DP GA18 6/87 GW
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|

i

Technical Aspect Addressed t

in DP3|| OBallelle .

:
,

,

! !

!

L

Complex crack geometry (TWC with long internal SC)*

significantly reduces apparent fracture resistance1

9 Empirical correction developed-

,

|

Shallower d/t cracks should be evaluated-

:

1
!

|

|
|;

1 .

DP-GA20-6/87-GW
i

i.
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Simulated Complex-Cracked
QBallelle'

Pipe Experiments
<

Mtmored crock depth !*

------- Estimated crock depth
! IMM2] IGSCC

. .

s

\
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'g\ 4 -

,

g _.. _ _
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_ _ _ s. . y _ _ _ _

\
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L,tL
'

,
. !

u % sq
E

'
'

'

Q s

\-

N .
;-

s .-. .

, . ,

Doone-Arnoh! Crock found en Service Simulated Complex Crock

.

f
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Comparison of Fracture
Toughness Curves C4BaHelle !

CRHCK I X10tiSIOtt, mm
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f
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- 2008

SSPS a
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| Effect of d/t on Complex
****Ballelle! Cracked Pipe J-R Curve .

|
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,

!

!:

Technical Approach
Developed in DP311 QBallelle |

| _

!

i

.,

I

<

Concepts involved in developing an energy balance*
,

approach verified to predict start of instability and

| g arrest. t

;
;

:'

i

i

!

) .

DP-GA32-6/87-GW
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Stability Analysis of Short !

!

Surface Crack sitBattelle
I
,

Ductile Teorin !
(C,)

|

,'
nitialLoad1

Short
Short Surf ace Crack i

: Surface
C' Crack sC2

2
Maximum Load

|

5
'

l\ g\
I\ \N

\| \g Increasing System Compliance !

i | C\ \2

I I cit N N
! 1 - %sN

\1
'

N
Through-Wall Crack

:

|
"

i Displacement Due to the Crack
I DP-GA33-6/87-GW I

i
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'

: Stability Analysis of Long-
,

Surface Crack *J* Bauelle
i

1

Ductile Tearing ;

With
| / Com.ntionce C $ |
I

!Load
|Long Surface Crock'

Initial ,

Long
i

! Surface
i Crack

With Cu
2

, u N

!
#

f \'

I\ \
\ Increasing System Comptionce

|%*:
\Ig \

!M \ Through-Wail Crack I
t

\m tex \
,

Displacement Due to the Crack '
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Compliant SC Pipe Test:

= , . . . .

'
.

: .[k
- ,. s
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?
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.

Technical Approach '

,,BaHelleDeveloped in DP311 +4 ,
:

'

:
'

|

;

,

Estimation schemes for surface-cracked pipe developed.*

:

'

Thick-wals solution most consistent-

; g Correction to ASME Z-factor approach-

Further sensitivity studies needed., -

|

|

.

|

|

|

DP-GA35-6/87-GW

i



.

OBalleiie
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(o) Surface-cracked pipe under pure bending

.
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(b) Cross-section containing internal surfoce crock
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SC.TNP Predictions of
~

$74BauelleExperimental Data 4
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SC.TKP Predictions of .

CBanelleExperimental Data;
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Prediction of Crack Length
CBallelleEffect For Pure Bending
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Effect of Crack Length on
Failure of Pressurized Pipe OBaHelle

in = Through-wall Crack---
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Technical Aspects Arising i

From DP3|| OBallelle
1

! !

1

!

i

Need more pipe fracture data for carbon steel weld and*
'

thermal-aged centrifugally cast stainless steel

B
!

Carbon steels at 550 F exhibit dynamic crack jumps,
!

*

! possibly due to dynamic strain-aging I

:

|

i

,

DP-GA19-6/87-GW
2

'
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! Dynamic Crack Jumps in '

C(T) Test at 550 F C*BaHelle
1

1

i

l

I10000
4

9000 - !

l .000 _

i

, 7000 -

I

6000 -

"ro .

e g 5000 -
e

i 3
: 4000 -

,

l
3 ,

3000 -

2000 - -

I

2000 -,

1

' ' ' ' ' ' ' ' |0
| 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Displacement inch
j -

DP-GA24-6/87-GW '

4

i

I
|

i
a

i



-- --

i

Dynamic Crack Jumps in
28"-Diameter TWC Pipe OBallelle
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| 0 50 100 ISO 2110 250 360 350

Crack initiation
- 600

125000 -<

j I Z
-

- 500 #

.

100000 -

@
3 p} Local n.istability - 400,

'

g believed due to,

O 75000 - 1 dynamic strain-aging a,

u
- -

g - 300 g
(L 1
m [

50000 --,

y - 290 tr
a

g a<

i r _ e
25000 -

_ ig,
1

0 3 6 9 12 IS

LORD-LINE DISPLACEMENT, inches
'

DP-GA25-6/87-GW

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



!

: Dynamic Crack Jump in
: Carbon Steel Weld CBallelle ;

i
t

FWFN(T) SPECIMENS
550 F (288 Cl

Load-Line Displacement. em
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Dynamic Strain-Aging in
OBaffelleTensile Test Specimens

i

i
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Temp. and Strain-Rate"

; Effects on Strain-Aging C4Ba M e

,
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Dynamic Strain-Aging.'

Effect on Crack initiation $3Ballelle
,
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Load-Displacement Records
From Carbon Steel C(T) OBattelle j

,

l

!

550 F(288 C)

o NO DYNAMIC STRAIN AGING

o FRACTURE INSTABILITIES j

LOAD
:

|

|

300 F(149 C)
o DYNAMIC STRAIN AGING '
o NO FRACTURE INSTABIL-

ITIES

LOAD

DISPLACEFENT

DP-GA30 6/87 GW
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Technical Aspects Arising i

| From DP311 CBattelle
.

!

!
!

| Limited data show crack growth resistance along fusion*

! line of a stainless steel flux weld found to be
'

g approximately half of SAW toughness

)
|

1
4

!

|

DP-GA31-6/87-GW
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1
|

Lower CTOA in Stainless
Fusion Line

Type 304 3|Stainless Steel 1 -' j.
,

Base Metal , iy; '

- |
AS-12 - |

^

,,

-

!
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,
.

,\b - ~

To
Heat Affected Zone { _

|
~

Ab-5
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~N

W
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Aspects Arising From !.

C4BaHelleDegraded Piping Program i

:

,

!

] Modified J (JM) evaluated extensively*

|

;
.

Small C(T) specimens give lower J c, larger C(T)l
-

i specimens give lower dJ/da
: m
I

~

Fundamental concern on JM continually increases-

with large crack growth. Steady-state toughness
not predicted as observe 6 with CTOA, J, Tp

:

1

.

4

'

DP-GA38-6/87-GW

i
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i

l'

! Technical Aspects Arising
i From DP311 C4BaHelle
| -

,

|

4

|
'

!
i * Anisotropy significantly effect direction of ductile crack
j growth in carbon steels

i

E

Material property data base need to be expanded for*

carbon steel welds and fusion line

,

l

'

DP-GA40-6/87-GW
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}

Anisotropy Effect in |

Carbon Steel Pipe OBaHelle
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RECENT RESULTS AND FUTURE PROGRAMMES OF

P!PE FRACTURE TESTS IN MPA STUTTGART

Oletmar Sturm
Staatliche Materialpr0fungsanstalt (MPA)

University of Stuttgart
Federal Republic of Germany

ABSTRACT

The German Reactor Safety Research and Development Peogramme of the Federal
Ministry for Research and Technology (SMFT) sta?ted in the early seventies with
investigations on the phenomenological vessel burst behaviour. The aims of these
experiments on components made of mostly ferritic materials were focussed on the
generic issue of leak.before-break of piping and pressure vessels. It was the aim of

those investigations to research the fracture as well as the crack opening process
but also the crack prcpagation and crack strest. The tests were conducted under
actual conditions with respect to internal pressure, temperature and pressure
medium, which was decisive for the transferability of the test results on actual
comoonents.

The investigations on vessels and pipes into which have been introduced longitudinal
surface. and through. wall flaws were extended by circumferential flaws and an
additional outer bending moment which was superposed to the internal pressure. In

various phases of the programme the load history was steadily varied up to
superimposed cyclle and dynamle bending load, initiating frorts static Internal load

to failure, again under operational conditions with respect to internal pressure.up

temperature and pressure medium. To round the investigations on straight pipe
sections off piping components as 1. e. elbows and whole piping sections were
included. Investigations on surface and through. wall flaws partly produced through
f atigue and corrosion cracking will be performed in the future.

Datallel to these efferts German nuclear industry prepared their specific leak.
before break sooroach. Within the scope of that Research and Development work

h smaller diameters than for the D5enomenological Vessel Burst Eiperiments were
used and also other materials including austenitic stainless steel.
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Validation and verification work of existing fracture mechanies accroaches and
engineering-type calculational methods were performed on the basis of full scale |

~

|
testing under actual operational conditions. This includes also pre- and pcst

experimental analyses which have been done by means of finite element modelling
of fluid and structure Interaction during crack initiation, crack propagation and
crack arrest.

If the obtained results are transferred to actual components, which may be done ;

i without any restrictions because of the chosen test dimensions and conditions, the
effects of the vessel burst experiments on the fracture hypothesis of primary piping'
systems can be comprised as follows considering especially the concept basis safetyt

,

The basis safety excludes catastrophic failure of the components of pressure.

boundaries for proper service and for upsets. ;

The validity of the criterion ' leak before-break is acknowledged for the .whble
Irange of upper shelf Charpy impact energy from 50 up to > 100 J.

i

On the conditions given by basis safety, owing to conte vative limitation of the !-

stresses and increase of the toughness reouirements, critical crack sizes can be
excluded. A leakage owing to a crack can only arise in form of a small, locally

p

limited crack (4 0.1 Fpt r

it could be demonstrated that for adequate system c'esign the postulate of longi-
tudinal large breaks (spontaneous catastrophic fallure) is not justified. Failure
probabilities are so low, as to be meaningless. This conclusion is based on the use*

of high toughness materials not susceptible to degradation during manuf acture, ' '

processing and operation. Dre service and in service quellty assurance programmes,
load and leakage as well as water chemistry monitoring systems provide the

;

necessary redundancies for the ( BB concept.
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1. Introduction

! In 1977 a national Research and Development Programme.(Phenomenological Vessel .

Burst Experiments) was launched focussed on the generic issue of leak-before-break f
(l.BB) r.if piping and pressure vessels. The goal was to investigate the fracture and
crack opeMng process and to develop an unimpeachable deterministic safety

'concept. This concept allows the possibility of catastrophic failure to be completely
excluded, without invoking probabillstic arguments. The Basis Safety Concept was
developed in the F*ederal Republic of Germany to render the probabilistic approach -

unnecessary for safety cases relating to nuclear power plants, /1/. The process of
,

evaluatien started in 1972, and in 1977 the Basis Safety Concept was adopted in
principle by the Germen Reactor Safety Commission. In 1979 it was offielally ;

published and thus became a legal requirement.

:

The Reactor Safety Commission prepared thr "RSK Guidelines fer Pressurized Water
Reactors" as a compilation of the safety-related requirements which, in the

ICommission # s opinion, have to be compiled within the design, construction and -
|

operation of a nuclear power plant with pressurized water reactor, /2, 3/. As of |,

October 1981, the Reactor Safety Commission will use the present Guidelines as a I

basis in its deliberations concerning site and safety concept of pressurized water
reactors prict to issuance of a construction permit, and it will measure the,

..

construction phases of the corresponding nuclear power plants which do already f
exist or are under construction or In operation. The scope of application of the !

Culdelines to these plants will have to be examined on a case-by case basis.
;

1

] IThe major purpose of the Culuelines is a facilitation of the discussion process
within the Reactor Safety Commission and an early submission of references to !~

safety related requirements which the Resetor Safety Commissien - considers
necessary. Should manufacturer and licensee comply with the Guidelines the Reactor

Safety Commission will proceed with the short. term issuance of comments on
Individual projects.4

t

For application of leak-before break the requirements mentioned in the Reactor*

Safety Commission Guidelines will provide the pressure retaining boundary with a

j basic safety that will preclude any disastrous failure of a plant component as a
i result of defects. Fig. 1. The r,eoulted inherent safety of the components and

systems of the external system shall be assured on the basis of the General
Specification Basic Safety.*

i i

I

|
|
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2. Experimental and Analytical Research Programmes

2.1 Component Tests

Completing a status report on "Research in the Field of Nuclear Pressure Vessels"

/4/ In 1970 generated an important requirement for a German Reactor Safety
Programme, which started by the Federal Ministry for Education and Slence then, is

now carried on and sponsored by the Federal Ministry for Research and Technology
(BvFT). Dart of this reactor safety programme deals with the pressure boundary of
nuclear power plants, so for example with the primary pressure vessels and piping i

systems. The most important piping research programmes which were sponsored by
the Federal Ministry for Research and Technology are listed in Fig. 2. ;

The main goal of the experimental research programmes is to investigate the
l phenomenology of fracture on cylindrical vessels which partly have the dimensions
1

of the primary piping system of pressurized water reactors, Fig. 3. Pressure and
temperature should correspond to actual conditions. It takes first place to think

,

about the time dependence of the crack opening process af ter crack initiation but
f

also about the nature of crack formation, that means leakage or catastrophic
f ailure. Hereby the behaviour of tre pressure medium is of direct influence ono

icrack extension as well as on crack arrest. |
i

t
,

Further goals of the piping research programmes are the verification of analytical
medels as well as the application of ' fracture mechanies and computer codes.

,

Loading and test conditions are described in Fig. 4, the dimensions of straight pipes $
iand cylindrical vessels tested so far as well as the flaw types, flaw orientations ;

and flaw locations are shown in Fig. 5.
|
i

j Fig. 6 contains the materials used. !
1 ,

!

Since under upset conditions such as earthquake, aircraf t crash, water hammer etc.,

high additional loading from primary bending Can arise along with the internal
pressure leading due to operation, the lead bearing capacity reserves of piping must ;

be known and all the more so if it contains faulty circumferential joints.

!
<

l

.
.

I

l
i i
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ror the experimental analysis of the mechanical behaviour of piping of imoortant
safety related significance under upset conditions, approcriate tests have been
carried out for some years at MAA Stuttgart on pipes and also on flat tensile
specimens made from pipes mainly of territle materials.

These research projects, aimed at demonstration of the integrity of piping and
promoted partly by the Federal Ministry for Research and Technology and partly by
ndustry and plant operators, may be divided into four individual areas. Whilst in
the impact tensile and component tests, the test pieces are subjected to a single,

dynamically-applied leading, tests for the demonstration of cyclic strain behaviour
are basically conducted under multiple 1. e. cyc!!c loading. The impact tenstle. and
component tests provide information on the load bearing capacity and deformation
behaviour whereas tests for the demonstration of cyclle strain behaviour for which
bar and tubular specimens are likewise used give information on cyclic defermation

behaviour.

The impact tenslie tests were carried out on flat specimens taken from pipes, some

containing circumferential joints /5/.

The objective of the investigation was to determine the strength and deformation
behaviour as a function of defect size and temperature at various loading rates of
the ferritic materi&l 17 MnMcV 64 used for power plant piping Components by
means of quasistatic and impac* type tenslie tests conducted on flat tensile sceci.
mens, in particular ones bearing defects such as notches, cracks and porosity, taken
from pipes.

The velocitV of straining for the dynamically tested sCecimens was preset at 6.5 to
7.5 m/s. Thereby the mean rate of stress rise during the elastic leading chase in

2the gross cross section regicn had ve!ue of about 6 MN/mm s. The mean strain
rate up to specimen fracture in the unnotched specimens relPted to the total gauge
length of 150 mm was correspor dingly determined as up to 30/s.

In notched specimens where in practice deformation was confined to the ligament
(notch opening), mean strain rs'es related to the notch width in the region of the
notch tle (ca. 0.5 mm notch f!rnk separaticn distance) were calculated to be up to
15,000/s.
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In order to apply the transferability criteria on wide plate specimens and pipes
e. g. with circumferential welds under static loading conditions and tests with high
strain rate, MPA Stuttgart has built a 12 MN high rate tensile testing machine
operating with gun powder as a propellant, /6/.

The research programme which includes the construction of this machine is shown
in Fig. 2. |.

;
<

According to Fig. 2 and 7 pure internal pressure tests with pipes as well as pipe
bend tests have to be carried out to quantify the safety margin and to determine [

l the load bearing capacity under single quasistatic and dynamle load.

The Phenomenological Vessel Burst activity /7/ has been divided into two phases.
Phase I finalized in 1984 concentrated on primary piping as used for German |
1300 MWe PWR's and on longitudinat defects. Phase !! deals with circumferential {

'defects. The full scale tests again under operational conditions of pressure and
temperature include such tests with superlmposed static' and dynamic bending load. |i

The toples of the Phenomenological Burst Behaviour. Programme, Phase I are shown |
In Fig. 8. |

} !

j Cylindrical pipes with 700 mm internal diameter, 47.5 mm wall thickness and a !
, 6

j length of 2,500 and 5,000 m. closed on both ends, were used as test vessels. The j
; vessels have artificial notches in longitudinal and circumferential direction. They |
'

were made of two materials: 20 MnMoN1 5 5 in basis. safe ovality with high upper i

{ shelf impact toughness (A D 150 J) and a special melt 22 NiMoCr .3 7 with low !y

upper shelf impact toughness (Ay( 50 J), Fig. 9. The will thickness of the test
vessels were chosen such that a nominal stress of approximately 130 N/mm2 under !

operating conditions can be obtained. Except for the energy stored in the pressure
t

] medium, the time. history of the pressure decay af ter crack initiation has. among !

j ether aspects, a direct influence on the fracture behaviour. The measured pressure

j decay for vessel BV7 042 whleh was tested under air.cenditions as well as for

vessels which were tested under PWR. conditions is shown in Fig.10. After crack

! initiation, which means af ter penetrating the ligament of the longitudinal notch, the
pressure fell to saturation pressure within 2 or 3 milliseconds, whsteps under alt.
conditions it takes nearly 15 milliseconds,

l

The crack opening is measured indirectly and the shape of the vessel cross section.4

'
shown in Fig.11, is obtained by numerical integration of the partleular radies of
the vessel. Finally the actual creek opening area is plotted against time, Fig.12.

.

N

M
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In Fig.13 the experiiventraly develeced ratio al maximum crack opening area % 'o
the cross-sectional area of the vess?! Fq is clotted soainst the ratio of initial flaw
length t to the critical flaw length lerit. It can be seen that a ratio ; ..!Fq ifo

about 0.1 corresponds to an initial flaw length 1 that is equal to the er e :al flaw3

length ! crit. From Fig.13 lt is to be concluded that a noteworthy leakage cron
section of ebuut 10 $6 (0.1 F criterion) orly occurs with surf ace defects which have
original lengthr amounting to at Itast 85 86 ef through thickness critical length.

Several vessels failed are shown in Figs.14,15 and 16.

The "leak - be f ore break curves" of the vessels with longitudinal diects are of
materials with different toughness values are plotted in Fig.17. The comparison of
the calculated and the experimental leak.before break curve is sFown in Fig.18.

Phase !! of the Phenemenological Veese! Burst Experiments /8/ cencerns ecmoenent

tests censisting of bending tests on vessels which are loaded by internal pressure
and additionally by an externally applied cuasistatic er dynar. te bending, Figs. 2 and
7. At present there are fout 4.coint bending test rigs av311able at the MPA
Stuttgart. Fig.19 shows a 4. point bending test rig with a 3 Y.N pressure evilneer
which provides bending moments up to 3 MNm. C; pes up to diameters of about
600 mm with wall thicknesses up to 25 mm may be tested in tMs rig.

A further bending test rig having a 10 MN oressure evLnder, giving bending
moments up to about 10 VNm and taking pipet up to 800 mt - diameter and 50 mm
wall thickness is available Figs. 20 and 21. Tests on veracts of 800 mm outer
diameter and 47 mm sall thickness statically preload,,d by an internal pressure of
15 MPs are underway. These tests are closely related to the life time estimatiens
f or piping systems with postulated circumferential flaws in -he case of rdditional
stresses caused by earthquake, water hammer or aircraf t crash.

As can be seen from Fig. 22 the critical flaw lenght becomes smaller as the ;

'bending moment increases, assuming a constant nominal stress level. Failure in the

form of a l'akage can only be expected with a high bending moment and a deep j

flaw (a/t > 0.9). |

|
1
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In contrary to the examination of straight pipe components the investigation of
comolex piping systems is part of the HOR Safety Programme /9/ Accort ing tod

Fig. 23 both blowdown tests af ter a simulated double-ended guillotine break under
operating conditions as well as temperature stratification tests especially with
respect to the evaluation of stre.4es under thermal load are carried out. Further-

more the failure behaviour of the piping system la being investigated with the aim
of evaluating the safety margin of cracked piping elements both in the weld regions
as well as in the elbow regions under operating conditions and superposed cyclic
bending, Figa. 24. The necessary test setup consists of a pipe DN 400 which is
coming from the pressure vessel, leads vis several elbows to a valve resp. a device
with a burst (1sc, and which has an overull length of approx. 22 m.

A further programme deals with the Inelastle Analysis of Elbows , Figa. 25 and 26.
It is the aim of this project to investigate the behaviour of pipe elbows in piping
under mechunleal loading as to stif fness and tiorn ation especially in the non-

linear range /10/. The experimental ir~estigatis.w ar9 accompanied by a theoretical
analysis 3.ided by inelastic 3D computer codes. The tests were performed with 6
900 elbow, O. D. 470 mm and 41 mm wall thickness, f abricated out of the ferritic
steel 15 MnNI 6 3 Fig. 27 and with the load case "in-plane"-bending.

The longterm behaviour of complex pipiry components especially at temperatures in
the creep range is belng invest! gated witnin the compass of several research pro-
jects which are financed jointly by nuclear industry and the Federal Ministry for
Research and Technology, Fig. 28. In. plans tests on elbows made of ferritte
material under internal pressure at temperatures up to 550 CC are being conducted
over a duration of up tc 30,000 hours, Fig. 29.

These creed tests are completed by strain tests which investigate the cyclic strain
behaviour of sm30tn and notched tenslie bars and pipes, Fig. 30.

|

The behaviour at cyclic inelastic load is significant for the safety-technical
judgement of piping systems especially when the system is activated i. e. by alt-
eraft crash, waterhamme' or earthquake. In Fig. 31 the procedute at earthquake

1

simulation on pipes is shown schematically; it is contained in a fellowing
Prograinme of the Phenomenological Vessel Burst Experiments Fig. 2, 7 and 32.TN
test pipea are weakened for those investigations in a defined manner partly by

|
circumferential flaws, Fig. 33. Pipes, tested with :.he same strain amplitude as !

|

I

1
I
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smooth tensile bars show a lower number of load cycles at crack initiation, resp.

f ract ure. The presence of crack type flaws in the component will reduce the
number of cycles considerably.

The component tests are completed by investigations with a corrosive medium.
These cortesion tests with erack growth measurements are conducted on specimen
bars and tubular specimens under static, slow rate and cyclic loading.

2.2 Analytleal Activities

Validation work of existing fracture mechanics approaches had to be performed on
the basis of full scale teiting under actual operational conditions, Fig. 34.

For the validation of the particular computer codes a great part of the

experimental component tests is being accompanied by pre- and/or post calculations.

Especially in the Phenomenological Vesse', Burst Programme the fluid and structure
behaviour and the dynamle behaviour of bursting vessels was carried cut in
come arisor. of ex?eriment and calculation /11,12/. The fluid structure interaction

wa', investigated with the aid of the computer code DAISY ' Fig. 35), a coupling of
the fluid code DAPSY and the structure programme ASKA. as well as with the
finite element computwr code SAN Qtructural Analjsls P_rogrammeh

The fr.cture process fiom crack initiation to crack arrest is confined to few

milliseconds and during this shcrt period of time no gross fluid mot!on has to be
expected. With respect to the material properties. *he pressarlZed water is

considered as compressible fluid Fast fracture propagation is modelled by releasing
the equivalent nodal forces of the ligament secording to a constant average crack
propagation speed.

3. Summary

The German Resetor Safety Research sio Oevelopment Programme of the Federal
Ministry for Research and Tech ~ ology (BMFT) started in the early seventies with
investigations on the phencmenological vessel burst behaviour. The aims of these
experiments oh components made cf mostly fc*ritic materials were focussed on the
generie issue of leak-before break of piping and pressure vessels. It was the aim of

2 71
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those investigations to research the fracture- as well as the crack opening process4

but also the crack propagation and crack arrest. The tests were conducted under
actual conditions with respect .to internal pressure, temperatut e and pressure

i,

medium, which was decisive for the transferability of the test results on actual
components.

The |nvestigations on vessels and pipes into which have been introduced longitudinal

surf ace. and through-wall flaws were extended by circumferential flaws and an
additional outer bending moment which was muperposed to the internal pressure. In
various phases of the programme the load history was steadily varied up to"

superimposed cyclle and dynamic bending load, initiating from static internal load
up to failure, again under operational conditions with respect to internal pressure,
temperatt.re and cressure medium. To round the investigations on straight pipe
sections off piping components as 1. e. elbows and whole piping system - were
included. Investigetlei r en surface and through-wall flaws partly produced through ;"

fatigue and corrosion cracking will be performed in the . future.

Parallel to these efforts German nuclear industry prepared their spselfic leak.
,

before break sporoach. Within the scope of that Research and Development work
,

smaller diameters than for the Phenomenologleal Vessel Burst Experiments were8

used and also other materials including sustenitic stainless steel /15,16,17/. ;
J

a.
Validation and veriflestion work of existing fracture mechanics approaches and

j engineering type calculational aethods were performed on tt.e basis of full scale
testing under actual operational conditions. This includes also pre. and post {;

experimental analyses which have been done by means of finite element modelling
.

of fluid and structure interaction during crack initiation, ereck propagation and !
crack arrest. [

i

If the obtained results are transferred to actual components, which may be done
without any restrictions because of the chosen test dimensions and conditions. the j

effects of the vessel burst experiments on the fracture hypothes!s of crimary piping !

systems can be comprised as follows, in particular accor:Ing to Fla. M, considering

| especially the concept basis safety |

!

The basis safef- excludes catastrophic f ailure of the components of preswre.

boundaries for p: coer service and for upsetm.
-

|
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. The validity of the criterien leak-be f ore break is acknowledged fer the whcle
range of upper shelf Charpy impact energy from 50 up to 7100 J.

On the conditions given by basis safety, owing to conservative limitation of the-

stresses and increase of the toughness recuirements, critical crack sizes can be
excluded. A leakage owing to a crack can only arise in fcrm of a small, locally
limited erack ( * 0.1 Fg).

It could be demonstrated that for adequate system design the postulate of longi.
tudinal large breaks (spontaneous catastrophic failure) is not justified. Failure
probabilities are so low, as to be meaningless. This conclusion is based on the use
of high toughness materials not susceptible to degradation during manuf acture,
processing and operation. Pre service ar.d in. service quality assurance programmes,
load and leakage ss well as water chemistry monitoring systems orovide the

necessary redundancies for the LBB. concept.
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'I
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'
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Fig. 23. HDR. Pipe. Failure-Tests
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Fig. 26. Distribution of leading e.omeonents

Fig. 27. Test setup for pipebend test

Fig. 28. Pipebend test in the creep regime

Fig. 29 Pipe bend test

Fig. 30. Cyeile strain test

Fig. 31. Earthquake simulation on pipes ,

Fig. 32. Parameter structure of Lesk-before Break Programmes at MP A Stuttgart

Fig. 33. Test aims of Leak.jefore Break Programmes at MPA Stuttgart
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BASIS OF THE

SAFETY PHILOSOPHY FOR NUCLEAR COMPONENTS
MEANS

LEAK BEFORE BREAK

INCREDIBILITY OF CATASTROPHIC FAILURE

- BASIS SAFETY AND INDEPENDENT REDUNDANCIES

- HEAVY SECTION COMPONENTS

- PIPING

- REPLACEMENT

- CODE WORK

FOR

- VESSELS, PUMPS, ETC.

- STEEL CONTAINMENTS

- PIPES, BENDS, BRANCHES, ETC.

SAFETY STRATEGY

- DESTRUCTIVE TESTING

- NONDESTRUCTIVE TESTING

- ANALYTICAL APPROACHES

ME&

Fig. 1. 9 asis of the safety philosophy for nuclear ecmponents
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RECENT RESULTS AND FUTURE PROGRAMMES

OF PIPE TESTS IN MPA STUTTGART

SCOPE

MATERIALS

TEST VESSELS AND PIPES

TEST PROGRAMMES

PIPE AND BEND TESTS
- STRENGTH BEHAVIOUR
- CRACK OPENING
- CRACK ARREST

IMPACT TENSILE AND BEND TESTS
- STRENGTH BEHAVIOUR
- STRAIN BEHAVIOUR

CYCLIC STRAIN TESTS

PIPE BEND TESTS

PIPE FAILURE TESTS

CORROSION TESTS

ANALYSIS

N
1

.

Fig. 3. Recant results and future programmes of pipe tests in VD A Stuttgart
i

i
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E XIEltNAI.11ENDING ST AIIC (up to XI,000 h)
i
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~

DYNAMIC
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'

TIIEllMAl. TRANSIENTS ,.
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>

TEST COMDITIONS: WATER

PRESSIMlIZED WAICI(
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P! PING RESEARCH

STUTTGART IN THE

FEDERAL REPUBLIC OF CERMANY

COMPONENT: STRAIGHT P!PE

VESSEL

BEND

DIMENSIONS: 133 x 14 400 x 25
200 x 30 407 x 10O.D. x 7 (mm) 279 x 10 447 x 24
324 x 22 450 x 15
352 x 21 470 x 41
350 x 11 800 x 47
368 x 12

FLAW TYPE: PART THROUCH-WALL FLAW

THROUOH. WALL FLAW

NATURAL FLAW (FATIGUE, CORROSION)

FLAW ORIENTATION: AXIAL

(PART) CIRCUMFERENTIAL

FLAW LOCATION: BASE MATERIAL

WELD METAL

HAZ

Fig. 5. Components, dimensions, flaws
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PIPNG RESEARCH
'
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i FEDERAL REPUBLIC OF NRb \NY j

i
'

MATERIALS f'

i
i

,

|

1

i !
2

-

20 MnMcNi 5 5 (A = 60 - 200 J USE)1 v4 ,

!

' 15 Mo 3 .j
15 MnNi 6 3

,

15 NICuMoNb 5 !

! 17 MnMcV 6 4 ;

i :

14 MoV 6 3
t

i

I X 20 CrMoV 121
1
1 X 10 CrNINb 18 9
: i

| X 6 CrN1 1811
4 'X 2 CrNIMoN 1712
s
a

i

A!!4CONEL 600 :,

INCOLOY 800 STUTTGART
.

!
l .

1
*

l !
I i
i i

Id

!

i

!
.

|

| Fig. 6. Materials !
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FV- BEH ALTERVERSAGEN |

: TOPICS ,

i

1. Experimental determination of the time dependence on
'

- lNTERNAL PRESSURE

- GAPING
- CRACK OPENING AREA

E as well as the relationship between

INTERNAL PRESSURE and CRACK OPENING AREA
in sight of structure dynamic and fluid dynamic

calculations for vessel failure

2. Investigation of the CRACK ARREST BEHAVIOUR ;
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FV - BEH ALTERVERSAGEN

*\ .'Y,
.

Vessel : B V S010
with longitud, slit
Moterial : 22 WiMcCr37( Av= 47J )
Dimensions : DaxTxL = 793,9 x 47,2 x 2500mm

Slittength : 1,= 800 m m

Burstpressure : p =1 17,5 MPa at 155'CmQ

Mf5 5951

Fig. 14. Fracture in vessel BVS 010
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i Ve ss e l : BVZO30
|
! with longitud. flow
j Material : 20 MnMo W! 55 ( Av=202 J)
| Dimensions : 0.0.xTxl.= 7 97,9 x I.72 x 5000 mm
j Notch d e p t h/-leng t h: 36,2/1500mm
j Burstpressure : p = 19,5 MPa at 30 0' C
i
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I

i
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j Fig. 15. regeture in vessel BVZ 030
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Vessel : BVS 030
| with longitudinal flow

Material : 22 NiMo Cr 37 (Ay=42)):

| Dimensions : 0.0.xTxL=793,9x 47,2x 5000 mm

| Notthdepht/-lenght : 35/1100 mm

i Burstpressure : p = 13,1 MPa at 305'C

| Mt2 6237
I

!
l

; Fig. 16. Fracture in vessel BVS C30
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Blowdown on Simulated Double Ended Guillotine Break
Piping Systems under Operat!ng Conditions with

(RORB) - optimized (Test 1)
- - worst case (Test 2)

Feed Water Damping Valve Closure

Temperature Evaluation of Wall Stresses under
Stratification Distributed Thermal Load
(TEMR)

Failure Behavior Evaluation of Safety Margins of Cracked
of Piping Systems Piping Elements
(RORV) A weld region

B elbow region

under Operating Conditions and Superposed
Cyclic Bending

(2 Tests)
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Ral_ASIM' ANALYSIS OF' ELIK)WS

(11515anNn 9, WA, SOK) 1985

AIMS: FOHMATIOtJ OF PLASTIC AREAS Dt E TO GEOt(Ti1Y AtJD LOADING

VALIDATIOta OF frELAsilC 30-COMPUTEft CODEt

EVAlt JAllOr4 OF FLEXIUR_ITY FACTORS FOft Sit 411FIED ItELASTIC CALCI A_ATIOrJS

MATEHIAL: 15 Mrs44 6 3

84E DIhENSIONS: 0.D. x T = 470 x 41 mm

ELilOW11= 2x 0.D.

LOADDJG: IN-PLATE DENDR 3G

(OPENii G PNEEtJT)

TEST COrdllIKlNS: ROOM TEMIYitATURC

ftAree O

08litME TESTS: - ItJ-PLAtC ISEtJDirJG

(CLOSRJG MOMENT)

- 04JT-Ol~-ItAtE flEtJDit AG
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INELASTIC PIPE-BEND ANALYSIS
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|

PIPE BEND TEST |
i

l
TEMPERATURE : 550 C

|

PRESSURE : 18 MPa

MEDIUM : STEAM ,,,,,,,,,,,,,
DURATION : 30 000 h "'

gp,g
LOAD : STATIC

O.D. x WALL THICKN. : 200 x 30 mm '

~

BEND RATIO : Rm/O.D. = 1,5
P+G .

! x s., ls ! a_ _g j, I,.

/ ' , '| _ _0.0. /
- ,___t.4iJa :

' -

!A e-

g
! /.* [? |p

[g ,/
"

;

I
i .9._ :!! j'W . .

I 2P |
__ .

{ extensometer []
,,, , ,

//// \\\Y/// \\\Y/// \\NN////\\\
AIMS:

Investigation of the causes of damage under superposed loading
Characterization of the damosa history
Avoidance of damages
Optimized calculation for life time
Transferability specimen / component,

'

Optimization of measuring procedures M

Fig. 29 Pipe bend test
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CYCLIC STRAIN TEST

Cyclic strain behaviour
of smooth and notched

tensile bars and pipes

Protection against

upset conditions

MEA

Fig. 30. Cyelle strain test
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Earthquake Reaction of Component
(schematic) (schematic)

h d

A _ A Avvc vyvi _

Simulation on Pipes

d

pi-const. ) &s, \g y
~

( M s. a d (ta

u

h
$ smooth tensile bar
e

|

% 1

h |
v> .

flaw dept pipe

=

Number of Cycles N

MP.A8995
Fig. 31. Earthouske simulation on pipes
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l
PRESSURE VESSEL AND PIPING

TEST AIM
1

|

BEHAVIOUR OF BEHAVIOUR OF

COMPOtENTS MATERIAL

LOW CYCLE HIGH CYCLE MATERIAL MEDIUM

BENOING BENOING TOUCJfESS

OPERATIONAL UPSET

CONO!TIONS CONDITIONS

I I
I

BEHAVIOUR OF N ATUR AL VIBR ATION CYCLIC STRESS.STR AIN CURVES

BEHAVIOUR OF INITI AL CR ACK INCIPENT CR ACK CURVES

CR ACK GROWTH da/dN CR ACK GROWTH CURVES

CYCLIC STRESS-STR AIN CURVES STRESS. CYCLE DI AGR AM
M ef f f COO)b

ANALYTIC Kaf (t : COD) ,

CORROSION

II AK.BEFORE BREAK BEHAVIOUR
,

Fig. 33. Test aims of Leak.before Break Programmes at MPA Stuttgart

310

,



__ . . _. -

i

,

p

4

:

1

!.,

!
.

iANALYTIC

- LIFEAR-ELASTIC FRACTURE MECHANICS

i - DUCTB E FRACTURE MECHANICS
- J-Integral

i i

| - PLASTIC LIMIT LOAD j

- FLOW STRESS i

- PLASTIC INSTABILITY i

- LIGAMENT STRESS
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i
; ENEA-DISP APPROACH TO LEAR BEFORE BREAK
n t

) 1.ATEST DEVELOPNENTS AND FUTURE SUBJECTS !
!

!
i
i i

!i
t i
! I

1
4 t
; P.P. Mile 11a !

)

}
HEAD, Division of Mechanical Analysis and Technology i

j ENEA-DISP

l

!

i
4

!
j INTRODUCTION !

i
!,
j The hypethesis of complete severance of a pipe, known as Double End
; '

Guillotine Mreak (DEG3), historically was introduced in order to

3 design both containment and ECCS from a thermohydraulic stand point. [
.

r

The lack of advanced, reliable knowledge of pipe fracture behaviour I
4; .

estrongly supported that hypothesis that was introduced as tesign j
j Pase Accident.
i
j The consequence of that assumption was that enormous jet impingments !
-

,

and reactien forces had to be considered in the design of piping and !
|eechanical structures. I
i

|j In particular large site high energy pipes had to be heavily

} restrained in order to prevent them from crushing over other systems

I er coepenents, under the DEGB resulting thrust forces.
:
2 Also of concern was the sudden depressurization of reactor vessel
,

l and its impact on internals integrity.

This has led in the past to the installation of a larse number of

oioa whip restraints and jet impingment barriers detrimental to the

j insoectsbility of oiping.

I

j .h* set uo of these protective structures resulted either in a

1

4
1

! 315

;

I
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_

f

i

!'
;

!;

i !
!
!

1 drastic reduction in pipe inspection pessibility or in additionni
|

1 doses to workers during clant autages to remove those restraints and i*

i
i barriers for accessibility and inspections. i

!

I This was stressing the need for a new definition of the Design Base ;

l
i

| Accident aare realistic, yet conservative, and has led ZNEA-DISP to j
i start in 1991 a massive research program to study the fracture !

:

. behaviour of pipes, in particular under degraded conditions. i

!
'

] The result of that activity is that for the next generation of PWR

i reactors. LSB based design criteria /1/ have been introduced in >

'*aly. LBS will be applied to both primary and secondary systems,

while DEGB will be used to design large components supports. ;

!

i

!
'

|
'

| LEAR PEMPE BPEAX PASIC APPROACH
e

|
'

|

The approach to LSB is to demonstrate that even though a crack r

5
j either exists or is generated in a pipe it will not grow, during 40 -

1

j years of clant life, to break the pipe. ,

I ,

The flow diagram of figure 1 clearly depicts the basic approach to !

, LBB. :'
!

] Too many uncertainties were found to exist in that basic approach.
I

i; as indicated in the following pages. ;i

i In particular it was recognized that common tJT technique of sizing a !
l

|I crack in depth was not reliable at all on austenitie stainless steel >
!

!
j and thit fatigue crack growth mechanism was not well understood.

| Such censiderations suggested ENEA/ DISP to address the problem from
3

a more straightforward point of view.

; It was not argued any more whether or not a crack existed in the

j eine and of what size and how it would grow during plant life.

I
j It was assumed, instead, that the crack was already grown threughout

!
:
i 316
i
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the thickness of the pice.

This assumption relieves, in particular, uncertainty relative to UT

si:ing in depth and fatigue ersek growth rate.

Under such limiting conditions only one question arises as to what

crack si:e (this time enly length) would 'secome unstable under

applied loads.

Since ENEA/ DISP was thinking in terms of General Design Criteria to

be applied to plants to be built for which specific stresses were

not yet available, it was assumed to consider as reference applied

loads the maximum allowable by Code, namely the ASME Sec. III.

ENEA research crogram, then, was focused mainly on the study of

fracture behaviour of pipes containing longitudinal and

circu.9ferential through-wall cracks.

Figure 2 deniets the difference in the initial assumption between

Basic Aperoach and ENEA/ DISP Approach to LBB.

ENEA-D!SP POSI?!oN oN LPP

The results of ENEA research and study so far conducted on LBB have

indicated that the most limiting cracks are the circumferential ones

which may be broken open by the maximum ASME Sec. III allowable

bending moment only if their length exceeds at least 140' of

circumferential elongation. Figure 3 shows some experimental results

en carbon steel supporting that position.

Circumferential cracks are also the most probable since ENEA/DlSP

requires for new niants the use of seamless pipe, both en carbon an

stainless steel. Also elbows shall not contain longitudinal welds.

The gesl, now, becomes the exclusien of such large crack being
,

'
1

Ipresent or develepad in the pipe or, better, in the circumferential

1
1

'
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!
1 I
i

i

4

| welds, during elant coeratien. I

! This can be done by double inspecting pipe welds before the starting |
y

i
9

of clant operation and conducting sn inservice program during !i

!

| operation. (
4 - :

! Tirst inspection, which can be defined as a pre-preservice is
i

conducted in the shop where most of welds are performed. ,
4

!l
j The reason for that is that comfort, time and accessibility to
a

i weldments are available in the shop as opposite to the field and
i4

| this allows a better inspection as well the resolutien of possible [

.i doubts en UT indications.
'i4

Piping segments assembled and inspected in the shop are than shipped

i to the field and reinspecced at the plant after hydrotest and hot |
!

non nuclear tests. !

This procedure strongly reduces the probability of existence of a
! !,

j crack at the start of plant operation and, at the same time, j
i i

introduces a clear picture of the initial condition of the welds for ;

1

any future inspection, j

! Piping is then UT checked during scheduled outages. If an indication i

i
; is found, during an insarvice inspection, its size, only length ;

J t

i since no credit is given to depth, is then compared to an allowable (
crack size cbtained dividing by a safety factor of 4 the limiting

i i
140' erack length as shown in figure 2. The result is that any '

a

i indication staller than 35' is not considered as safety related and |
1 L

j may only lead to a leak. |
t +

j Since the limiting crack size is of the order of 140' along the i

circumference it appears to be reasonable to asrume as design leak f
4

aren the area associated to that flaw. !
t

| Seaction forces to design piping systems are, then, calculated on
'

the base of that gres, i

fj Experiwents s%nw that the lesk ares associated to a 140' crack

1 i
j reacher a maximum of 10% of the net cross section area and doesn't ;

|
i i
1 )
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go further than a 5% of the cross section at the moment when stable

tearing commences, as shown in fiRJre 4 /2/.

With a thrust stemming out of a 10% leak area practically no <

restraint is needed.

This allows a better inspectability of the piping during scheduled

cutages. It also reduces the effects of jet impingunt. Also

the secondary system will be design with the above mentioned rules,
i

'
As far as inservice inspection and materials are concerned,

secondary system has been upgraded to a prinary system standard.

Materials used for pipe construction will be produced under Quality

Assurance procedures.

Small pipes and pipes with a radius to thickness ratio over 10 will

not benefit LBB considerations.

Containment and ECCS design will continue to be based on the t

assueption of complete severance of a primary pipe. CEGB will also
t

be used to design large component supports, such as pumps. SG and

pressuri:er, to provide adequate margins of safety on their

i stability.
|

| Coolability and functionality of reactor core is of particular

i concern. ECCS shall be designed to exclude that the failure of a

| train ceuld damage the functionality of all other trains,

i

l

UNCERTAINTIES IN BASIC LBB APPROACH

|

| It has been mentioned earlier that uncertainties were found to exist

on basic approach to LBB that have suggested ENEA/ DISP tc depart

fro- it. This will be further discussed in this sectien. I

I
A funds-ental role in the basic LBB approach is played by UT sizing

in deeth, fatigue ersek grewth crediction and leak detection I

|

I

| |
'
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systems.

Those three factors are tightly related to assure that LBB is

effective, as shosm in figure 1, and unfortunately affected by

uncertainties.

The unknowns are listed in annex 1. Reference is made to steps No 1,

2, 3, 4, 5, 6, 7, 8 of the flow diagram of figure 1.

In particular for step No 3 the fatigue crack growth rates normally

used for SS and carben steel are those of ASME Sec. XI.

It must be understood that those data are not design data. They are

recommended to be used to verify the growth of a crack found in

service.

The difference is essential. In the design phase a safety factor

must always be introduced on data of experimental derivation while

in the verificatien of something already built often there is little

when no ground at all left to conservativism.

A typical ext?ple is ASME Sec. III fatigue curves where a fact 0r of

20 is introduced en number of cycles N and a facter of 2 on

allowable alternate stress S on the lower bound curve of all
a

experimental results.

Point B of step No 3 in annex 1 underlines some factors enhancing

fatigue crack growth rate.

They refer to carbon steel nevertheless they are quoted first

because secondary systems are made out of carbon steel, secondly

because, as pointed out at point A, the same extensive testing has i

not been conducted jet on SS.
1

Particularly, sulfur can have a stronger effect on SS than on carbon '

steel since the larger grain sise of the former resulta in a greater

concentration at grain boundary.

As far as porosity is concerned it shall be noted that most if not I

all fatigue crack growth rate measurements are run en CT specimens

free, as much as possible, fro- such internal defects as peresity.
,

1

l
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|

Cesigners are not as much interested in the fatigue behaviour of

"clean" materials as in the responce of these in wnich a "dirty"

surface is interested by a crack expecially because the two factors,
j

ersck and extensive defectelegy, tre likely to be associated.j

Point 0 of step No 3 enphasizes the fact that most fatigue crack
,

growth rates obtained on carben steel come frem specimens which were

behaving linear-elastic. This may not be the case for stainless

steel in particular at high te perature and thin sections with deep

cracks.

The clastic behaviour of the latter may results in greather crack

growth rate.

On the other hand shallow cracks have been found to propagate faster

than predicted by fatigue curves.

|

'

!

,
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ANNEX 1 |
[

Ij.
! l

UNCERTAINTIES IN BASIC APPROACH 70 LSB

s

r

STEP No 1 & 2
| |

Ia) SEAMS CN PRIMARY AYSTEM APPROACH A LENGTH CT 100 m. FOR A

E-10 7' 'TOGRAM THE OVERALL LENGTH PEACHES A 1000 m. WITH

3RANC AND SECONDARY SYSTEMS VILOMENTS CAN BE JUvGZD TO

EXEDE ..xAL XILOMETERS. THE POSSIBILITY CT HAVING A CETECT !
'

ESCAPING UT INSPECTION CANNOT BE NEGLECTED. ,

!

',

b) ''T INSPECTICN CAPAELE OF SIZING -'s6'X IN LENGTH BUT NOT IN |.

| DEPTH, PARTIC"LARLY CN CTAINLESS S'.i...

i

|

:

|
|

STIP Ne 3 ;

i

ls' '" ATIVELY TEW TAT!GUE CRACX GRCVTH DATA ON STAINLESS STEEL 1

1 (SS) CCMPAF.ED TO CAR!ON STEEL
l

b) TATIGUE CRACK GROWTH RATE OT MATERIALS (CARBON STEEL) EXPCSED

TO PVR PRIMARY C001 ANT ENVIRONMENTS SUSCEPTIBLE CT

ENHANCIMENT DUE 703

TATIGUE TREQUENCE (SEE TIG. 5)-

IMPURITIES CCNTENT (PARTICULARLY SULTUR. SEE TIG. 61-

R RATIO (SEE TIG. 7)-

CRIENTATION (SEE TIG. 8)-

|
a22 1

l
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ANNEX 1 (cont.)

J POROSITY-

c) TATIGUE CRAOK GROVTH RATES ARE OBTAINED ON SPECINENS BEHAVING
i.

LINEAR-ELASTICALLY. THIS MAY NOT BE ThI CASE kNEN DEEP

CRACKS ARE PRESENT IN SS. LARGER CRACK TIP PLASTIC CNE CAN,

RESULT IN HIGHER RATES.

CARBON STEEL: aK = 40 Mpa$"s requires B = 2 cm

TATIGUI CRACK GROWTH SPECIHEN SItt B= 5 cm (2"l-CT)
,

d) ACTUAL SHAPE OF A TATIGUE GROWING CPACK NOT UELL KNOWN (SEE

TIG. 9)

1

|STEP No 4
4

LCAD SECUENCE NOT DETINIBLE "A PRIORI"..

A CRACK ASSUMED TO ORCW TRHOUGH THE THICKNESS MAY ELONGATE

IN *HE OTHER OIRECTION BECAUSE OT \ SUCCEN OVERLOAD AND

BECOME UNSTABLE (SEE TIG. 10)

!
a

|

|

.| STEP No * '

I
r

,

'

LEAK AREA NOT WELL PREDICTED BY THEORETICAL MEANS.

,

l,

,
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ANNEX 1 (cont.)

STEP No 6

LEAK DETECTION SYSTEMS NOT RELIABLE.

STEP No 7 & 8

SAME UNCERTAINTIES AS IN STEPS No 3 & 4.

|

.

I
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1

|

|

|
INITIAL FLAW 2

DEPTH a 4
LENGTH 2e

IGROWTHp

O
UT below

)ETECTIO

i

FATIGUE FLAW

GROWTH a

EXCLUS3NOF

QWATER HAMMER STABLE No

THERMAL FATIGUE V
STRESS CORROSION Yes

r

Yes
LEAK

No

1r

UT & LEAA No
,

DETECTION

Yes r

@ aTAB '
-/ 1

Yes |

4

n v

i
LBB FAILURE

I'

.

|

|

FIGURE 1. BASIC APPROACH TO LRB

325

__ _ _ _ __ .. . _ _ _ - . _ _ _ . _ _ _ _ _ _ . __ _ _ _ _ ..



:

:

Initial flaw Allowable flaw
1,4 of Oc.axm ,

I \ | |
'

Maximum flaw <l e
og .

,

* max
l \'/

2G max
\'

a. | ,

| 4 i

[

f

k

,

(a) (d}

-

Figure 2. Difference between basic approach a) and ENEA/ DISP

approach b) to LBB. In a) the initial crack is assumed to grow
'

thr ugh th: thi:!:r.:::, ir, t } it 1: t:ncidertd *; h2"a *1***dy

gone throughout the thickness
L

i

e
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CLOSED POINTS REFER TO MAXINUM LOAD

% CPEN POINTS RETIR TO INITIATION
U.

,100
* y 8" PIPE - t = 11 m

[ g 6" PIPE - t = 18 m

E y g 4" PIPE - t = 18 m,

-
t = 11 m

$
5 C
E *

.\50 *
6" ASME III MAXIE'M LCAD

hf 8" ASME III MAXI %'N LOADp
w ... -

N *

*Q ...

\,, h 4" ASME III KAXIA'M LOAD (18m)
*

% .jy jj\A 4 A:::: III y.a.IP.'M LO.ar 'ti . 'I

, , , v* , , , r

C 20 40 60 80 100 120 140 160 ISO

CRACX SEMI ANGLE (DED)

FIGURE 3 EXPERIMENTAL RESULTS SHCVING THE MOMENT AT INITIATION AND AT MAXIMUM

LCAD FOR DIPPERINT PIPE SIIES VIRSUS THRCUCH VALL CRACX SEMI ANGLE.
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ORIGINAL ASPECT RATIO ORIGINAL ASPECT RATIO

Figure 9. The actual shape of a growing crack is not well known.
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1

RECENT RESULTS AND FUTURE PROGRAMS

ON PIPE FRACTURE TESTS IN ITALY

P.P. M11ella

IEAD, Division of Mechanical Analysis and Technology

ENEA-DISP

INTRODUCTION

The pursese of this paper is to present the continuation in 1986 of

the ENEA research program en fracture behaviour of carbon and

stainless steel pipes started in 1981.

Previous work, from 1981 to 1985, has already been outlined /1/.

In addition the paper will be also presenting future programs on the

matter that represent a remarkable improvement over the past in that

it is aimed to address the problem of fracture resistance of piping

systems from a broader point cf view that includes, in particular,

dynamic loads, elbows and flanges behaviour, jet forces and leak

detection systems.

The objective of the program is to improve elastic-plastic fracture

mechanics knowledge to assess pipe fracture behaviour in any degraded

condition and under any operating or accident condition that can be

expected during plant life and develop reliable leak detection

capabilities to pick up an early sign of failure.

The final goal is to further support new design criteria, such as leak

before break (LRB) already introduced in Italy /2/, studying in depth

the possible piping and system response to any adverse condition.

4

'
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|ENEA RESEARCH PROGRAM IN 1986. SIGNIFICANT RESULTS

Tests on pipes have been continued in 1986. Experiments have

interested carbon steel pipes of 4", 6" and 8" diameter of A 106 B and

austenitic stainless steel pipes, type 316, of 12" diameter.

As in the previous years, pipes containing through-wall cracks were

loaded in pure bending as shown in figure 1.

A complete oicture of all tests run in 1986 is shown in the test

natrix of table 1.

*his time we also checked the behaviour of carbon pipes containing

small cracks or no crack at all in order to verify the Modified Net

Section Collapse Load criterion proposed by ENEA (ENEA MNSCL).

Results from previous research programs were showing that for carbon

steel with R/t (Radius over thickness) lower than 6, instability was ,

reached under moments higher than those predicted by the NSCL.

'

This is presented in figure 2 where experimental results are shown in a

diagram applied stress versus crack half angle. The applied stress

represents nominal stress far from crack area. Solid line in figure 2

is the theoretical stress versus crack half angle according to NSCL

eriterion.

The ENEA MNSCL criterion was based on the observation that before

instability the crack was growing tearing the material and therefore

at the tip of the crack stress should have reached the ultimate

value e.
u

This maximum value, e, dies out at a distance A from the crack tip
u

which is proportional to / ort were o is the crack half angle.

A schematic of ENEA MNSCL is shown in figure 3.

Obviously, since the increment of stress and therefore of resistance

capability is function of 1, i.e. of crack length, by decreasing

crack lencth its influence should diminish and completely disappear ,

Lin a pip * without crac'<.

l
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Tests have confirmed this predicticn as shown in figure 4, where

experimental results (open and closed points) are shown compared to

theoretical NSCL curves (solid lines).

As it can be seen for 6" - 18 mm thick pipe (R/t = 4) and 4" - 18 mm

pipe (R/t = 2.6) experimental results are over theoretical prediction

for large cracks. As crack approaches zero length' the upward

experimental trend bends down matching the theoretical prediction of

NSCL.

It can be also seen how experimental results for 8" 11 mm thick-

pipes, with R/t - 10, agree very well with theoretical prediction for

any crack lenght.,

Another point of interest stems out of tests carried on carbon steel

pipes at 300*C.

This time, as shown in figure 5, both 6" - 18 mm thick and 8" - 18 mm

thick pipes perform below the NSCL prediction. i

This is due to a dramatic toughness drop with the temperature probably

due to a dynamic strain aging effect on the material.

Table 2 shows J values and tearing modulus obtained on A 106 B

specimens at RT and 280'C.

For such low values of J *# * " #*"" "EEC

for any crack length since the value of A is greater than the

extension of the plastic zone itself ahead of the crack tip. This is

physically impossible since A should be a fraction of the plastic zone.

The probable dynamic strain aging effect can be better seen in figure

7 where experimental load versus displacement is shown for two 6"

diameter carbon steel pipes containing a through wall crack of 140'

and 150' tested at room temperature and 300*C respectively.

It can be seen the decrease of maximum load and, particularly,

displacement for the pipe tested at 300'C indicative of a transition

$ from ductile to seni-ductile behaviour.

Another imoortant finding is related to the opening area of the crack

337
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,

during the loading phase up to the maximum load. E

Measurements based on experimental COD have been compared to
,

theoretical predictions making use of Tada equation /3/.

Results are shown in figure 8 for 8" diameter, 11 mm thick stainless
i

steel pipes /4/. '

It can be seen that Tada equation tends to overpredict the actual |4

opening area in particular at higher loads. Linear elastic fracture

mechanics is well applicable up to a bending moment equal to 40% of

the theoretical NSCL.

Best prediction of the actual leak area can be obtained by using the

Tada equation with the yield stress instead of the flow stress and a

plastic constraint factor equal to 6.

f

!

!
FUTURE pFOGRAM i

f

A new research program has been prepared by the Division of Mechanical f
;

Analysis and Technology of ENEA-DISP.

The new three year program will be presented for approval in June 1986

and start in 1988.

The program, that addresses the problem of piping integrity from a i

!
breader point of view, is broken down in the following 6 Actions: [

>

i

ACTION 1: TESTS ON CARBON AND STAINLESS STEEL PIPES UNDER STATIC
'

BENDING LOADS AND MATERIAL PROPERTY DATA BASE
1

ACTION 2: TESTS ON CARBON AND STAINLESS STEEL PIPES UNDER DYNAMIC
|

LOADS AND MATERIAL PROPERTY DATA BASE ,j
<

I

ACTION 3: TESTS ON CARBCN AND STAINLESS STEEL PIPES UNDER |

338
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PRESSURE LOACS

i

ACTION 4: THE'htETICAL ANALYSIS OF EXPERIMENTAL RESULTS OF ACTICNS

1, 2 AND 3 AND DEVELOPMENT OF LBB CRITERIA

ACTION 5: DEVELOPMENT OF LEAK DETECTION SYSTEMS
,

ACTION 6: DEVELOPMENT OF UT INSPECTION ON SS PIPES.

In particular: ;

ACTION 1 is a continuation of programs so far developed with new

'
features. Pipes up to %" dismeter and 70 mm thickness will ce tested

"

under bending moments. !
l

It will also study the fracture behaviour of full scale elbows,

tees and flanges.

ACTION 2 is a new research focused to understand the real impact of '
,

dynamic and seismie loads on degraded pipes. It must be understood the

actual action of seismie loade and whether or not they can be ;

considered as dynamic. If pipe behaviour is ductile the yield strength

should be playing a fundamental role: the higher the yitld strength !

|
the better. Any increase in the yield strength due to a dynuie effect

could possibly lead to an increase of fracture resistance if toughness

.
continue to be sufficiently high.

,

j

k,

d

i

i

'l
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Abstract

At JAERI, a ductile pipe fracture test program has been conducted
as a part of an extensive piping research program, and the ductile
fracture behaviors of circumferentially cracked stainless steel and
carbon steel piping have been investigated at room temperature, 300 *C
and BWR environment. In this program, dynamic test and leak test are
also included. The paper sumarizes the outline and future plans of
the program as well as the pipe bending test results conducted at
room temperature and 300 'C using 3 , 6- and 12-inch diameter type
304 stainless steel and carbon steel pipes with a through-wall or a
part-through crack in the circumferential direction.

Two pipe bending test machines which installed a high compliance
disk spring device were constructed to perform 6-inch and 12-inch
diameter pipe test under compliant bending load.

Pipe fracture data obtained were compared and discussed with
regard to the validity of the net-section collapse criterion, safety
margin of the flaw acceptance criteria for austenitic stainless steel
piping in ASME Code Sec. XI, and the applicability of simple fracture
parameter estimation schemes which were developed by EPRI-GE and NRC.

A reasonable agreement was observed between the predicted net-
Section collapse load and test results of through-wall cracked
pipes. However, for part-through cracked pipes, agreement was less
accurate than the case of through-wall cracked pipes in general.
Especially the predicted load became unconservative when the crack
depth was more than 90% of wall thickness.

Using the test results of 6-inch diameter stainless steel pipes
of base metal and GTAW joint, the flaw acceptance criteria of the

'

ASME Code Sec. XI, IWB 3640 was examined, and it was shown that the
criteria satisfy the expected safety factor.

Test result of 6-inch diameter stainless steel and carbon steel
pipes were also compared with the predicted J-value and COA (Crack
Opening Area) obtained from estimation scheme developed by EPRI-GE and
NRC. EPRI-GE estimation scheme gave larger J and C0A values than
those obtained from test results, while NRC procedure gave imoroved
predici,ed values.

In addition to the above results, an evaluation procedure for
critical pipe length and supporting conditions at the onset of
instability is presented using an empirical expression obtained from
pipe test results. It is shown, for instance, that the critical
length of 24-inch diameter Sch. 80 stainless steel pipe is more than
140 m long under the displacement controlled 3-point bending load.

As a part of ductile pipe fracture test program, a leak test
has been started from FY 1987, in which the influence of small jet
through a through-wall cracked pipe including a leak rate measurement
will be investigated from FY 1988,

i
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1. Introduction
.

IAt JAERI, an extensive piping research program has been conducted,
Iwhich is directed towards demonstrating the integrity of LWR piping

during plant life and also the safety of nuclear plant even under the
postulated pipe break accident. The ductile pipe fracture test program

a described in this-paper has been conducted as a part of the piping
research program in which Pipe Fatigue, Jet, and Pipe Whip te;t t

programs have been also involved -|
In the pipe fatigue test program, fatigue growth of multiple

,

surface cracks in the inner surface of pipings were investigated. '

j In the Jet and Pipe Whip test program, det force, jet impingement
,

and pipe whip behavior were investiguted under simulated pipe break8

accident. The above two tasks have almost been completed.
In the ductile pipe fracture test program, stable and unstable 3

pipe fracture under bending load, and i fracture behavior under ,

dynamic load are being investigated.1) ) 4) A leak test through ai r

through-wall cracked piping under bending load is also included in i

this program.
In this paper are sumarized the progress and future plan of the ;

ductile pipe fracture test program conducted at JAERI as well as the !

recent pipe bending test results performed at room temperature and ;

300 *C using 3 , 6 , and 12-inch diameter type 304 stainless steel and
carbon steel pipes with a through-wall or a part-through cracked ;

pipe in the circumferential direction. By the use of pipe test
! results, the validity of the net-section collapse criterion and flaw

acceptance criteria for austenitic piping of ASME Code Sec.XI and,
,

engineering fracture parameter estimation methods developed by EPRI- r

GED) and NRC ) are discussed. Besides, a stability evaluation6

procedure of piping systems is presentd under displacement controlled'
,

bending load using empirical expressions obtained from the pipe test
results,

l

.
,

b

2. Progress and outline of the ductile pipe fracture test program
1

1 In Table 1, time schedule of the ductile pipe fracture test :
~

program is shown. The program was started in 1982 by constructing a -

i pipe bending test facility, and subsequently pipe tests have been ;

carried out since 1983. In this program, follow'ng tasks have been ;

carried out. First task is the bending test of .., 6- and 12-inch !<

'diameter pipes under rigid or compliant displacement control loading
| at room temperature, 300 'C, and BWR environment. Tests have been

performed using austenitic stainless steel and carbon steel pipes ''

including welded joint with a circumferential through-wall or a part- |
"

through crack. |
'

; Second task is a dynamic test in which the pipe fracture behavior !
' under a dynamic bending load has been investigated since FY 1986. As |

a part of the program, leak test was started from FY 19P', and the -

future test plan will be described in the paper. Computer code i

development has been also performed in the program to calculate the ;

j fracture mechanics parameters of 3-dimension.f geometry and to '

j evaluate pipe fracture behaviors. ;

f
: t

;,
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In order to perform the pipe bending test under compliant and
rigid bending load, two test facilities which installed a compliant
disk springs were constructed fer 6-inch and 12-inch diameter pipes
respectively. Fig. I shows the pipe bending facility for 12-inch
diameter pipes. This facility has the maximum capacities of 1500 kN
load,100 mm stroke and 326 mm/MN compliance respectively. The
pipe bending test facility can be used under either high compliance
or rigid condition.

3. Results and discussions on pipe fracture tests of stainless
steel and carbon steel pipes at room temperature and 300 'C

3.1 Validity of Net-section collapse approach
The net-section collapse criterion 7) can be applicable when the

fully ductile condition is reached in piping. A stress distribution
model of the net-section collapse criterion in the cracked section of
piping is shown in Fig. 2. Net-section collapse load can be evaluated
using the stress distribution shown in Fig. 2. The flow stress was
assumed to be the average of yield strength and ultimate tensile
strength.

In Fig. 3 normalized collapse loads of through-wall cracked
pipes obtained from 3 , 6 , and 12-inch diameter itainless steel pipe
tests and 6-inch diameter carbon steel pipe tests are plotted and
compared with the net-section collapse criterion. Generally a
reasomable agreement can be seen between test results and the criterion
though welded stainless steel pipes tend to show slightly lower load
and carbon steel pipes show about 20% higher load than the load by
the net-section collapse criterion.

On the other hand, some different trend from the through-wall
cracked pipes were observed in case of part-through cracked pipes.
Fig. 4 to Fig. 6 show the results of 6-inch diameter part-through
cracked type 304 steinless steel pipes with and without welded joint
and carbon steel pipes respectively.

As shown in Fig. 4, part-through cracked stainless steel pipes of
base metal showed a conservative load compared to the criterion
except for deep and short crack range. However, deeply cracked pipes
of d/t=0.91 showed a considerably lower load than that of the
criterion. On the other hand, welded stainless steel pipes showed
slightly lower load than that of base metal. In this case, deeply
cracked pipe also showed a considerably lower load than that of the
net-section collapse criterion.

In the results of 6-inch diameter carbon steel pipes as shown in
Fig. 6, a different trend that through-wall cracked pipes also show
higher load than the criterion as well as part-through cracked pipes
except for a deeply cracked pipe, if the flow stress is assumed to be
the average of yield strength and ultimate tensile strength.

As mentioned above, the net-section collapse criterion gave a
reasonable or a conservative load for stainless steel and carbon

| steel pipes tested except for deeply cracked pipes. Therefore the
net-section collapse criterion can not be applied for predicting the

| fracture load of a deeply cracked pipe.
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Using the test results of 6-inch diameter stainless steel pipes
with and without welded joint, the validity of the flaw acceptance
criteria of ASME Code Sec.XI, IWB 3640 was examined as shown in Fig. 7
and Fig. 8. In these figures, the maxnum allowable flaw size of the ,

criteria for Sm load is i.idicated by the broken line and slolid lines
were obtained from the original equation developed by EPRI-GE )9)10),8

which indicate the onset of fracture by P =Sm, 25m, and 35m loadingb
respectively, while pipe test results were plotted with the safety
factor for Sm load, i.e., P /Sm value. It can be found in bothb
figures that most data point satisfy the expected safety factor by
comparingto solid curves.However the deeply cracked pipes of d/t=0.91
or 0.90 do not retain enough safety factor. Whereas the flaw
acceptance criteria of IWB 3640 seems reasonable because the maxinum
allowable depth is limitted up to 75 ". of wall thickness.

In Fig. 9, flow stresses of tested stainless steel pipes
d1termined experimentally from the net-section collapse formula are
plotted as the function of crack depth, and compared with 35m value.
In ASME Code SecXI, it is assumend that flow stress of the austenitic
stainless steel pipe satisfy 35m value, and it is seen in the figure
that the most flow stresses obtained from pipe test results are <

larger than or nearly 35m. However, it is clearly observed that the ,

flow stresses are considerably low for deeply cracked pipes. In i

Fig. 9,.it is also observed that flow stress is dependent on crack 1

angle as well as crack depth.
;

3.2 Comparison of J-integral and COA between 6-inch diameter pipe
| test results and current engineering estimation schemes

Recently some engneering estimation schemes for fracture mechanics
parameters, such as J-integral COD, and C0A (crack opening area),
have been developed.5)6)11)12),

i

The typical pipe test results of 6-inch diameter stainless steel
)' and carbon steel pipes with a 90 degree through-wall crack are

compared below with J-integral and COA obtained from EPRI-GE and NRC ,

estination schemes.
In Fig. 10 and Fig. 11, J-integral values obtained by these

estimation schemes are compared with the test results of stainless
'

steel and carbon steel pipes. Experimental J values were determined by
the equations developed by J. Pan et.al.141 using load vs. load-line

,

displacement curve obtained from test results. In both figures, it is
seen that EPRI-GE estimation scheme gives a higher J value than that of
test results, while NRC scheme seems to give more improved J values.
In Fig.12 and Fig.13, estimated COA values are also compared with the
test results. As shown in Fig. 12 and Fig. 13 EPRI-GE estimation

,

scheme gave larger COA value as well as J value. On the other hand the2

NRC scheme gives a lower COA than that of test results, which means
that a conservative leak flow rate can be obtained by the use of NRC

,

scheme in COA estimation.-

1 In each case of the above estimations, shown in Fig. 10- Fig. 13,
j EPRI-GE scheme gave higher values than those of test results. However

it must be noted that the estimated values of these parameters by EPRI-
,

i GE scheme are also dependent on the choice of Remberg-Osgood prameters,
i

i n and a. In the present study, n and a were deterinined by the fitting
|

; of engineering stress-strain curve in the strain rarge of 2 L to 10 5. j

|

!,
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3.3 Stability of piping system against unstable ductile fracture $
~

under bending load .

1

The initiation of an unstable ductile-fracture under the
'

prescribed displacement is dependent on the moment-rotation relation-
ship of the cracked section and loading system compliance including
compliance of piping. In Fig.14, the moment-rotation relationship'

of cracked section of a through-wall cracked pipe under bending is
schematically illustrated. The minimum value of (-da /dM) can bec
usualy foun1 in the load-decreasing region after the maximum load.

On the ether hand, the stability of a piping system under
.

; prescribed displacement bending load can be expressed as follows.

j T p+p
da (1)'"

C <0 || =C7+A- eg
) where CT is total compliance of the piping system at loading point and
| A is the proportional coefficient between 6c/P and o /M, i.e., $c/P=2

c
A .a /M.6o is th! displacement without crack and is expressed by 6o=C P,2j c T

Using the minimum value of (-dac/dM) mentioned above, the
stability of the piping system for any amount of displacement can be i

expressed as follows.
.

C / d3 !T c
(2) i} * [ oM , min

!

In Fig.15 are shown stability conditions for specific cases, !

| 1.e., simply supported 3-point bending beam, uniform bending beam with
] fixed grips, and 4-point bending beam with a compliant loading system, ,

which were obtained from eq.2 or using the same analogy for the case
of prescribed rotation bending. It should be noted that the critical

3

length of 3-point bending beam is three times as much as that of the
| uniform bending beam.
; In the meanwhile, the minimum value of (-da /dM) is necessary toc ,

i evaluate the above critical conditions. A FEM analysis or simple ;

j estimation schemes might be applicable for some cases. However the
validity of such methods is suspectable for the case of a fully ductile
condition which seems to be the most cases at the onset of an unstable :'

i ductile fracture. t

By the use of 6-inch diameter and 12-inch diameter stainless steela

| and carbon steel pipe test results, empirical expressions for I

(-da/dM) min were obtained as described below.c
In Fig.16, the nonnalized minimum (-dac/dM) values obtained from I4

pipe test results are plotted as a function of crack angle. It is t

observed in the figure that (-dac/dM) min * Mc values plotted are'

i approximately constant,0.2 for stainless steel pipes and 0.09 for
j carbon steel pipes. The stability of any piping system under

,

i displacement control type bending can be evaluated using above
i empirical expressions of (-dac/dM) min, and two case studies were ;

q carried out with regard to critical pipe length of 3 , 6 ,12 , 24-inch i
i diameter Sch. 80 pipes of stainless steel and carbon cteel. Fig. 17 '

! and Fig.18 show the critical length obtained from the above pitcedure. |
Data point plotted were directly obtained from the minimam (-dac/cM) of ,

!!

; a i

i
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;

:

|

(
'

test results using ecuation (2).
As shown in Fig.17 and Fig.18, the critical pipe length.

i' increases with pipe diameter and crack angle. The critical pipe length
of carbon steel pipe is approximately half of that of stainless steel
pipe. It was found that the critical length evaluated by the equation [
of Tada and Paris 13) gave reasonable length comparing with test !
results. '

i

i
4 Conclusions and future plan i

!
fIn this paper, the progress of ductile pipe fracture test program

conducted at JAERI was summarized and some recent pipe test results |
were presented. !'

| Discussions were carried out with regared to the validity of the
~

net-section collapse criterion and the flaw acceptance criteria of '

ASME Code Sec XI, IWB 3640, and engineering fracture parameter i
estimation schemes developed by EPRI-GE and NRC. Based on an i
empirical formula, a procedure was also presented to evaluate the [
stability of piping system under displacement control type bending :

,

load with respect to pipe surpport, pipe length, and compliance |'

conditions. I

The JAERI's pipe fracture test program including dynamic test and
t

leak test is being scheduled to continue by the end of FY 1989. Leak ,

test will be performed from FY 1988 in order to investigate the flow |
induced phemomena, such as the effect of vibration or possibility of {
crack growth acceleration including leak rate study, caused by a ii

fluid leakage through a through-wall cracked pipe under bending load. i
: In Table 2 are shown the time schedule and task items of leak test. !
4 e

1 [
! t
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| Nomenclature

COA: Crack opening area
C7: Total compliance .

d : Crack depth ,

'"

M : Bending moment
MC: Collapso moment |

'P : Axial force
R : Mean Radius -

| 5 : Span length >

Sf : Flow stress obtained from pipe test !

ce : Load-point rotation caused by crack existence i

i ai : Total load-point rotation
de : Load-point displacement caused by crack existence r

'

6T: Total load-point displacement
e: Half crack angle -!'

of : Flow stress determined by mechanical properties
,

'
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Table 1 Time schedule of ductile pipe fracture test program

N Fiscal

Q 1982 g 1983 ; 1984 |1985 | 1986 | 1987 ; ; 19891983
g g ,,, ,

Test
6. inch diameter machine Test (RT,300 C,8WR,55,C5,WM )
pipe test ? ?

750m Test
12 inch dia*eter machine Test ( ).

2

HC.1500b'

1000m
3. inch diam ter Test (RT.55.C5 )
etce test .-

'

Test
machine Test (RT,5WR,55,CS )

Test
''

Leak test '# "''' 3 ;
,

[P45 , ADlhA ( ).D Fracture mecha9tes Darameters )
,

,

!

Table 2 Leak tes'. program s

FY 1987 1988 1989

ltems
.

'Leak test apparatus >

Fabrication of 4-D,6-D 12-D;
,

i '' '

test pipes

4-D ,6-D 12-D
! Leak test * y y

Slit specimen test * > >

* Test parameters : Mat e r i al , Rough ne s s , COD ,t empe r at u r e ,

I pressure, applied stress

*
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Fig. 3 Comparison between net-section collaose criterion and pipe
test results (Through-wall cracked pipes)
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l. 2 | Type 304 stainless steel pipe stainless steel welded pipe
g2

6-inch diameter Sch.80 ( GTAW )~ ~
m ~

Oi = 05(6y + 6u ) = 435 MPa m 6-inch diameter Sch.80E
or=0.5(od; Depth ,y+o ) =444 MPa61.0, d: Depth , t.: Thickness g 3.0 u
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N N "
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\

d/t = 050 E \ d/t = 050S *\ ,g
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g hY B x* u
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v d/t = 075 lood (or d/t< l O

0 0.2 0.4 0.6 08 1.0 0 0.2 04 0.6 00 1.0

Normalized crock ongle 20/277Normalized crack ongle 26/27r

Fig. 4 Comparison between net-section collapse Fig. 5 Comparison between net-section collapse
criterion and pipe test results criterion and pipe test results

(6-inch diameter stainless steel pipe GTAW joint)(6-inch diameter stainless steel pipe. Base metal)
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HARDWARE EllHINATION
,

PIPING PIPE MATERIAL BREAKS HARDWARE

SYSTEM SIZE PRR JIS
(IN) (1) (2)

SIS 6 TYPE 316 20 7 5

RCS 8 TYPE 304 6 6 0

RHS 10 TYPE 316 1 0 (3) 0

RHS 12 TYPE 316 1 1 0

SIS 12 TYPE 316 28 10 3

RCS 14 TYPE 304 13 8 0

TOTAL 69 32 8

TOTAL 40

i

NOTES:

(1) PRR - PIPE RUPTURE RESTRAINT

(2) JIS - JET IMPINGEMENT SHIELD
(3) BREAK REQUIRES SIS RESTRAINT
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BVPS-2 HARDWARE REQUIREMENTS
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Abstract

Assessm3nt of the quantitative leak flow rate of coolant from a crack
is essential for the evaluation of leak-before-break behavior in primary
piping systems. The leak rate is directly related to the crack opening
area and depends on pipe size, applied stress and crack angle. The
prediction method for analyzing crack opening area for a pipe is :

*

important for leak-before-break evaluation.
Several theoretical approaches for predicting crack opening areas are <

proposed on the basis of elastic or elastic-plastic fracture =echanics.
One approach is the Tada and Paris formula which has been developed
based on linear elastic fracture mechanics. Another approach is the
method proposed by Kumar and German who have developed an engineering
approach for crack opening displacement. The estimation is based on
elastic and fully plastic deformation theory.

Round robin analyses for crack opening areas are performed using the
above methods of Tada and Paris, and Ku=ar and German. The participants
are four Japanese organizations. The pipe analyzed is 6-inch diameter
Type 304 stainless steel with a circumferential through-wall crack. The
applied load is bending moment without internal pressure. ,

The round robin analyses are classified into three cases. Case I is
,

the analysis of crack opening area calculated by the Tada and Paris
formula. The calculation results, conducted separately, coincide among t

the four participants.
Case II is the calculation example using the Kumar and German method. I

The values of material constants determined from the stress-strain curve
are fixed to confirm the calculation procedures utilized by the four
participants. Case II crack opening areas are also coincident among the |
four participants. ;

Case III is the main analysis in this study. The crack opening areas ,

are calculated frow the Kumar and German method using the stress-strain
'

curve obtained from a smooth round specimen. The values of material
constants are deterimined from the stress-strain curve at each
organization. The results of the crack opening areas calculated by each
participant are quite different.
It is concluded that for verification of leak-before-break concept the

Tada and Paris method is suitable as the engineering prediction method
for crack opening area in the present situation.

1. Introduction

Several types of leak detection systems such as temperature, pressure
and flow sensors with associated instrumentation and alar =s are mounted
to detect coolant leakage from pressure boundary in nuclear power
plants. These leak detectors have the ability to detect a leaking pipe
before the cracks exceed critical values. However, assessment of the
gaantitative leak flow rate of coolant from a crack is essential for the
evaluation of leak-before-break behavior in primary piping systems.
The leak rate is directly related to the crack opening area and

depends on pipe size, applied stress, crack angle etc. The prediction
method for analyzing crack opening area for a pipe is important for
leak-before-break evaluation.
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Several theoretical approaches for predicting crack opening areas are
lproposed on the basis of elastic or elastic-plastic fractur9 mechanics -

Di. One approach is the Tada and Paris formula which has been developed
based on linear elastic fracture mechanics, including the effect of
yielding near crack tip ). Kumar and German have developed an4

engineering approach for crack opening displacement ). The estimation5

is based on elastic and fully plastic deformation theory.
This paper describes the round robin anaysis results of crack opening

area for Type 304 stainless steel pipe and recommends a method that can
be used for leak-before-break evaluation.

2. Prediction Methods of Crack Opening Area

2.1 The Tada and Paris Method
For=ulas for estimating the crack opening area for circumferentially

and longitudinally through-wall , racks in pipes were recently developed
by Tada and Paris. Their esti:t , ions are based on linear elastic
fracture mechanics, including the effect of shell corrections.

The crack opening area At for a circumferential crack in a pipe
receiving tensile stress at is given by

2( n R ) I (0) (1)Ag t

where e is the half crack angle, E is Youngis modulus , R is the mean
radius and I (0) is the nondimensional function.t

The crack opening area Ab for a pipe subjected to bending stress ab 18
expressed as

2Ab= (nR ) I (0) (2)b

for a circumferentially through-wall crack. I (0) in Eq.(1) and I (0) int b
Eq.(2) are given as follows;

I (0) = 20 (1+(h)3/2{8.6-13 3(h)+24(h)2}2
t

+ (h) 3 { 22. 5 -75 (h) +205.7 (h) 2 -247. 5 (h) 3 +242 (h) 4 |](3) I

(0 < 0 < 1000)
and i

20 [1+($)3/2|8.2-12.7(h)+19 3(h)2}
2I (0) :b

+(j) 3 { 20. 4 -68 (h) +165. 2 (h) 2-187. 2 (h) 3 + 146. 7 ({) 4 } )(4)

(0 < 0 < 1000)
.

The effect of yielding near crack tip is incorporated u.ains the i

plastic zone correction which is calculated from the relation |

2
t tal

Gerr = 0 + (5)
2 n R 6h

where 6y is the reference yield stress and K otal is the total stresst
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intensity factor obtained simply by superposition of seperate factors of
the stress intensity factor due to tension Kt and due to bending K . Theb
formulas for Kt and Kb are given in Reference 4). Equations (1) and (2)
were made of the typical value of mean radius to wall-thickness of
R/t:10.

2.2 The Kumar and German Method
Crack opening displacement (COD) 6 is obtained from analysis using

the deformation theory of plasticity. The material behavior was modeled
by the Ramberg-Osgood stress-strain representaion of the form

-- = E- + a (f)n
C e

to c0 0 (6)
co=Eto

where a is a material constant, co is a reference stress usually taken
to be the yield stress, and n is the strain hardening exponent.

Consider a pipe containing a through-wall crack and subjected to
bending moment. R denotes the mean radius, t is the wall thickness, 20
is the total angle of the crack, 2a=20R is the total length of the crack ,

in the circumferential direction, and M is the applied bending moment.
The elastic-plastic solution for COD' 6 is given by |

6 = f (a , + a to a h2( . n, ( )n (7)2 e

where ae is the effective crack length adjusted to include Irwines
small-scale yielding correction, and Mo is the limit moment for a j

cracked pipe under bending moment, and can be written as

t (cosh-fsin 0)R2 (8)Mo = 4 co
I

In Eq.(7), function f2 can be obtained from the elastic solutions ,

given in Reference 5), and function h2 represents the fully plastic
'

solutions and is obtained from finite element shell analysis as was
indicated in Reference 5). '

It is shown that crack opening profile is elliptical from the linear
elastic fracture mechanics and the crack opening area A is given by the
area of the ellipsi as

A = * "2 (9)

where a(=RO) is half crack length.
I

3 Conditions for Round Robin Analyses |
I

31 Cracked Pipe
Round robin analyses for crack opening areas were performed using the

,

Tada and Paris, and Kumar and German methods previously. The
participants in the analyses are the four Japanese organizations shown
in Table 1.

A 6-inch diameter Type 304 stainless steel pipe was analysed under the
pure bending moment without internal pressure at ambient temperature.
The crack in the pipe was a circumferential through-wall crack at a 900
angle. These conditions are summarized in Table 2.
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A pipe test conducted at Japan Atomic Energy Research Institute
(JAERI)6) was refered in oder to compare the round robin calculations
with a experimental result. The same conditions of the pipe test were '

used in the round robin analyses.

32 Cases of Analyses
The round robin anaylses are classified into three cases as shown in

Table 3 Case I is the analysis of crack opening area calculated by the
Tada and Paris formula. Case II is the calculation example using the
Kumar and German method. The values of the material constants expressed
by the Ramberg-Osgood representation are fixed to confirm the
calculation procedures utilized by the four participants. Case III is
the main analysis in this study. The crack opening areas are calculated
from the Kumar and German method determining the material constants of
Ramberg-Osgood representation using the given stress-strain curve of
Type 304 stainless steel.

4 Results of Round Robin Analyses

4.1 Case I
The Tada and Paris method gives the crack opening area directly as

expressed by Eq.(1). Assuming the crack opening profile to be
elliptical, COD is obtained from the area using Eq.(9). Calculation
results of the CODS are shown in Fig.1 as a function of the applied
stress. The material constants used in this analysis are the same
values obilined from the tensile test of the pipe material.
Although the calculated CODS are higher than the experimental data,

they coincide among the four participants.

4.2 Case II
To confirm the calculation program of the Kumar and German =ethod usec

by each participant, the CODS are calculated using the sa=e caterial
constant values. The CODS show no difference among the four participants
as illustrated in Fig.2. Although the CODS are in good agreement with
the experimental data, the number of strain hardening n and coefficient a '

fixed in the calculations are arbitary. This means that the calculation
procedures do not differ a=ong the participants.

43 Case III
The CODS are calculated by the Kumar and German =ethod using the ;

stress-strain curve of Type 304 stainless steel. Figure 3 shows the :

engineering stress-strain curves of the small and large range strains !
'

used in the calculations. The curves were obtained from a round smooth
6specimen at ambient temperature ). The curves of both s=all and large

strain range were supplied to the participants to use arbitrarily.
Each participant individually decided on the values of material

constants represented by the Ramberg-Osgood relation to fit the stress-
strain curve of Fig. 3. The material constants of each participant for
Case III are shown in Table 4.

Participants A and B calculated two cases of CODS using the small and
large engineering stress-strain range respectively. Participant C
decided on the caterial constants considering the small and large ,

engineering stress-strain curve. Participant D used only the large
'

range curve of Fig. 3(2) and obtained the CODS from the true and

i
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engineering stress-strain curves.
The Case III CODS using the stress-strain curves are quite different

among the four participants.

5 Discussion

The Tada and Paris method consists of simple formulas and the crack
opening area is determined by only co and E. This method would be
sxpected to yield the same results among the calculators.
Calculated C0D derived from the Tada and Paris method is higher than

the evperimental COD as shown in Fig. 1. This means a unconservative
estimation for coolant leakage detectability. When the c is used aso
the flow stress instead of the yield stress in Eq. (5), where the flow
stress is the average of yield stress and ultimate tensile strength,
calculated COD is in good agreement with although slightly less than the
experimental data. This tendency was observed in .6-inch diameter pipe
with a crack angle other than 900 The crack opening area calculated by
the Tada and Paris method gives a conservative estimation for leakage
detectability when the co is used as the flow stress instead of the
yield stress.
On the other hand, for the Kumar and German method, o and n are

determined from the stress-strain curve to fit the Ramberg-Osgood
representation, where the strain range of the suitable curve in the

calculation can not be precisely determined. From o and n, h2 and f -2
functions are determined for each crack aspect ratio from the Table of
Reference 5). When the o and n are decimals, f2 and h2 are predicted by
extrapolation or interpolation of a and n. Caluculated crack opening
area for leak-before-break evaluation is prone to diversify because of
the difficulty in obtaining a unique solution.

6 Conclusion

Round robin analyses of crack opening area for circumferential cracked
pipe were performed using the Tada and Paris, and Kumar and German
methods. The COD calculated by the Kumar and German method using the
stress-strain curve varied among the four participants. A unified
technology commonly agreed upon is necessary for leak rate evaluation.
The Tada and Paris method is appropriate for assessing the crack opening
area for leak-before-break acceptance in the present situation.

!

i
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Table 1 Participant organizations for round robin analysis

Hitachi Ltd.

Ishikawajima Harima Heavy Industries Co., Ltd. (IHI)

Mitsubishi Atomic Power Industries, Inc. (MAPI)

Japan Atomic Enorgy Research Institue (JAERI)
,

;

.

Table 2 Cracked pipe experiment for
round robin analysis

material Type 304stainlesssteeli

diameter 165 mm (6-inch) !
Pipe thickeness 10.8 mm

'

! geometry fcircumferential
cracki through wall crack

; 20 = 900jangle
'

!

load pure bending without i
internal pressure,

i

!
I

I

I
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Table 3 Cases for round robin cracked pipe

Test Scheme Material constants
case (Room Temperature)

Tada & Paris E=194,000 MPa
Case I (NUREG CR3464) fixed d =243 MPa |o

E= 194,000MPa
0 :243 MPaCase II German & Kumar fixed 0

(EPRI NP36f)7) a=1.0
n=5.0

German & Kumar determine from c-c curve
Case III (EPRI NP3607) of Fig.3 (1) and (2)

,

c = yield stress, E=Younge s Moduluso

!

,

Table 4 Calcutating conditions for Case III conducted by 6

each organi: tion
i

E Re= arksOrganization a-c curve a n ao
e0used (MPa) (GPa)

,

A A-1 Fig.3(1) 2.270 10.218 243 194 0.00124 engineering c-c
A-2 Fig.3(2) 1.173 7.874 243 194 0.00124 -

3 B-1 Fig.3(1) 0.0368 9 046 110 219.5 0.0005
3-2 Fig.3(2) 0.7193 5 995 176 194 0.0009

C C-1 Figs.3 1.0 7.0 243 194 0.00124 -

C-2 (1) & (2) 2.0 7.0 243 194 0.00124 -

D D-1 Fig.3(2) 6.10 4.33 243 194 0.00125 true a-c curve
D-2 Fig.3(2) 5.16 5.42 243 194 0.00125 engineering o-c

6 = yield stress, E=Younge s Modulus, c = yield straino o
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4.0

Case I B ,

. ,

[ E =194GPa A,C.D |
Co= 243M Pa |-

<> r,

y 3.0- |
@ |
E ,

8 |
2 *

1 *

j2.0 -

,/

? !
'E -

'
,

'

.

L '
,

1'o . /O
j ,' ' Experime nt,

,' (JAERI)S ,

o ,-
.-

0 1b0 2b0 300

Applied Bending Stress ad, MPa
;

Figure 1 Round robin analysis result of crack cpening displace:ent of [6-inch diameter Type 304 stainless steel pipe calculated by the Tada and i
Paris =ethod.

i

;

.

4.0
Case II I

Exper.iment '
E E =194GPa

,

(JAERI)E v =243MPa ;e ,

a =1.0 # ;gi
3.0 -

n =5.0 A,B,C,D | -

i
j o >

E '
,

8 |
n i

.e 2.0 - ,/1

|w ,c , ,

i= i ;
'

E /
O 1.0 /-

%
e ,.
U ,- '

, , . - t

,

0 100 2b0 300

Applied Bending Stress v , MPae

Figure 2 Crack opening displacement to confirm the calculation
procedure of the Ku ar and German method a=ong the four participants.

,
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600
Type 304 Stainless Steel i

Room Temperature
0.2fg o =243 MPay,
C rs = 619 MPaQ. u

2 400 - Elong =68.7f6
R.A. = ll . 3 f6a

b ,

$.
.

-

$200 -

0
0 0.25 0.50 0.75 1.0 1.25

Strain E, %

(1) Stress-strain curve of Type 304
stainless steel in small strain range

,

;

1 ,

600 ;

.

*
a. ,,

'

2 400 -

I

b' !
,

m
$ Type 304 Stainless Steel

3 200 Room Temperature
W 0.2f6 v =243 MPa ;y

;

Cuts = 619 MPa
Elong. = II . 7 % |

R.A. = 81.3f6
0

0 2.5 5.0 7.5 10.0 12.5
Strain E. %

| (2) Stress-strain curve of Type 304
' stainless steel in large strain range

i
'Figure 3 Stress-strain curve obtained from a s:coth round specimen 6)

;

.
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4*0
Experiment i

'Case III
(JAERI)'E ,

E
A-2 '-

3.0 - \ '

i:
E
o !

\ }' |8 A-1
E '
.e 2.0 - / C-1 -O B2 i

\ ,
/u C-2'.5 D2 ,

C i s j

8. D1 ' '

,

O '

1.0 - '

i N B-1'

0
O

;
;

O lb0 2b0 300
Applied Bending Stress ab, MPa

Figure 4 Round robin result of crack opening displacement calculated by
the Kumar and German method using the stress-strain curve.
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Ors:k Gr: win S:2f; :n Carl:n Steel in !; ulated r,:R Incar:n. ents

N. Takeda, M. Hish;da, M. Y. ku:hi
Nuclear Inergy Gr:up, Toshiba C:rp., Y:k:haca, Japan

K. Hasegawa
Mechanical Engineering Resear:h Lab. Hitachi, Ltd., Hitachi, Japan

K. Su:cki
Nuclear Pcwer Resear:h and Development Center, TIPCT, Tokyo, Japan

1 ::CRODUCTICN
.

Ter further advancement of BWR structural integrity, life time estima- |

tien and prediction of final failure mode for BWR c:mpenents are
indispensable. These analyses require quantitative characterization
of suberitical flaw growth during plant operations.

This study focuses en crack propagatien for BWR piping systems
1 cf carben steels. Tatigue crack growth data were generated in

] si=ulated BWR water environments using compact tensien speci= ens.
| Metallurgical, envirenzental and stress facter effects en the crack

gr wth behavier were investigated.
A surf ace crack study relative to this was described elsewhere

(Hasegawa 1967). |
,

,

2 EXPERIMI2 CAL ,

The IT CT specimens with side grooves were machined frem 208 Sch.
100 pipe of J:S G 3455 57542 carbon steel and frem 263 Sch. 80 pipe [

l of $7549 carben steel with the crack extension directions being paral- t

i lel to the cirrumference of these pipes. The chemical c:= position

; cf these steel pipes are shown in Table 1. A few CT speci= ens made !

cf weld metal were f abricated from a butt weld joint of STS42 Sch. ,

100 pipes.
Prior to the experiments, CT specimens were pre-cracked in air ,

at room temperature by f atigue at a stress intensity f acter not beyond |
~

j an initial value for the experiments. t

Corresion fatigue crack growth test as basic data was ace:mplishedj

under 2 x 10-2 Hz triangular waveform with stress ratic 0.5 in 298'c
pure water containing 8 ppe dissolved cxygen. Then, the test condi-

; tiens were changed independently in the basic crack growth test c:ndi-
tien in order to examine their effects en the crack growth rates,"

,

fr:m a x 10-2 Hz to 2 x 10*3 Hz, from 0.5 stress ratio to 0.2 stress ,

ratio and frem 288'c to 150'C. Trapezoidal waveform tests were also !
carried ouc to identify stress cor csien cracking centribution to !

crack growth rates during corrosion fatigue tests. Furtherscre,
some speci= ens were tested in 288'c air-saturated steam envir:n=ent. [
Tatique crack growth rates in rocs temperature air were obtained
for each specteen as the reference to those in water and steam envi-
renment as above. The test conditions are summari:ed in Table 2. *
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Ora:k extenst:n was ::n::: red :y a :: ; han:e t:n:d and ::a:k.

7
;r:w:h rates .ere det:r aned by seven ;;;n s :..:re ents; ;:'c;n:::a1
reta:d :n ::s: ef the tes s. A*. the ra es vere pl:::sd a:ainst
a;; hef cy:1; stress intensity fa:::: ra..;e , E :n 3:u:le 1:;ar :he
s: ales.

3 F23*~75 ANO DIS 0*SS:CN
,

Tatigue crack growth rates chtained in roem temperature air conditi:n
are sh:wn in Tig.1. There was net any noticeable difference in crack
grow.h rates between STS42 and STS49 pipes. No difference was also
fcund in crack gr:wth rates between the base material and the weld
metal. These crack growth rates in low 1K range exceeded the reference ;
curve for carben and 1:w alley steels in ir cf ASM Code Sec. X.
(ASPI 1983) as shown in Tig.1.

Crackpr:pagation,ratescttainedgn268'Opurewaterundertriangular ;

wavef:rs at 2 x 10"' H: and 2 x 10~- H: are also shown in Tig. 1. '

3 dependency of the crack grew h rate was cceplicated. :: seems '

that cnly the rates in low 1X range follcwed Paris law rela:1:nship i

and the rates in high 4K range were retarded er remained unchanged '

In sc=e cases, the crack growth rate decreased f:llowed by another
increase. All the chtained crack growth rates except these under
2 x 10*3 He triangular wavefers were located within the ASP 2 c:de
reference curve in water at stress ratio R ?. 0.65. In 2 x 10-3 H: ,

triangular waveform test, the rates were several times higher than
the rates at 2 x 10-2 H: at high stress intensity fa ::r range and I

the rates were beyond the ASP 2 c:de reference curve.
Crack,gr:wth rates in 288'O E ppm DO water under 2 x 10*3 H: and

2 x 10-* H: trapezoidal waveform are shown in Tig.2. N0te that no *

detectable crack growth was cetained under 2 x 10"4 H: trapezoidal
wavef:rm until stress intensity f acter range AK exceeding abcut 30

:

iMPa.m d for both pipe steels.
The 2 x 10~3 H: trapescidal waveferm test and the 2 x 10-2 g:

triangular wavefers test did net give any noticeable differen:es
in crack growth rates, however, the 2 x 10-4 H: trape: cidal wavef:rm

,test showed slightly higher crack growth rates at around 1X=30 MPa.
=1/ T. In the trapezoidal waveform tests, the wavef=r=s at 2 x 10-3 H:
and 2 x 10-4 H: were composed by holding for 450 seconds. and 4950
seconds at the top load in the 2 x 10-2 H: triangular wavefor= test,i

'
respectively. Therefore, crack growth rate acceleration in the
2 x 10-4 H: trape: idal waveform test was due to stress corresien

icracking for top icad holding periods of 4950 seconds. Sc.btraction
of crack growth rates under 2 x 10 ' H: triangular waveform from these
under 2 x 10-4 N: trapezoidal waveform could give a stress corrosien
cracking propagatien rate (Kawakubo 1980) . The rates frem 3 x 10-10 '

m/s to 8 x 10-;0 m/s are calculated at around K=60 MPs.=l/ as stress
,

corr:sien cracking propagation rates of carbon steel in 288'O 8 ppm !

DC vater.
As for stress ratio, decrease from 0.5 to 0.2 shifted the crack I

growth rate curve to a high AK dire :1cn as shown in Fig.3. An i
effective cyclic stress intensity factor, K,gg, instead cf AK, seemed ;
to be available for plotting different sets of rates at stress ratics i

of 0.5 and 0.2.

Temperature change fr:m 288'O to 110*C under 2 x 10* H: triangular
,

waveform apparently icwered the crack growth rate as shown in Tig.4. ,

temperature air. '

l
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Inv ::nrenta' :hange fr: i ;;- diss:*ved Oxygen ::..ta:ntn; water. .
,

: a:r-sa urated s ea 1:wered the ::a:k.:.::wth ra a as sh:wn in
'

T1;.5. Changing stress wavef:re fr:- 1:~- H: tr i a.. ;; * a - - * * * 2 '* -.

trape:::dal did n:t give any n::::eable in::tase :- gr:wth rate in
stea=.envir:n=ent as well as that in 28'O i :;: CO water. And t. e
rate in s eam envir:n=ent is. generally lever than that in 255'O i
;p= CC water.
Theref:re, crack grow-h in steam envirennent can he evalua ed ::nserv-

atively by the rate in 238'C 8 ppm CC water.
Cra:k growth rate of weld metal in 288*C 8 ppm CC water under

: x 10~- H: triangular waveform are shewn in Fig.6. The gr wth rate is

al=:st equal to er icwer than these of the base materials.
t

4 CONCLUS:CN

Fatigue crack growth rates of carbon steels are cbtained using ::Spac-
,

tension specimen in high temperature water and in steam env'.ren=ents
and the results are su==arized as follows.

| (1) Crack gr:wth rates strongly depended en the frequency in triangular
waveferm. The rates became higher as the frequency lowered frem
2 x 10-2 Hz to 2 x 10-3 Hz.

(2) Crack growth rate are almost equal under 2 x 10*3 H: Trape::idal
waveferm and under 2 x 10-2 Hz triangular waveferm.

(3) Crack gr:wth rate are lowered as stress ratic decreased fr:m -

0.5 te 0.2.
(4) Temperature change frem 288'c to 150*C apparently Icwered the

crack growth rate.

(5) 288'C 8 ppm DC water envir:nment gave much higher acceleration
en crack growth rate than 288'C* air-saturated steam. '

(6) Crack gr:wth rate for weld metal in 288'c pure water are al=cs:
equal to er lower than that of base metal. '

1
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Tcble 1. Chemical Corrposition of STS 42 cnd 49 Cc*cn Steel ,
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Iwt%) t

C Si Mn P S !

STS 42 0.22 0.30 1.2C O.025 0.012
_ r

STS 49 0.20 0.33 1.16 0.026 0.012 ;
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Evaluation of Flaws in Nuclear Piping

Kazuo Kishida
Nuclear Power Division

Ishikawajima-Harima Heavy Industries Co. Ltd.
Shimakahara-cho 1. Isogo-ku, Yokohama

Japan

Douglas M. Norris
Nuclear Power Division

Electric Power Research Institute
P0 Box 10412, Palo Alto, CA

United States

1 INTRODUCTION

We describe the development of flaw evaluation proceCures by the ASME Task
Group on Piping Flaw Evaluation for Section XI of the Boiler and Pressure
Vessel Code (1). The application is to light water reactor piping. Existing
procedures are reviewed for austenitic stainless steel and new procedures
proposed for ferritic steels. We also summarize development of elastic-
plastic fracture analysis methods needed in the development of the code
evaluation procedures.

The objective is to determine an acceptable flaw size for a given load based
on code safety margins. Our goal here is to present the philosophy, describe ,

in general terms the technical basis, describe the current status, and give '

references for tne details. The paper assumes the reader is familiar with
tearing instability theory (2).

2 FLAWS IN STAINLESS STEELS

Fracture testing of austenitic stainless steel (3, 4) showed that failure
occurs by ductile plastic collapse of the pipe cross section reduced by the
cracked area. dased on these test results and load equilibrium considerations, !
equations and tables were developed in simple form amenable to code use. The
material property required for this analysis is the flow stress, taken as
three times the ASME code allowable design stress, S 'm

Limited specimen toughness data (5) and analysis showed that some stainless'

steel flux weldments failed at loads below the limit load. To predict this
behavior we used elastic-plastic fracture mechanics to calculate the ratio of"

the load to produce unstable tearing, to the limit load for different pipe
diameters. The reciprocal of this ratio was used to define a factor Z that

|would multiply the limit load associated with a given flaw size in code :
,

tables. The result was to reduce the allowable flaw size for flux welds
relative to the base material for a given load. A general formula is given in I

Appendix A.
|

}

403
I

i

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



_ _

.

.

The flaw acceptance standards, the evaluation procedures and acceptance
criteria, and supporting information is given in the ASME code in Section XI
IWB-3500, IWB-3640, and Appendix C respectively. C:de Case N-436 gives the
formulas of Appendix A. More detailed information is given in a technical
support document (6).

3 FLAWS IN FERRITIC STEELS

Development of evaluation procedures in ferritic steels is complicated by the
strong dependence of toughness on temperature and the variety of piping, weld
materials, and welding processes. These difficulties and earlier absence of
toughness data have delayed recommendations for code evaluation procedures,
however, recent proposal 5 have been made that are discussed here.

The evaluation procedures parallel the methods discussed above for austenitic
steels. For flawed ferritic materials that fail by ductile tearing, Z factors
are provided. For materials that fail by plastic collapse, limit-load tables
and equations (see Appendix A) are provided that give reasonable bounds to the
database using a flow stress equal to 2.4 S . Equations are provided form
brittle fracture. Both axial and circumferential flaws are considered but we
discuss only the circumferential work here.

We have obtained fracture and strength data (7,8) on the most common piping
steels used in U.S. plants. These are A516-70, A106B, A106C, A155, 7000 and
8000 series weldments, and submerged arc welds. Recommended bounding material
data are given in Table 1 with the associated Z factors, which are discussed
in more detail below. Table 2 shows Z factors for user-specified material
data.

Table 1. Material Data (7) and Z Factors (9) for Carbon Steel Base Metals and
Weldments

1T > 200F T 5 200F Z ConstantsMaterial
e J e J
k[i in-lbin2 k[i in-1 fin 2

C C
1 2

Base Metal 27.1 600. 27.3 45. 1.20 0.0210
70XX Weld 27.1 600. 27.3 45. 1.20 0.0210
80XX Weld 27.1 350, 27.3 45. 1.35 0.0184
SAW 27.1 350. 27.3 45. 1.35 0.0184
High Mn Mo 27.1 350. 27.3 45. 1.35 0.0184 |

1 Z=C1 * [1 + C2 * A * (00 - 4) where 00 is the nominal pipe diameter in
inches, A = [0.125 (R/t) - 0.25]O.25 for 5 3 R/t 5 10, and

0
A = [0.4(R/t) - 3.01 25 for 10 < R/t 5 20.
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Table 2. Z Factors (9) for User-Specified Material Data for Carbon Steel Base
Metals and Weldments,

1e JIC Z Constantsy
2Material (ksi) (in-lb/in )

Region Region C1 C2

Base Metal 27.1 55 40.0 600 5 1050 5.475 0.0210
&

70XX Weld 27.1 5 5 40.0 3 1050 4.699 0.0152

80XX Weld 27.1 < < 40.0 350 < < 600 6.159 0.0184
SAW 27.13340.0 6003<1050 5.475 0.0210

&

High Mn Mo 27.1 5 5 40.0 3 1050 4.699 0.0152

1 Z=Ci - [1 + C2 * A * (00-4)l/e 0.46, wherey

CD is the nominal pipe diameter in inches,

A = [0.125 (R/t) - 0.251 25 for 5 < R/t < 10,0

and A = [0.4(R/t) - 3.01 25 for 10 < R/t 5 20.
0 - -

It is necessary to first determine the failure mechanism appropriate to the
flaw geometry, material, and temperature. This is cased on a modified R6 (10,
11) flaw evaluation procedure (see Figure 1). This procedure uses an
interaction diagram in a space of normalized brittle fracture toughness to
plastic limit load that spans plastic collapse, ductile tearing, or brittle
fracture. A bounding toughness-collapse line is derived (8) and the space is
divided into the three failure regions. An assessment point plotted in this
space (using specified formulas for stress intensity factor and limit load)
determines the failure mechanism.
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Figure 1. Ductile Fracture Failure Analysis Diagram to Determine Failure
Mechanism i

,

The evaluation sequence is shown in Figure 2. The upper part of the sequence
addresses material properties. Bounding properties are provided in the absence
specific application data. The middle section then determines the failurei

I mechanism , and the bottom section provides the appropriate evaluation tables '

or equations.

|

4 DUCTILE FRACTURE MECHANICS |

) Tests (12) have shown that flawed piping can fail at loads below those
.

'

'

associated with plastic collapse. The development of procedures describing '

these failures becomes expensive if finite element analysis is used because ofi

the nonlinearity introduced by the plasticity and the element detail necessary |
1

J at the crack tip. For these reasons we have developed elastic-plastic j
estimation formulas (13,14,15) based on the J integral that have wide
application and that have been applied here to compute the limit load
correction factor Z. Recent comparisons with pipe experiments (16) show the
accuracy of these solutions.

[ |

!
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Figure 2. Flaw Evaluation Sequence for Carbon Steel Pipes. P is the Thermal
8Expansion Bending Stress. ;

The Z calculation uses pure bending solutions (13, 15) for a circumferential
through-the-wall crack. These solutions relate the crack-driving force J to

*

the geometry, material properties, and applied loading. We used these 1

solutions to compute the applied J (and hence the appliad load) at which the )
applied tearing modulus T exceads the material tearing modulus. The process !

j is repeated for different crack angles, pipe diameters, ar.d R/t ratios. The !
calculations use code minimum yield strength and bounding J resistance cur s. '

Our results for ferritic steelt, are given in Tables 1 and 2.*

5 COMPARISON WITH PIPE TESTS

We have applied the procedures described above to tests on pipes containing
circumferential surface flaws. The objective was to compare the test failure

,

loads with the predicted failure loads. Test geometries and results are given !
in Table 3.

,

,
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Case 1usesknownpipepropertiestocomputeK'bo/S'r and the equations of
Appendix A to compute the failure loads. For t se pipes failing by ductile
tearing, we used recommended Z constants shown in Table 2. The S calculationruses the equations of Appendix A with the flow stress replaced by the code
minimum yield stress.

Case 2 uses the bounding properties from Table 1 for the base material and the
Z factor from that table.

Table 3. Application of Methodology to Carbon Steel Pipe Tests.

Test Failure Load
Predicted Failure Load

Case 1 Case 2
Data Experimental a(1) e(2) Known Bounding

Source Number t w Data & Eqs. Data & Eqs.

4112-5 0.63 0.51 1.18 1.49
4112-6 0.68 0.50 1.51 1.87

NRC/BCL 4112-7 0.63 0.53 1.65 1.92
(12) 4112-8 0.66 0.53 1.65 1.84,

4112-9 0.66 0.54 1.61 1.88
4115-1 0.70 0.39 1.42 1.59
4131-8 0.68 0.48 1.49 1.67
4131-4 0.66 0.53 1.73 1.94

'

CS-11 0.25 0.25 1.45 1.80
JAER! CS-12 0.50 0.25 1.35 1.68
(17) CS-13 0.75 0.25 1.22 1.51

CS-15 0.50 0.125 1.27 1.58
CS-16 0.50 0.50 1.42 1.77

4

; (1) Ratio of Crack Depth to Wall Thickness

(2) Ratio of Crack length to Pipe Circumference

4 5 SUMMARY

The procedures described above are appealing in that they represent a simple
fracture modification to the limit load of the flawed pipe and unify
procedures for stainless and carbon steel. The simplifications used in the
development introduce conservatisms that may be avoided by more exact analysis
proposed for the code.

The conservatisms arise from the use of bounding material properties, use of
compact specimen data for pipe fracture toughness, use ef through-the-wall
fiaws for the Z factor calculation, use of the lower baund Z for a given crack,

length, use of pure bending for the Z determination, and the assumption in the
proposed limit-load tables that P,= 0.5S 'm
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The development has identified uncertainties that require more effort before ;

these conservatisms can be reduced. In the experimental area, pipe and
specimen fracture data on weldments in the as-welded and heat-treated states
are needed. The difference between fracture toughness from compact specimens
and pipes needs to be established and more definitive pipe toughness -

calibration functions developed. The assumptions of the plastic fracture
analysis methodology (13) were justified using laboratory specimen results; i

more experience is required with these solutions applied to real structures. !

New solutions are needed especially for surface flaws and axial flaws and the ,

interpolation functions for crack-opening displacement. !

The task group is proceeding with this development for carbon steels with the
objective of having the procedures in place by the end of 1987.

APPENDIX A

The code procedures may be closely approximated for both carbon and stainless
steel using equilibrium relationships between load, gecretry, and material
strength at plastic collapse. For e+ssn .

P'b * I2/*)*f [2 sins - (a/t) sinel (A-1) ;

where s = [(s -ef)-(P',/ef)sp2.
If e+s>s , then

P'b " (2/") *f ((2 ' )Si"8I' (A-2) <

wheree=s(1-f-P',/o)/(2-f)f

from which tne loads at failure may be calculated. The pipe fails when the
average flow stress in the flawed section, o , reaches a critical value. The

fnomenclature is defined in Figure A-1.

Nominal stress in the
unCraChed section of DiO4

i H H Pm + Pb
_

g I __ _ ,_
,,,

' a

fsk " T
% i

// :
\| p t-*\ ~

!A .N -
'N g _____

4

' ( o, prow stress --+1 H Peutrai aus m

|

Figure A-1. Circumferential Surface flaw Geometry and Assumed Plastic
Collapse Stress Distribution
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It is more useful to specify allowable loads with some factor of safety, SF,
than the collapse loads. We have elected to apply this safety factor to the
sum of the bending and memorane leads. The relation between collapse loads
(primed quantities) and allowable loads is

P'b = Z ' SF (Pm + P ) - P (A-3)b m

In this equation P ' is taken equal to P and we have introduced the Z factorm mdiscussed earlier

4
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Ntd $WEDI$M REGULATIONS F0e 1AFETY OF Pet $$URIZED COMe0Nthft

Free Nilsson
Department of f or.nnology

Uppsala University, lom 534
1-75121 Uppsala !=ecen

The 5=ectsh Nuclear Power Inpectorate ($K11 nas recently assues new
regulations for safety of pressurized cor.ponents in nuclear power
plants. Since these rules represent to some extent a new thinking
in the Swedish licensing policy it is Delieved that it may be of
some interest to the international nuclear community to octain
information about it.
Of many novel items in FTK only two aspects will be triefly discussec
in tnis note. The firse and pernaps most important deals with the
principles :f sel$cting cetects for inservice inspections.
Earlier this nas teen based the conventional safety class division
much as in the ASML Code. Now. excepting the reactor pressure vessel
and its internal parts a new classification into three control groups
A-C is to be made. In control group A T5 perr.ent of the Control
on3ects (welds in piping. T-30tott, pumps etc.) shall be sue 3ect to
at least one inservice inspection within each stu-year perloc. The
corresponding percentage for control group g is 10. For control
group C rules for the inspection of non nuclear coulement are pre-
scritec.
Compared to the earlier system this means a drastic concentration
of the control resources to the nigh risk systems. Depending on the
type of reactor the total control volume may be either increases or
decreasec.
The selection of ce3ects into the control groups is esseo on the
estimates failure risk of the component and on its importance for the
nuclear safety. A loscing thought is that these two factors shoulo

.

!

first ne considered separately. Thus each each onsect is assigneo a
fracture imeew 1 !!!. where I represents the nighest estimated ,

failure procacility anc !!! the lowest. The component is also given ,

a eennesueace imeev 1 4 wnere i represents the nighest importance
for the nuclear safety and a the lowest. Although the consecuence i

inces is analogous to the safety class concept these two are culte
different an application, when assigning the consecuence inden to a
component all pertament information acout its importance for the
total safety shoule ce consacered such as e.g performeo proose111stic
risk assessments (PRal. $1nce such stuales nave not teen performed
for all plants ano all systems a type classification has been given
wnich as cased partly on PRAs performed up to cate ano partly on
engineering Judgements. For example piping airectly connected to the
pressure vessel in a coller reactor as assigned a higher conteouence
inceu if the connection is aeove the waterlevel than af it as colow.
It is intensen that the consecuence classification should me revises

Icontinously on a plant to plant easis as new information about the
safety amplications comes to light.

The failure inces is a cualitative measure of the failure risk. This
inden as assigned to a particular piece of soutement according to
tne following general principles.

tautoment that is espected to tear high loads or te sue 3ected to j-

camage is assigneo fracture ancem 1. i

tautoment =1th normal margins against failure or suc3ected to-

normal wear processes is assigneo fracture anaen !!.
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toutpment with very good margins against failure or as sue 3ected.

to insignificant near processes as assigned fracture anaem !!!. ,.

In order to perform this assigment of the fracture anoen a set of
' factors that may altar the fracture anden to a higher or lower

value as given in the rules. These factors have seen determineo ey
engineer 1ng Judgement of research results and service expertence.
For example the value the fracture ances should De lowered where i

there is a risk for stress corrosion cracking. This is Judged to
be the case in austenttic steel when the temperature exceeds 150 C
and the careon content exceeds 0.04 percent. The fracture ancoming
should be continously reviser as new information as made availacle.
The values of the fracture ano the consecuence incaces determine
the control group for the oogett according to the following taele.

.

Conseovence inden

1 2 3 6

| ! A A B C

Fracture
indem !! A B C C

!!! B C C C

The final classafacetions has to ce approves by SKI.

The second important stem regares the rules for continued use of
camaged eculpment e.g. components where cracking has occured. The
offscial inspecting agency (The Swedish Plant inspectorate) may
allow continued service during a specifisc service pertoc of cesects
enere cracks have toen detected stovided that the following
concations are settsfied.

1) The component satisites the requirements of ASME XI regarcing
the acceptance of components with cracks and other defects.

til It shall to shown by use of the el.methee the ample margins
exist against fracture mechanisms not coverso ey A$HE.

111) For equipment an control group A and B it shall ne shown that
leak esfore creak is highly proesele.

;

The inspecting agency shall also consider af following up
inspections are needed.

,
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Application of Probabilistic Fracture Mechanics to Leak-Before-3reak*

A. Bruckner-Foit, D. Munz

Nuclear Research Center Karlsruhe, Institute for Materials and Solid State

Research IV

1. Introduction

A leak-before-break (LBB) analysis of a pressurized component has to be per-
formed by application of fracture mechanics principles in order to describe
the extension of cracks, mainly velding cracks. This requires special mate-
rial data and the loadings of the component to be known as well as informa-
tion about the size and location of possible cracks in the component. If
these data are known exactly and the fracture mechanics failure model is
accurate, then it can be decided whether a component can fail by leak or by a
complete rupture.

Because of the uncertainty of the input data and the lack of accuracy of
f ailure models, safety f actors have to be introduced in a deterministic leak-
before-break analysis. The selection of appropriate safety factors is always
a problem in component design. In a leak-before-break analysis it is even
more complicated /1/.

Instead of applying safety factors in the deterministic assessment of leak-
before-break it may be more appropriate to use a probabilistic approach,
where the fixed values of the input data are replaced by probability dis-
tributions /2,3/. The results of such an analysis are probabilities for leak
and for break which increase with time. These probabilities can be the basis
for a leak-before-break assessment.

In this paper first the deterministic approach for LBB will be described,
then the principles for a probabilistic analysis will be indicated. As an
example, results for a specific component will be presented.

,

2. Deterministic leak-before-break analysis

A deterministic LEB analysis starts from the most dangerous flaw in the com-
ponent. For simplicity, we are considering here a semi-elliptical surf ace

flav of depth at and length 2ct. This crack extends suberitically in depth
and in length due to fatigue or creep or stress corrosion. Fatigue is the
most important cause of the suberitical extension of cracks and considered
here exclusively. The crack growth rate and the developing shape of the crack
depend on the type of loading - cyclic tension or bending, cyclic thermal
shock - and on the material properties. In case of f atigue crack growth the
material properties are described in terms of the relation between crack
growth rate per load cycle (da/dN or de/dN) and the range of the stests
intensity factor AK. The simplest relation is the Paris-law:

A e C - (AK)* (1)
cN

with the material parameters C and at however, more complicated relations can
j also be applied. The calculation of crack extension for surf ace cracks has te

take into account the variation of 4K along the crack front.

For a given maximum stress e ,,x the crack will grow suddenly through the

.
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N t

wall at a critical combination of depth and length a kl stress for localand c t. This event ise
called local instability. The relation between critic

and s t, e t has to be determined using linear-elastic orinstability een ,

elasto-plastic relations. A!ter wall penetration the crack may be arrested at;e

, which for simplicity here is set equal to the length at local
a length 2c,2c g. For a through-wall crack a relation exists between theinstability e

and the critical stress gee for castable extension incritical length 2ccc
length (global instability). i

Leak-before-break occurs if for the applied maximum stress tha critical crack
-

i

size c g is larger than c . In a complete leak-before-break analysis it has
also to be shown that a l,eak can be detected /1/. Here it is assumed fore

simplicity that all leaks created can be detected.
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The results of a leak-before-break analysis can be presented in a leak-
before-break diagram (fig.1). In this diagram the crack depth a related to
the wall thickness t is plotted versus the crack length.

The line in the lef t corner is the boundary line for cracks which may be
present in a component af ter inspection. These cracks are growing in lensch
and in depth along the lines shown in fig.1. The form of these lines depends
mainly on the type of loading, e.g. cyclic tension or cyclic bending.

For a given maximum stress two additional curves can be drawn in fig.1. One
curve determines the critical crack sizes for local instability. All cracks
above this curve have a critical stress which is less than the maximum
stress, and therefore they grow unstably through the wall. All cracks below i

this curve are stable. The vertical line characterises the critic.a1 crack
* 1ength c g for global instability at the given maximum stress. All through- |e

vall cracks larger than c g lead to global instability. The diagram in fis. Ie
can be divided into the three regions "no failure", "leak" and "break". Under
the assumption that a surface crack of length 2e will create a through-wall

| crack of the same length af ter local instability, the boundary between the
i leak and the break areas is given by the intersection of the curves for local
a and global instabilities. Two corrections can be made to this assumption. The

through-wall crack may be somewhat larger than the surface crack length. In
addition, leak detectability has to be taken into account. The through-wall
crack opens under load. The leak rate depends on the leak area, which is a
function of the crack length and the stress, and on the surf ace roughness.
From this dependency and the leak rate detectability a critical through-wall ;

crack length for leak detection cLR can be obtained. If cLR is larger than
| ccc then the leak cannot be detected.

In fig. 2 the leak-before-break diagram is shown again with an additional
; curve (b-b) which determines the maximum crack sizes at the end of the life

of the component according to a conservative deterministic design. A leak-
[ before-break assessment is possible on two levels.
|

On level I it is sufficient to show that there is enough safety margin
between the end-of-life cracks and the curves delimiting the break area. This
is the usual deterministic design of a component. i

on level II it is assumed that all cracks have penetrated the wall. Leak-
before-break is ensured if the safety margin between the maximum possible
through-wall crack and the critical crack for global instability is large
enough. This is a more restrictive safety barrier than the level I argument.
Level II requires that information is available about the possible develop-
ment of the shape of a crack.

Tigure 2 b shows an example where leak-before-break is ensured for level I
but not for level II.

The information necessary for a deterministic leak-before-break assessment is
listed belows

.

a

g - Maximum flaw size af ter f abrication and non-destructive inspection and the
a shape and the location of the maximum flaw. !

! - Inforsation about suberitical crack extension. For f atigue crack growth the
| relation between crack growth for one cycle da/dN and range of the stress

#

|

,

I
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intensity factor AK has to be known.

Load cases to obtain the range in stress ao and the maximum stress e ,,x.-.

A procedure to calculate the changing shape of the fatigue crack taking-

into account the variation of AK along the crack front.

Relation between the maximum stress and the critical crack size for local-

instability a t, c t.c e

Relation between maximum stress and critical crack site c g for global-

e
instability.

Leak rate as a function of crack size and stress.-

Critical leak rate for detection.-
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f Tigure 2: Leak-before-break diagrams for different initial flaw sizes
4 i

1

| i
'

;
'

i

[
'
.

| 418 |
!

f

f

- . , . - . . - - - - - . ,- - - . - . . - - -



_ . ._

.

,

,

!
;
*

3. Probabilistic assessment.:

It is obvious that long cracks can lead to break at lesst for level II con-
1 siderations where it is assumed that all existing cracks are growing through ;

the wall. Therefore, the probability of break is related to the probability

; of having long cracks in the component. This calls for a probabilistic ;

assessment of the leak-before-break behaviour.'

t;

In a probabilistic fracture sechanics analysis, the maximum flaw, the maximum )'

load and the worst possible sacerial parameters are replaced by their respec-
tive probability distributions. The failure probability of a crack containing
structure is then equal to the probability of finding a crack with a length-

exceeding the critical crack length determined by the specific values of the
random material properties and applied loads present at the location of the
crack. A calculation scheme is shown in fig. 3.

,
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Figure 3: Calculation scheme for a probabilistic fracture mechanics analysis
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In order to si:splify the forraulse in the following sections, the critical

stress c will be used to determine the onset of unstable crack extensione
instead of the critical crack length c . If, for example, an elasto-plasticcanalysis using the two-criteria-approach of CEC 5 /5/ is pi "rmed, the cri-
tical stress is 31ven by: *

f o arctos (exp (- ') ) (2)' 'e, a g

1 where Kre denotes the fracture toughness, et, the plastic limit load and K
' the stress intensity f actor.

Describing the scatter in the maximum applied stress by the probability den- 7

sity f( e we obtain for the probability of failure caused by a crack cf f

the specilf!) length c, depth a at a given location in the component with the. '

i flow stress ag and the fracture toughness Kge

Cia, c, e,, K y [ f (e ) de. (3)

's
i Integration over all possible crack lengths and depths yields the probebility

that one crack of arbitrary size leads to f ailure if the material properties ,

*

are kept constant:
,

t

Qle,, Kg a [ fle) [ fit /4! [f(e.,,) dr,., d(c/4) da (4) i

c o e,'

i

j where t denotes the wall thickness of the component under consideration. In
eq. (4) it is assumed that the aspect ratio c/a and the crack depth a ared

j independent random variables describing the scatter in a and c. Including the
'and the flowprobabilities f(Kre) and f( eg) for the fracture toughness Kge

stress ag, we finally get the failure integral
I; ,

^

c : / f<,,> f fma f fia) / fig.> f fie ; ee,,, <v.i e. ex,, e,,
(5) E

0 0 0 0 e,

The failure probability for a component containing an average of M inde-
pendent cracks is equal to

;

I P, a 1. exp( . Mal (6)
1

'

| Stable crack growth shif ts the distributions of a and c/a, and the f ailure ,

1 integral Q and, consequently, Pg increase continuously with the number of
'

]
load cycles.

In a probabilistic leak-before-break analysis the f ailu.e integral eq. (5) is
split into two parts, the leak probability Qg,and the b sk probability Q :;

3

C e o . Q, (7)g

If e et, and g c denote the critical stresses for local and global instabi- !'

elities, respectIvely, the break probability follows f rom eq. (5) with the |j

critical stress j,

?
e

i
.
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e, e mie,p eg) (g)

because break occurs if the maximum applied stress is larger than the cri-
tical stress for both local and global instability. The leak probability is
given by

CL*O-Os (9)
where the critical stress for the failure integral Q eq. (5) is equal to

8 cL'

still be used with f(a), f(c/a) t and Qg change with time. Eqs. (5) - (9) can
Because of stable crack growth Q

replaced by the corresponding time-dependent
distributions if all leaks are detected, i.e. if

ca e c,3 (10)

holds for all possible configurations. Otherwise the non-detected leaks con-
tinue to grow and the leak probability has to be modified accordingly /4/.

In a deterministic analysis the maximum crack sizes at the end of life are
given by the limit curves in fig. 2. Leak-before-break behaviour at level I
is ensured if there is a sufficiently large safety margin against failure. In
a probabilistic evaluation there is always the possbility of failure 'oec..ase
larsa cracks are not totally excluded. These cracks can reach the f ailure
domain and cause a leak or a break. In this sense a probabilistic leak-
before-break analysis corresponds to the deterministic level 11 procedure. A
component is considered to be leak-before-break safe if the break probability
remains sufficiently small throughout the design life.

4. Example

In this section, the main results are given of a probabilistic leak-before-
break analysis performed for a pipe elbow of the German f ast breeder reactor.
More details are contained in /3/. The data base available provided suffici-
ent inforsation about the material properties and the applied stresses but <

none about the distributions of the crack size a and the aspect ratio c/a.
; Therefore several distributions f(a), f(c/a) were taken f rom previous prob-

abilistic investigations (see figs. 4-5) and a probabilistic leak-before-
break analysis was performed for the different statistical models thus ob-

'
tained. The results for the leak probability Q , the break probability 0 ,

and the ratio Q / are compared in figs. 6-9.tThe break probability is 3
B

virtually indepen ent of the crack depth distribution, and the leak probabi-
lity varies little with the c/a distribution. The absolute value of the leak
probability at start-up depends strongly on the probability of finding very
deep cracks, whereas the break probability is mainly influenced by the prob-

,

ability of finding very long shallow cracks. If the occurrence of these
cracks can be excluded by performing non-destructive examinations before
start-up (which is difficult because of the coarse grains of the a tstenitic
steel used for the pipe elbow), the reliability of the component can be ;

improved considerably. The ratio of the break and the leak probabilities
Qg/Qt is very small when the component enters service but increases consider-
ably due to cyclic crack growth. If it is possible to conduct a non-destruc- i

tive in-service inspection with a reasonable probability of detection for :

long shallow cracks this ratio could be lowered considersbly.

i
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; 5. Conclusion j
i
:
j A probabilistic lesk-before-break analysis calls for a deterministic f ailure (
; model. Here the propagation by f atigue of single flaws was considered and the [
1 corresponding f racture mechanics relations were applied. The assumption of '

single cracks extending without interaction with other cracks may be corrset ['

for welding cracks. The density of cracks initiated by stress corrosion or j
corrosion f atigue or by thermal f atigue can be very high. Then crack linkin5
may occur and very long cracks may develop. Very long cracks have been ob- [

] served austenitic stainless steel pipes /7/. A probabilistic description of {
l crack initiation and crack linking is possible in principle, but it requires ,

j the developing crack probability density to be known and the deterministic ,

'

description of crack linkage. i

I
i

An important point, mostly neglected in probabilistic f racture mechantes. is [
the correlatior of random variables. In a probabilistic analysis three cate- i-

gories of input data exists the material parameters for unstable crack exten- ,
,

tion),tke,eg)andforstablecrackextension(CandaoftheParisrela-j sion (K ;g
crack size parameters (4 and c) and loading parameters (internal !-

l pressure, thermal stresses). The variation of the material data is cause4 by ;
I inhomogeneties in the microstructures. Therefore it can be assuned that the !

various material properties are not independent random variables. As to the (,

crack size distribution independence of the randos crack depth a and the i,

i randos crack aspect ratio a/c of sesielliptical surface cracks or elliptical f
1 internal cracks has been assumed in oost of the calculations performed which '

may be unrealistic. Because of the scarce experimental data available on two-'

dimensional crack size distributions the question of correlation between;

i i

1
'

s
! I

!-
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crack depth and crack length is still open. Another problem is the correla-
tion between material data and crack s'.ae. Velding flaws are created because
of an uncorrect welding procedure. Ic can be expected that the material pro-
perties near a welding flaw are dif ferent and may be worse than average.

Independent of the above mentioned uncertainties, the contribution of a pro-
babilistic fracture mechanics analysis to a leak-before-break assessment has
to be discussed. Due to the uncertainties in the srobability distributions
especially in the tail behaviour, it is dif ficult to attribute a clear mean-
ing to the absolute values of the leak or the break probabilities. At the
present status of knowledge it is recommended to apply different - but rea-
sonable - input probability distributions and to calculate the leak and break
probabilities. An assessment should be made not only on the basis of the

/Ileak. If this ratio isabsolute break probabilities but on the ratio Pbreak
small enough for all input data variations and Phreak stays below a rea-
sonably fixed limit, any failure of the component considered is likely to be
caused by a leak.
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A FINITE ELEMENT ANALYSIS FOR

INELASTIC BEHAVIOR OF SURFACE CRACK

C.Yagawa and H.Ueda

Department of Nuclear Engineering

University of Tokyo

Tokyo, Japan

1. Introduction

The behavice of surface cracks in the materials of high ductility has

been extensively investigated in connection with the application of

the Leak-Before-Break concept to the practical design of the nuclear

piping system. In this respect, varying the initial crack aize and the

loading level, parametric results of the growing crack analysis are

highly desired. For this kind of problem, some numerical treatments,

including large-scale finite element analysis, are indispensable

because of the complexity of the geometry and the nonlinearity of the

material characteristics. From the economical viewpoint, however, the

full finite element method based on the flow theory of plasticity is

not suitable for such parametric estimation in the design field.

In this study, a simplified approach, based on the EPRI-CE

estimation scheme [1], was employed for the parametric analysis of the

surface crack behavior. The objects of the analysis here are plates

427



with a semi-elliptical surface crack subjected to uniform tension or

bending. The normalized values of J-integral, called the fully plastic

solutions, were parametrically evaluated, varying the crack geometry

and the power-hardening exponent "n" .

2. Finite Element Analysis

The finite element analysis was performed by using the incompressible

FEM program developed by the authors [2], where the material behavior

is characterized by the deformation theory of plasticity and the

following power-law hardening equation:

E/c, c(5/o.)" (1)

Here e, c., o, and n are the material constants, while i and i are

the Von Mises type equivalent strain and stress, respectively. The

material incompressibility was treated by the Selective Reduced

Integ*ation / Penalty Function method.

Figures 1 and 2 illustrate the two problems for the present FEM

analysis, a plate with a semi-elliptical surf ace crack subjected to

uniform tension a (Problem T) and that subjected to bending moment M

(Problem B), respectively. The bending moment was applied by a couple

of axial nodal forces on the plane section of the plate end. According

,

|
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to the beam theory, the axial nodal displacements of this plane

section were constrained to vary linearly along the thickness so that

it remains plane during deformation.

Varying the nondimensional crack depth a/t the aspect ratio of the

ellipse,13 plates were analyzed. All the cases of the FEM analysis

are summarized in Table 1 with the values of a/t and a/c for Problems

T and B. The ratios h/c and b/c were both taken to be four in all the

cases. Due to the symmetry of the geometry and the loading, a quarter

of the plate shown in Figs.1 and 2 was subdivided into the FEM mesh of

more than 6500 degrees of freedom.

In the present analysis, the virtual crack extension method (3) was

employed in two different manners for the evaluation of the local'and

global J-integral.

The local J-integral values along the crack front line were

estimated by the partial extension 6A as shown in Fig.3. The values

thus obtained were employed to form a function of the eccentric angle

of the ellipse, J(e).

|
On the other hand, the global J-integral was obtained by the virtual J

extension of the whole crack front. Figure 4 shows the manners of the I

virtual crack extensions for the global J-integral value in the

direction of the plate thickness, J , and that in the plate widthi

direction, J,.

I

3. Fully Plastic Solutions

429 ,
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Prior to the analysis of the fully plastic solutions, the elastic

analysis was performed to confirm the validity of the present solution

method. The stress intensity factor at the deepest point of the

surface nrack, namely ( = s/2, was compared with the ref erence

solution (4), in the case of a/t = 0.6 and a/c = 0.4 for Problem T.

The J-integral was converted to the staiss intensity f actor on the

assumption of the plane strain condition. The present solution was

found two percent smaller than the reference one. Considering the

present solution was calculated without the elastic singular elements,

the accuracy of the present method is expected to be good in the fully

plastic condition.

31 Tensile Load Problem

The local J-integral values for Problem T were normalized into the

fully plastic solutions f($) as follows:

f($) = J($)/(cc,o t(c/s )" ) (2)e

.

Figures 5 through 13 show the distributions of the f ully plastic

solutions f(6) along the crack front line for the nine crack

configurations of Problem T. The distribution of the local J-integral

for shallow cracks, i.e. a/ t = 0.2, has the maximum value at the

deepest point, i.e. ( = s/2, except that of the semi-circular crack,
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F

!
'

|

1.e. a/c = 1.0 (see Tigs.5 through 7). It is also seen that the J-
3
:

| integral takes the maximam value at some location between the deepest [
] !

| point. i.e. $ = v/2, and the free surface, i.e. t = 0, deepera
;

i

' cracks (see Tiss.8 through 13).

With these results of the local J-distributions, the surface crack
,

t

; growth in the ductile plate can be approximately discussed, assuming

that the material has the same value of J-resistance along the crack j,

i

8 front line !

!
1) The J-distribution for a shallow crack has the maximum value at (

'

i

the deepest point. Therefore, a shallow crack tends to grow in the |
>

] plate-thickness direction. This tendency becomes strong when the I
i

crack is semi-elliptical. ;

;

!.

2) The J-distribution for a deep crack has the maximum value at sece !

[
location between the deepest point and the free surface.

] Therefore, a large amount of crack growth could be occurred f
{

f

between the deepest point and the free surf ace. The crack shape t

1
'

might not remain semi-elliptical just before the penetration

] through the wall.

:)
The global J-integaal values J 3 and J a were similarly normalized as.

I
]

eq.(2) into the fully plastic solutions f and f , respectively (i

!

!
1 i

f = J / (ec,o t(c/o. )"'' ) (3)i e

]
1 ,

!

| f = Ja/(et.o t(o/s )n+1) (4) i

I
i .

I I

J :
: !
! .

!

i
;
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The values of fi and fa are shown in Tables 2 and 3 respectively.

For the growing crack analysis, the interpolation of the fully

plastic solutions is necessary. First, the values of f and t fori i

each of the nine crack configurations were interpolated as cubic

polynomials of n by the least-square fittings

f = qi * qa.n + q,.n* + q,.n*, 1 - 1,2 (5)
g

Then, the coefficients q were interpolated on the crack
g

configurations by means of the Lagrange polynomial of the Lagrange-

type finite elementi

8q * pi* p '( * p o 'n * p.*(8 + po'(n * po'nt

+ p,'C*n * p *(n + p,'(8 n, i = 1,2,3,4 (6)8 8

where ( and n denote a/t and a/c, respectively. The coefficients p), j

1,2, . . . ,9, are shown in Tables 4 and 5.

3 2 Bending Lead Problem

The local J-integral values for Problem B were normalized into the

fully plastic solutions f(e) as follows:

432



_ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -

f(e) = J(t)/(<c o,t(m/m,)nd ) (7)

e

m - M/ 2 b , M = 2 P t

8(m, = c,t /2

where m indicates the bending mocent per unit plate-width. The bending

moment M is given as the product of a couple of forces 2P and the

plate thickness t. The reference bending moment per unit plate-width

m, is defined so that the value of f($) monotonically increases as a

function of n.

Figures 14 and 15 show the distributions of f(e) along the crack

front line for shallow cracks, namely a/ t = 0.2. The local J-

distribution for the semi-elliptical, shallow crack (see fig.14) has

the maximum value at the deepest point while that for the semi-

) circular, shallow crack (see Fig.15) has the maximum at a location

between the deepest point and the free surface, which becomes

remarkable with the increase of n. These results of the local J-

distributions for shallow cracks present close similarities to that

fcr shallow cracks under tensile loading in section 31. This implies

that the cracks are within the tensile region as for the analyses of

rigs.14 and 15

On the other hand, as for the analyses of deep cracks, namely a/t =

0.8, with a large number of n, the crack opening displacements were

negative in the region around the deepest point, where compression is

I

i

|

433 |



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

_ ,
_

i
;

.i
dominant. The distributions of f($) along the crack front line for the I

|

| deep cracks are shown in figs.16 and 17, where positive peaks in the '

e

compression-dominant region are omitted because they have no meanings !

i

for the crack growth. Furthermore, the contact of the crack surface

should be analyzed for acre strict results. In these figures, the

local J-distribution has the maximum value at the location near the i

!
free surf ace, which becomes higher with the increase of n. Assuming i

r

the same fracture resistance along the caack front line, it coilld be
{

predicted that the crack grows sainly in .he plate-width direction.

The global J-integral values J and J, were normalized into thei

i
fully plastic solutions.f and f,, respectively, in the same way as |i

[
eq(7):

{
.

!
?

ff - J /(cc o,t(m/m )"*I) (8)i
.

t

!

f, = J,/ (rt.o t(m/s. )"*I ) (9)
;

!

The values of fi and f, are shown in Tables 6 and 7, respectively. In j

ITable 6, the value of f is assumed to be zero for several cases where

t

negative acack opening displacements were found in the compression- !
!

dominant region. |
!
'Similarly to Problem 7, the values of fi and f, were interpolated as
;

functions of n, a/t and a/c:

,

1

;

i
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?
I

f
!

!

q..n', 1 = 1,2 (10) |
8 +f = qi + q en + q n-

g ,

'

i

vnere ;

i

q . Pi* p:'C * ps'n * p.*(n, i = 1,2,3,4 (11)
g

I
:

Here ( and n denote s/t and a/c, respectively. The coefficients p), j !
+

= 1,2, . . . ,9. are shown in Tables 8 and 9.

4. Parametric Analysis of Surf ace Crack Crowth
|

|

Several cases of the surface crack growth were analyzed, emp1oying the
{

local J-integral J i and J, foa Problem T as the crack driving forces [

!in sne direction of tne ,1 ate tnickness and width, res,er.u vety. Tne

I
material employed here is type SA-106 steel, whose satorial constant $ ;

!

in eq.(1) were given as follows: c, = 0.00148, e , = 304 MPa se = 9.8 (
l

and n = 5. The plate thickness a ta was taken to he 10 mm. The purpose |
|

of this analysis is to investigate the general t,*end of the surf ace |

I
crack growth in a plate. The following assumption; vere made to

staplify the analysis, d

2

4. The crack grows keeping the semi-elliptical shape.
.

I
b. No unloading occurs during the crack growth.
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c. There is no geometrical effect in the J-integral resistance. The

same resistance curves are used for both J and J,.i

Here the J-integral resistance curve J was obtained from test data ,p

and linearly approximated as follows:
.

J + dJ/da=aa 02)J -
p 7e

<

L

The values of J and dJ/da were taken to be 1 MN/m and 200 MPa,
Ic

respectively. The crack extension aa was numerically given as the ;

increment of either the crack depth "a" or the crack half-width "c".

The results are shown in Figs.18 and 19, where six cases of the

initial crack geometry are analyzed. In these figures, the straight

lines mean incr eas e of "a" under constant "c" and "t", implying that f
|

no crack extension occurs in the direction of the plate width. It is

noted that, in the cases of the shallower initial cracks in Fig.18,

i.e. the initial value of a/t - 0.2, the three cracks with dif f erent .

I

initial aspect ratios a/c have almost the same aspect ratio a/c near
|

*
,

the penetration through the thickness, while the deeper initial cracks !
|

in Fig.19, i.e. the initial value of a/t - 0.5, grow mainly in the

thickness direction and have dif f erent aspect ratios near the !

|
penetration.

5 Conclusions
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The fully plastic solutions of the semi-elliptical cracks in a plate

subjected to uniform tension or bending were obtained for several

cases of the crack geometry. The local J-distributions were analyzed

in all the cases. The solutions for the global J-integral were

successfully interpolated by means of the Lagrange polynomial and the

least-square fitting. Simplified analysis of the surface crack growth

was performed by using the polynomial expression of the fully plastic

solutions. As a result of the numerical experiment, the shallow

initial cracks with dif ferent initial aspect ratios have almost the

same aspect ratio near the penetration through the thickness.
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,

;

'

Table 1 Geometrical parameters of FEM analysis.

:

|
Problem T 8 Problem B

i !

al t alc alt alc |

I
;
;

0.2 0.2 0.2 0.2 |

0.2 0.4 0.2 1.0 !

0.2 1.0 0.8 0.2 '

O.6 0.2 0.8 1.0
0.6 0.4 !

0.6 1.0 f

0.8 0.2 (
0.8 0.4 '

O.8 1.0

i-
'

,

1

N
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Table 2 Fully plastic solutions f for the global J-integral in the thicknessi
direction (Problem T)..

a/ t a/c n-1 n-2 n-3 n-5 n-7 n - to

0.2 0.2 0.437 0.532 0.573 0.607 0.629 0.669
0.2 0.4 0.394 0.490 0.542 0.608 0.662 0.748
0.2 1.0 0.203 0.255 0.283 0.322 0.355 0.409
0.6 0.2 2.79 4.18 5.28 7.13 8.82 11.4
0.6 0.4 1.86 3 01 3 97 5.59 7.06 9.24
0.6 1.0 0.657 1.05 1.38 1.92 2.40 3 09
0.8 0.2 4.40 6.99 8.71 11.0 12.6 14.9
0.8 0.4 3.05 4.18 5.16 7.17 9.45 13.6
0.8 1.0 1.20 1.76 2 31 3.44 4.75 7. 5

Table 3 Fully plastic solutions f for the global J-integral in the width
direction (Problem T).

a/ t a/c n-1 n2 n-3 n-5 n-7 n - 10

0.2 0.2 0.282 0 340 0.362 0 376 0 383 0.400
0.2 0.4 0.219 0.271 0.297 0 327 0.349 0 385
0.2 1.0 0.203 0.255 0.283 0.322 0 355 0.409
0.6 0.2 1.96 2.64 3 10 3 88 4.65 5.86
0.6 0.4 1.11 1.66 2.11 2.85 3.56 4.63
0.6 1.0 0.657 1.05 1 38 1.92 2.40 3 09
0.8 0.2 4.25 5.63 6.36 7.50 8.62 10.5
0.8 0.4 1 53 1.89 2.18 2.84 3.66 5.22
0.8 1.0 1.20 1.76 2.31 3.44 4.75 7.15
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. Table 4 Coefficients p for the fully plastic solutions fi (Problem T).g

P
2 3 4 S 6 P Pp; p P P P P

7 8 9

i

q 1.142 -7 318 -2.220 15.46 16.45 1.566 -38.27 -11.47 25.97i
4 1.959 -13 12 -10.13 19.18 67.58 7.937 -87.39 -52.76 67.36

2

|
q -0.3085 2.004 1 333 -2.779 -8.804 -0.9852 11 50 6.502 -8.428

3

qu 0.01482 -0.09622 -0.06099 0.1355 0.4025 0.04592 -0.5328 -0.3026 0 3962 '

'

Table 5 Coefficients p for the fully plastic solutions f (Problem T).
g

r

f
P P P P P P P P8 P

1 2 3 4 S 6 7 9

q) -3 420 23.71 17.13 -23 87 -111.1 -13 23 122.5 85.08 -95 52
4 3.126 -22.07 -16.54 33.28 111.6 13 08 -144.0 -87.82 109.9

2
q -0.6538 4.308 2.71 6 -5.824 -18.09 -2.023 23 16 13 48 -17.04

3
q 0.02655 -0.1741 -0.1034 0.2394 0.6884 0.07660 -0.8904 -0.5105 0.6499

'

q

!

!

.

i

i

!

y
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Table 6 Fully plastic solutions f for the global J-integral in the thickness
i

direction (Problem B).

a/ t a/c n-1 n-2 n-3 n-4 n-5

0.2 0.2 4 3> 8.41 16.5 31.8 60.5
0.2 1.0 1.11 2.46 5.07 10 3 20.8 !

0.8 0.2 1.66 0.483 2.80 0 0
'

0.8 1.0 0.143 0 0 0 0

Table 7 Fully plastic solutions f for the global J-integral in the width3

direction (Problem B).
t

a/ t a/c n-1 n-2 n-3 n-4 n-5 I
|
1

0.2 0.2 1.24 2.44 4.87 9.55 18.4
0.2 1.0 1.90 3 42 6.65 13.0 25.4
0.8 0.2 12.0 21.8 39.9 76.2 129 1

0.8 1.0 9.76 17.0 30.9 57.0 101

,

$
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(Problem B). fTable 8 coefficients p1.for the fully plastic solutions f i

I

P P P P41 2 3

,

q) -2.495 5.663 0.5127 -2.61 3

q 12.11 -15.88 -7 110 9.089 !
2

q -4.651 6.279 2.591 -3 545
3

1.217 -1.608 -0.7676 1.031qq

Table 9 Coefficients p for the fully plastic solutions fi (Problem B). ;g

!.

, ,

P P P P41 2 3

q -4.431 19.88 2.553 -13 14
3

q 3 336 -6.066 -1.168 12.88
2

q -1.824 5.021 0.6223 -6.403 *

3
g 0.08112 0.6735 0.08892 0.2848g

:
!

,

4

i
1

a

442
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'Round-Robin Study on Ductile Growth of Part-Through
Crack in Carbon Steel Plate --Intermediate Report--

!
Yukio Takahashi, Koichi Kashima and Kazuo Kuwabara

(Central Research Institute of Electric Power Industry) ,

4

!

1. Introduction i
;

!'

1
~ Rationalization of the design of nuclear piping system is in progress in '

'

many countries. For this purpose, extensive researches are under way for
developing the techniques to evaluate the fracture characteristics of piping ,

made of high-ductility materials at a number of institutions. Applicability of 8

the J-integral for ductile fracture is studied in many projects. Several ,

methods were proposed for the evaluation of the J-integral so far but they
require the assessment of their accuracy by less simplified methods. We should '

also rely upon the detailed calculation methods for the evaluation of realistic'

surface flaws, for which no simplified J-integral evaluation method is available ;

at present.
I

<

: Detailed calculation for the fracture analysia is usually made by the <

finite element method. Many elastic-plastic analyses were conducted for the |
ductile fracture problems using nonlinear finite element codes usually using 4

1 incremental approach. It is a well known fact that analytical results are r

; influenced by a variety of factors in numerical calculation. Therefore, it is
'

i necessary to understand the influence of various factors on the solution and y

to conduct the analysis with well validated technique and modeling for the ;

j practical application.
!

1
i Several round-robin activities were held on the analysis of ductile '

fracture in several groups for this purpose (1-4). Two-dimensional problems !

were the subjects of the analyses in the early studies, where reasonablei

| agreement was obtained within the finite element solutiona and also with the
i predictions by simplified methods in some cases. Recent activities dealt with !

| the pipe fracture problem proposed by Battelle Columbus Laboratories (4,5), and j

!
showed fairly good agree =ent between the finite element solutions for the pipe |

J with a circumferential through-wall crack. I

At this time, we need to proceed to more realistic problem for leak- |
4 before-break assessment; surface crack problem. Based on this idea, we planned I

to propose a round-robin study and to make an experiment for it. Following

j sections describe the principal results obtained so far. ,

|i

i l

|
i 2. Description of experiment

|4

. Geometry of specimens subjected to the analysis is shown in Figure 1. |

| They were made of Japanese carbon steel designated STS 42 in Japan Industrial
Standards (JIS). This steel is similar to ASTM A106 steel regarding the'

] chemical composition and mechanical properties. Flat specimens were taken

. |
! l
i 1

1

'
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from a pipe with inner dia=eter of 406.4 mm (16 inch) and wall thickness of
36.5 mm (1.44 inch) of this material, making specimen loading direction parallel
to the pipe axis. Uniaxial tensile test specimens and IT CT spacimuus were also
taken from the same pipe to obtain fundamental properties of the material.

A semi-elliptical crack of 40 mm (1.57 inch) width and 5 mm (0.2 inch)
depth was introduced frca che one side of the specimen su-faces using the
electron discharge machining method. Jigs with holes were welded to b ch ends
of the plate for pin loading.

Elongation was measured for the full length of the specimens at well as
near the crack. Near-crack displacements were measured on both crark-side and
back surfaces of the plates with the sauge length of 24 mm. These are referred
to as the global displacement (d), neat-crack displacement on crack-side
surface (c ), and near-crack displacement on back surface (c } ' #* *I*'t i"*ly '

2
thereafter

The test was conducted on four specimens having initial cracks of the same
rize. Each specimen was loaded quasi-statically until the different amount of
tensile disulacements at room temperature and then unloaded. After that, they
were subje.ted to tensile force in an atmosphere of li.'uid nitrogen, which
causes brittle fracture of the specimens. By the observation of the soecimen
surfaces by naked eyes, the portion of ductile crack growth was easily
distinguished from that of brittle fracture. In this way, the relation betwetn
the ductile crack growth and the displacement values was established.

Figures 2 to 4 show the relationship between the three displacement
quantities and applied load for the total four specimens. The relation be'are
unloadinF was nearly equal for all specimens. This indicated that che
difference in initial crack shape or loading conditlett of the four Specimens

'

was small. Thus it can be considered trat 2ach speciman represents the
different stage of the ductile growth of one crack.

Figure 5 is a photograph of the 'racture surfaces after brittle fracture,
showing clear distinction batween surfaces by ductile fracture at room i

temperature and brittle one at liquid nitrogen temperature. It can te also i

seen from this photograph that the cracks propagated little in the direction
across the width of the plates but increased only in depth direction until i

they penetrated the wall thickness. These results established the relation ,

between the crack growth amount at the deepest point of the crack and the !

near-crack displacement on the crack-side surface as shown in Figure 6 |

|

3. Problem Description |
|

A portion of the specimens 100 mm i 1d 400 mm long was analyr2d. It

was loaded with uniform forced di.splac.aent in tensile direction, which was
regarded as the global displacement in the comparison of the results.

|
|

|
'

|
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!

Young's modulus was 200,000 MFa and Poisson's ratio 0.3. Figures 7 and 8
show the engineering and the true stress-strain curves obtained from the uniaxial
tensile test of the present material. Modeling of stress-strain relation from
these data was left to each participant.

. t

It was suggested that the analysis should include the simulation of crack ,

propagation as much as possible. Three options were given for criterion of
crack propagation, one commonly called generation phase simulation and the others
application phase simulation.

The relation of the near-crack displacement (c ) versus the crack propagationi
amount at the deepest point of the crack shown in Figure 6 was used as a criterion
for the generation phase simulation, with the width of the crack unchanged within L

this range. For the interpolation, we recommended to use the following linear
relationship shown in Figure 6.t

) c = 2.92 mm (0.115 inch) + 0.5854a (1)
3

For the application phase simulation,_it was adviced that the J-integral
resistance curve obtained from the test on CT specimens from the same materal r

; should be used as the crack propagation criterion. The J-integral resistance
4 curve shown in Figure 9 can be approximated by the following formula. '

J (MN/m) = 0.75 + 0.5 (Aa - 0.6 mm)0.77 (2)

where 0.75 MN/m is the J-integral at onset of ductile crack growth (J
IC}In the

""
0.6 mm is the pseudo crack extension due to crack tip blunting at J IC.numerical calculation which can not take account of pseudo crack extension due ,

to crack tip blunting, the use of the following equation was recommended, instead
of equation (2).

J (MN/m) = 0.75 + 0.5 Ga)0.77 (3)
i

However, it is expected that "J-controlled crack growth condition" is |
1 easily violated with small amount of ductile crack growth in this geometry. So
j we also gave another application phase crack growth criterion based on crack

opening angle (C0A). Figure 10 shows the COA resistance curve of the present
material obtained by CT specimen tests. It can be seen that COA takes constant
value, about 0.55, after small amount of crack growth. Because COA values and

; CT0A (Crack Tip Opening Angle) values do not differ so much with each other
after the transition regime, CTOA = 0.55 was given as the third crack growth
criterion. Even in this case, however, initiation of crack growth should be
predicted by the use of J-criterion (J = J = 0.75MN/m). ;IC

1

i The choic'e of the crack growth criterion from the above three options was
; left to each participant.

| |

1

l

,
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4. Participants

Participants to this round-robin study are listed in Table 1 with their
affiliations. In total 16 groups from six countries submitted their solutions
to us.

In the subsequent sections, we use alphabets to designate each participant
but there is no correspondence between these and the order in Table 1.

Table 1 Partipants of Round-Robin Study

Country Name of Participants Their Affiliation

England R. Bradford Central Electricity Generating
Board

France F. P. Champoster Framatome
Italy E. Vitale, L. Bertini University of Pisa / ENEA
Japan G. Yagawa, H. Ueda University of Tokyo

_

I. Miyoshi, Y. Yoshida University of Tokyo
S. Ueda Japan Atomic Energy Research

Institute
Y. Takahashi, K. Kashima Central Research Institute of

Electric Power Industry
E. Murakami Babcock Hitachi
H. Doi, S. Sakata Hitachi
M. Watanabe Ishikawajima-Harima Heavy

' Industries
T. Shicakawa Kawasaki Heavy Industries
K. Hojo Y. Urabe Mitsubishi Heavy Industries
M. Asano Toshiba

USA V. Papaspyropoulos, Battelle Columbus Laboratories
B. Brust

best Germany C. Mattheck, Nuclear Research Center,
H. Moldenhauer Karlsruhe
E. Keim Kraftwerk Union

5. Finite Element Solutions

5.1 Solution Methods '

13 participants submitted their finite element solutions. Table 2 shows
the main characteristics of the methods of these solutions.

.

,
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Table 2 Main Characteristics of Finite Elemment Solutions

i.

1

Solution No. A S C D E F C M I J K L M

2 e
Element Type 8-node 20-mode 20-node 20-node 20-mode 20-oode 20-node 20-mode 20-mode 20-node 20-mode 20-mode

,

tastier of 829 383 235 306 540 252 306 224 247 293 270 688 767
.rlewnt s
rAsrier of 1848 2125 1313 1610 2823 1360 1730 1191 1355 1760 1528 3421 1721
thales
Elastic o o o o o o o o o o o o o
Elastic-Plastic o o o o o o o o o o o
Elastic-Plastic o o o o o
-Crack Crowth
forwulation Large Small Small Small Small 9 mall 9 mall Sun 11 Sunll Small 9 mall 9 mall tar 9e

g Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disg uJgpu
y J-integral N/A E VG, Surface E E VG Surface VG VCE E E v3

Evaltution Int. Int.
Stress-Strain True Dagng Duyng Dwyng Dugng True- Dumg Dupuj Tnse Dupag True
Relation * IE3 (MI-) (El (El (E) (BL) (El (E) (El (E) DL}_
Crack Growth c -Aa J-os e,-Aa c -da J-ta

y
Otterim I ified)

t

Note *)30 -- Si11near Depresentation
E -- Altilinear Representatim

.

-

+-

*
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Calculations were made by using proprietary computer programs or coe:mercial
ones, including MARC, ADINA and ABAQUS. All calculations were conducted by
three-dimensional brick elements. 20-noded isoparametric elements were used in
the all calculations except solution A where 8-noded isoparametric elements were
employed. In solution M, both elements were used for the neiborheod of the crack
and for other portion, respectively. Solution A modelled the crack by a
rectangular shape rather than the semi-elliptical shape.

All participants constructed their finite element models for a quarter part
of the whole plate, considering symmetry condition. Number of total elements
varied between 224 and 829, while number of total nodes ranged from 1148 to 3421.

Two participants conducted only elastic analysis, six elastic-plastic
without crack extension and five elastic-plastic-crack growth analysis. For the
modeling of elastic-plastic behavior of the material, seven participants used
multi-linear modeling of the engineer.ing stress-strain curve, while four used
the approximations for the true stress-strain curve.

Only two participants conducted their calculations based on large
displacement formulation and other calculations were conducted based on the
small displacement assumption.

TheJ-integralvaluesalongcrac5t front were calculated by virtual crack
extension method in many calculations while the surface integration method was
also used by two participants (6).

Among the six participants who made crack growth calculation, four used the
c -1: relation and two adopted the J-da relation as the crack growth criterion
in their analyses. In solution A, modified c -Aa relation was used for
adjustingthestiffnessoftheirsolutiontobxperimentaldata. Modified
relation between c and da is given as

g

e = 2.0 mm + 0.4 da (4)
g

5.2 Results of Calculations

Figure 11 shows the calculated load versus global displacement relations
of 10 solutions. Good agreement is obtained between these solutions.
Relatively large difference between solution F and K, and other solutions
reflects the difference in modeling of uniaxial stress-strain curve. The
results obtained by participants A and M, which used large. deformation
formulation with true stress-strain relation are in good agreement with those
by many participants in which small deformation formulation and engineering
stress-strain relation are utilized. This result comes from the fact that most
region of the specimens is in approximatelly uniaxial tensile condition. The
stiffer results of solutions F and K may be attributed to the use of true stress-
strain relation with small deformation formulation in their solutions.

Comparison of c versus applied load relations is shown in Figure 12. In
3this figure, solutions A. F and K give the results somewhat stiffet- than the

others although the difference is not so manifest before crack extension, i.e.
less than 2.92 m (2.0 m= only for solution A). The reason for this may be

c
y
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the same as the above as for solutions F and K. The stiffness of the solution
A should be related with the use of 8-noded isoparametric elements. The
differences between the solutions become larger as the crack grows. Gradual
decrease in the load with the crack extension was predicted by the solutions
D and I while load kept increasing according to the solutions A, B and E.

Comparisons of Figures 11 and 12 with Figures 2 and 3 reveal good ;

agreement between the numerical results and experimental results for both the
global displacement and the near-crack displacement. Thus it can be concluded
that the finite element solutions simulated the actual deformation behavior of
the specimens in good accuracy.

Calculated relations between the load and the J-integral at the deepest
point of the crack before the crack extension are shown in Figure 13. All

solutions are in relatively good agreement with each oth(r. The difference
observerd in the range of the J-integral below 200 kN/m is simply the result
of difference in the size of load increments. On the other' hand, the
difference in the range of the J-integeal above 300 kN/m maybe was resulted
in by the difference of the formulation and the stress-strain modeling.
Solution M based on the large deformation formulation gave the larger J-integral
value than the others which utilized 'small deformation formulation. Divergence
of the two solutions (F and K) from the others can be considered as the result
of the utilization of true versus engineering stress-strain curves. However,
the agreement between all the solutions is good in overall sence.

Two participants made calcula' tion of the J-integral during the crack
extension according to c -Aa relation. Calculated J versus da curves are :

showninFigure14withkheJ-resistancecurveobtainedbyCTspecimen r

(without blunting line). The value of the J-integral plotted in this figure
was obtained by the largest evaluation path in each solution. J-integral
values obtained by two solutions are in good agreement with each other till ;
the crack extension of 2.5 mm but the difference grows after that. These
values are also in good agreement with the J-resistance curve obtained by i

CT specimen tests up to the crack extension of about 1 mm. After this point, ,

the nu=erical values tend to take smaller values than the CT specimen I

resistance curve. This maybe comes from the violence of the J-controlled
crack growth condition.

t

On the other hand, two other participants made crack growth analyses by
assuming the CT-specimen J-resistance curve. In solution B, crack shape was

continues 1y modified so that every portion of the crack front grew
according to the J-resistance curve (without the assumption of semi-elliptical
shape of the extending crack). The nodal shifting method was utilized in

'

addition to the nodal release method. In solution M, the nodal release method

was employed with the assumption of semi-elliptical shape of the extending
crack, in which the J-integral value at the deepest point of the crack was
utilized for deciding the occurence of the crack growth. c, versus da
relations obtained by these calculations are ecmpared with the experimental
dats in Figure 15. The solution B gives the result which is in relatively

values were igood agreement with the experimental result, while smaller c3
obtained by the solution M. The use of 8-noded elements in the solution M is
one possible reason for this result.
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6. Solution by Simplified Methods
,

6.1 Description of Methods

Four solutions were obtained by using simplified methods. Description of
the outline of each method is shown below.

(1) Method I (R6 method)

In this calculation, J-integral values were estimated from the values of
,

load and crack depth using the R6 rule developed by CEGB (7). The contour of
j the failure assessment diagram was that called option 2 in (7), which is

represented as:
#

ref *ref + L s /(2EE,,gD forL,fL,m,x/Kr " (E r y g)
K =0 for t 'Ib
r r r max

The contour was thus constracted assuming that the material follows the
'

Ramberg-Osgood relationship given as:

f ref " 'ref + 0* 0 by (*ref "y (6)

where 6 g, sref' *y and E represent the strain, stress, yield stress and
Young's modulus, respectively. It should be noted that this equation was

der $p d from the true stress-strain curve of the different production of STS42
pip 4 and gives about 10 per cent higher stress than the present material in
the strain range between 2 and 8 per cent.*)

It was assumed that stable crack growth occurs when the point representing
the loaded specimen is precisely on the failure assessment contour, although

,
.

this contour was meant to be conservative. For predictive purpose, it is'

generally recognized that L is to te taken as s /s . This was also i

assumed in the present analysis. The values of s and s were determined as
362MPaand592MPa,respectively,basedonthed5 taint 8).

1 The reduction of the cross section due to significant plastic deformation
was taken into account by the following equations. )

A =A exp (-fref} (7) * = P/A (8)nf

where A is the modified cross-section while A is the initial cross-section
of uncrEcked portion of the specimen. A can be obtr.ined by solving eqs.(6-8)
with iteration procedure. Although this"reduction in cross-section area is
that of the uncracked section, it was assumed to be valid also for the cracked

section. |

*) It was not intended but happened due to the failure of the authors to
transmit the completed problem description to the contributer of this |

,
'

solution..

|

l
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Using this value of A ,, Lr ""' '##l"#t'd ** 1l "'I-

.! L = (P/Aem)/s (9)
! r y

A = (A -7 tac /2)(A /A ) (10) h
cm m i

3 l
1

; where a, e denote depth and half length of the crack, respectively. |
'

v .

Stress intensity factor at the deepest point of the crack was estimated i

!- using the expression in Ref (9). !
i

i

j The estimation scheme is then the following: |
4 . !

| 1) Choose Aa fO
i 2) Read /, Assume A ,=A

{
3) Compute f according to eq.(6) and (8) jg

.

] 4) Compute A, according to eq.(7)
Rereat steps 3) and 4) until convergence is achieved'

;

j 5) Compute L, according to eq.(9) and (10) j

i 6) Compute K #*L and R6 contour (eq.(5) and (6)) |r r

-|
7) Compute stress intensity factor (k) using expressions in Ref (9) !
8) Compute K(da) = K/K i

2' i
!9) Compute J(Aa) = K (aa)/E
1,

Results are summarized in Table 3. f
i

Table 3 Results by Simplified Method I f
,

1 Aa(mm) P(kN) tr Kr K(MNm" ) J(MN/m)
4

. 0.0 615.0 1.303 0.224 63.884 0.390 |

i 1.0 645.0 1.409 0. ".01 74.225 0.653 i

4 2.0 660.0 1.483 0.187 82.315 0.926 !

! 3.0 665.0 1.534 0.178 88.274 1.170 f

| 4.0 660.0 1.559 0.174 91.775 1.325 {
4 5.0 650.0 1.572 0.172 93.457 1.406 i

t6.0 62v.0 1.530 0.179 90.896 1.232
3

7.0 575.0 1.447 0.194 85.050 0.923"

I I

1 (2) Method II (Simplified line-spring / Reference stress method) e

i )
.

j The method presented by Bradford (10) was used for evaluating e -P
j relation and the J-integral value. In this method, the plate with a part-

.

| through crack is modelled by splitting into two 2-dimensional problems (i.e. >

;l edge-cracked plate and center-cracked plate). Then the simultaneous j

] equation was derived based on the following conditions. ;

i i
! !

e

6

t
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1) Compatibility of the displacement
2) equivalence of the stress
3) Relation between compliance and J-integral of each portion
4) Relation between J-integral and applied stress derived by the reference

stress formulae by Ainsworth (11) of each portion ,

The details of this method are given in Ref (10). The results obtained
by this method are listed in Table 4

Table 4 Results by Simplified Method II

i) e versus P relation 11) c versus J relation
g 3

y (mm) J(HN/m)c; (mm) P(kN) c

0.15 300. 0.3 0.07
0.32 400, 0.6 0.16
0.56 450. 1.0 0.29
0.86 500. 1.5 0.55
1.11 525. 2.0 0.71
1.32 550, 2.13 0.76
2.30 575.

(3) Method III (Fully plastic solution method)

In this type of calculations, nondimensional solutions called as fully
plastic solutions were used for the estimation of J-integral value at the
deepest point of the crack. The fully plastic solutions for the plates with,

i a surface crack were obtained by nonlinear finite element analyses for
several combinations of geometrical parameters by Yagava et al (12).
Interpolated expression of these solutions can be utilized for the
estimation of the J-integral based on the assumption of power hardening
property of the material as follows:

J=hd7 Et (r/c )"+1 (11); 0 g o

where h, t and c denote the interpolated fully plastic solution, the
thickness of the plate and applied stress at remote section, respectively,

; while c , E , 3 and n are material constants describing the strain hardening
characchriskiesofthematerial.

E/EO " d C" / <~0) (12)
.

Two calculations were made based on this method, which are

:

1) Method III-1, in which the following material constants obtained by the |
approximation of the true stress-strain curve of the different production i

I

I

i
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of STS 42 pipe (8) were used as in Simplified Method I, and

Ci = 362 MPa, 6,= 0.00173, p(= 8.78, and n = 3.90

2) Method III-2, in which the following material constants obtained by the
approximation of the engineering stress-strain curve of the present
material were used.

(~ = 300 MPa, 6,. = 0.00130, ;( = 6. 54 and n = 5.62

It should be noted that the experimental P-da relation was used for
the evaluation of the J-integral values after crack initiation, instead of the

c - Aa relation.g

The results are summarized in Table 5.

Table 5 Results by Simplified Method III

i) Method 111-1 11) Method III-2

c (en) P(kN) J(MN/m) Aa(mm) c (em) P(kN) J(MN/m) .la(mm)g g

1.909 615. 0.328 0.0 0.203 400. 0.0861 0.0
2.912 645. 0.639 1.0 0.546 500. 0.328 0.0
4.040 660. 1.024 2.0 1.29 600. 0.980 0.0
5.270 665. 1.457 3.0 1.66 632, 1.33 0.0
6.467 660. 1.871 4.0 2.54 661. 2.76 1.85
7.677 650. 2.270 5.0 4.14 667. 3.48 3.56
8.027 620. 2.321 6.0 6.49 656, 3.23 5.26
7.506 375. 2.049 7.0 7.99 619, 2.08 6.97

6.2 Comparison of the Results

c versas P relations obtained by three simplified methods are shown in
3

Figure 16. Although the scattering of the solutions is larger than that of
the finite element solutions shown in Figure 12, three solutions are in
relatively good agreement with each other. Method II gave somewhat smaller
load values than the two solutions by Method III, which are in good agreement
with each other.

Results of the J-integral estimation for stationary crack stage are
shown in Figure 17. The solutions by Method II and Method III-2 are close to
the upper bound of the finite ele =ent solutions, while Method I and Method |
III-1 made the prediction of smaller J-integral than the finite element !

solutions. !
,
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Finally, estimated J versus da relations are plotted in Figure 18 with
the results of finite element calculations. In the early stage of the crack
extension, Method I and Method III-1 gave about 60 per cent smaller J-integral
values than the finite element solutions. On the contrary, higher J-integral
values were predicted by Method III-2. Both Method I and Method III-1 used
the stiffer material property than the actual and this may be the reason for
the small J-integral values in these solutions. More examination is defini-
tely necessary to lead general conclusions on the characteristics of these
simplified methods.

7. Concluding Remarks

Many finite element solutions were obtained as well as some simplified
method solutions. Conclusions drawn from the comparisons of these solutions !

can De summarized as follows.
'1) Three-dimensional finite element solutions showed good agreement with

each other in general. Main causes for the differences between the
solutions are the differences in the modelling of stress-strain relation
and small versus large displacement formulation.

2) J-integral versus crack extension relations are in good agreement with
J-resistance curve obtained by CT specimen tests. This indicates that
J-resistance curve obtained by CT specimen tests can u. used for the
prediction of initiation and early stage of ductile crack growth from

,

part-through cracks.

3) J-integral values estimated by some simplified methods showed larger i

scattering than the finite element solutions, although the deformation
behavior was predicted with relatively good accuracy. More detailed
study is needed to clarify the applicab'11ty of the simplified methods.
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'' ''a tsubara i.Miura.

Nuclear Eng. Dep. Nuclear Eng. Dep.

11-1, !wato Kita 2-chome, 11-1, Iwa to Ki ta 2-choce,

Koeae-shi, Kocae shi,

Tokyo 201 Tokyo 201

in 03 480-2111 in 03 480 2111

S.1iyacka 4.Nitta
leader, Nuclear Eng. Dep.

Light Water Reactor Project Team 11-1, lwa to Ki ta 2 chome.

Otesachi Bldg. Koeae-shi,
,

1 6 1, Otemachi Tokyo 201

Chiyoda-ku, in 03 480-2111

Tok>o100

in 03-2016601

T.0ga ta t.0hc
Nuclear Eng. Dep. Nuclear Eng. Dep.

11 1, Iwato Kita 2-chome, 11 1, Iwato Ki ta 2 ch ce,
Kemae-shi, Komae shi,

Tokyo 201 ickyo 201

in 03-4o0-2111 In 03-480 2111

S.Senshu Y.iakahasni

Senior Vice President Nuclear Eng. Cep.

Otemachi Bldg. 11-1, Iwa to Ki ta 2 chcee, :

161, Otemachi Komae shi, i

Chiyoda ku, Tok>o 201 |
|Tokyo 100 in 03 4S0 2111
i

in 03 201 6601 I

H.Takaku Y.Yoshida
helear Eng. Dep. Otemachi Bldg. j
11-1, Iwato Kita 2 chone, 1-61, Otemachi |

Komae shi, Chiyoda-ku,

Tokyo 201 Tok>o 100 I

in 03 4S0-2111 in 03 2016601
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Japan. CRIEPl (centinueD

S.Yoshimura

Nuclear Eng. Cep.

11-1, Iwato Kita 2 chome,

Komae +hi,

Tokyo 201

in 03 480-2111

506

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



|

.

>

l

,

APPENDIX B

QUESTIONNAIRE FROM THIS MEETING !
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LEAK-BEFORE-BREAK SEMINAR

QUESTIONNAIRE

Name (optional)

Organization (optional)

Country (mandatory)

1. There are some limiting conditions reflecting actual piping failure

experiences (IGSCC, erosion, material toughness, quality level etc. ) to

apply LBB concept. What kind of limiting conditions are you seriously

concerned about and why do you think so ?

__

l
1

l

!

2. In case that LBB concept may be conceivably applied to the definition of

LOCA and design conditions of engineered safety features, what must be

done to obtain an international concensus, technically, politically,

etc. if you are positive ? / why do you think so if you are negative ?
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_

_ ,

3. What kinds of research work should have priority for the progress of

leak-before-break technology in general, according to your opinion ?

!

.-

4 Anything you felt about this se:ninar or others -

i

!
1

--

|

|
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1. These are some limiting conditione reflecting actual 2 In case that Las concept may be conceivably applied to
,

piping fatture e m pe r ie nces (ICSCC, erestem, mateatal Pa r t ici pant 's the definition of LOCA and design conditions of ,

toughness, quality level, etc.8 to apply Las concept. Country engineesed saf ety features, what must be done to obtain
what kind of limiting conditions are you serl6esty an laternational consensus, technically, politically,
concerned about and why do you think soF etc. If yoie are positiveF/why do you think so if you are

- negativer

II LES Concept may be conceivably applied to design 'Il SCC, thermal fatigue, loadia% condition. They ese Augentina
limiting conditions due to ths dif ficulty to establish conditions, but these condittoms must be very well
such condition in setwice. established and known for each case.

2) t) The design and operational practices must provide en Canada 2) In the long term, the Las concept must be expanded to
estremely high degree of confidence that all known rationaliae nuclear safety design and the basis for
mechanisms of failure have been considered and engineered safety features. However, significant

,

adequately addressed. For example, if erosion is a technological developments are still required before}
4 possible mechanism for a specific section of piping, estension of the Las concept can be presented in a

a rigorous monitoring program must be implementW to r *1elator y and political f ramewor k.

assess well-thinning etc.
til I am concerned about esteading Lee to secondary aide

piping (outside contaleert whose it may be difficult
to sete out the important f ailuse mechaatsas, and as
well difficult to establish ev* table leakage
detection capability. l's nut eatisfied that
operators walking through a plant provide an
adequate dessee of confidence in teakage de t ect ion-

(P
Ogo 3 3 All condit toms which adversely af f ect the qualit y and Federal Republic of 30 An international Consensus is gEowing. The outsting

crack growth are of concern. The mest limiting Germany bodies for infor mation exchange at CSNI Could be used to
condit ions are cor rosive influences, la this case Las enforce the discussion between regulatocy people,
can only be applied under very limited boundary
conditions. With respect to the contret of all
pasameters which have to be f eltitled, the application of
Lab has to be verified for a small quantity of piping
within t he plant.

4) t) Thermal fatigue under comptes local loads like France 4) L89 is an interesting concept,
strattlication International consensus is necessary by type of plant
measoass not taking into account la the design and PWR/ SWR with an association of saf ety approach on our

very comptes thermal leadings. step by step study especially to define the limits of
&&l now toughness mates tal with not reliable NDE application and the definition of a new reat t stic design

messoass initial defect difficult to foltou and accident. It's more a safety problem than a mechanical
csitical crack small problem.

Ain) Small diameter piping.
Reasons Leak detection a v: J non-economic

justifAcatlona

St Decrease in the fracture toeghness because of some Italy
metallurgical effect. Dynamic leading (ps eeably more S) There is no need at present to change old procedure,
sevese at RT than at high temperature) on large crack in Large LOCA is less severe than amall LOCA wath
particular and paping with bagh m/t satte stagnation so a PTS analysis of small LOCA encompasses

large LotA condition.
Af ter all you may have a leak greater than 5% or 10% or
whatever as results of several (not only one) failures
(from flanges or valves in particulari. With a DEC8
based ECCS you are covere$.

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



.m . m - m

.

r

1. There are some limiting conditions reflecting actual I 2. In case that Las concept may be conceivably applied to
piping fatture esperiences (ICSCC, erosion, material pa r t ici pant 's the definition of LOCA and design conditions of
toughness, quality level, etc.) to apply LBS concept. Country engineered saf ety f eatures, what must be done to obtale
What kind of !!alting conditions age you seraously an international consensus, technically, petitically,
coecerned about and why do you think so? etc. if you are positive?/why do you think so if you are

negative?

I

6B in ICSCC - Ecoston - Diameter Italy 6) il 70 verify the internals of the reactor pr9esure
&&B Limiting conditions are the thicknesa etl and vessel (Pws/Bwal at a flow = 100% a pipe.

Jiameter (Db so to have a major f ractere strength. ill Ma jor segregation of sub-compartments of the reactor
butidings.

itil Design supports of ppV-5G-mCP with a flow = 100s a
pipe.

Ev) Independency and redundancy of TCCS trains.

79 il 1G5CC & EACs Can Cause suddea falleges Italy
til welding proceduress are responsible of introducing

initial cracks
stil Leak detec;&on systems reliabilitys can cause delay 5

on cracks detection
pan

St At present and in the near future, it is doabtful toS t Quality level is the most impostaat.
An application wf LOS is limited to saf ety grade piping *Ppty Las completely mainly because of difficulty of
system. The reason is that these piping systems are getting public consensus and still having a tons of
required of high f racture resistance, severe control of II8Ed-

84E th*E' "ay be a chance to reduce system capacity of(pg design, fabrication and instattatloa, and periodic
taspections to avoid f ailure. those important to safety.a

O
g) RGSCC or erosion, corrosion. In Japanese case, Les J'Pd"

concept have only fatigue cracks. 50, it's very
important that decreastag pipe thickness by erossom or
ceasesion.

10) It is necessary to be thorough about quality control and Japan 10) Considering the site of the effects of a nuclear
operation control (including maintenance taspection and accident, it is important to have a consensus with
controll. respect to all technology, standards, etc.

Ill I am concerned about quality level, secause of Japan it) I as positive, so I hope that, to obtain an
mater iet s of piplag without def ects, which are object to international consensus for Les concept, international
L8B, are manufactured by increasingly high quality seminar as weit as this seeiner is opened many times.
level.

12) SCC Ja Pan 12) To do more realistic analysis, cooperation in the
peason: Rechanism and growth rate are not clear. following fields must be done.

il operation esperience (stress, teap, flaw.. 1
ill fracture mechanics
till monitoring (leak, materlat properties.. I
tv) full size test

lit Soggy, I have no opinion. Japan 13) What kind of component is Les concept appliedF

14) Numan factor. Yod never know what a man wLil de. Japan 14) I am negative to apply Les concept to them. We shou 1J
ot her t han t he above, I am concerned about h4gh cycle be careful to reduce safety appasatus unless the
vsbration, which is the most likely cause of pipe esistence itself is not harmful for human beings,
breaks.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -___ _ ___



- m- _ m . ._ . . _ . - m_. .

.

A

1. There are some Ilmiting conJitions reflecting actual 2. In case that Las concept ear be conce dwably applied to
P& Ping failure esperiences (ICSCC, erosion, material Farticipant's the definition of LOCA and design conditions of
toughness, quality level, e t c.3 to apply Las concept. Country engineered safety features, what must be done to obtain
What klad of !!aiting conditions are you seriously an international consessus, technically, politically,
concerned about and why de you think so? etc. if you are positiveP/why de you think so if you are

; negative?

!$) naterial toughness after crack initiation, because Japan 15) It is necessary to obtain international consensus to
instability fracture is considered to occur after some unify the evaluation method using standardized material >

c r ac k estension. properties such as J Lc, J-R cur ve, Cv data, yield and iAssessment of instability and its relation to material tensite stress, and so on.
properties are key f actor s for Las evaluation.

168 1) Erosions Predictions of deterioration in overall Japan 16 9 8ecause there are problems relating to guaranteeing the

*

pipe toughness due to erosion are not always reliability of the leak detection.
I

reflected in the design. I don't know enough to comment further.
Lil Quality levels I don't know if the range of quality

control, and in particular I$1, suf ficient f or the
introduction of Lae.

173 I think this issue depends on how *Def ense in Depth * As17) I think the limitisq condition could be dividad into two Japan
categories. One is the "basic * mater lat qualit y which interpreted,

I want to be positives however, the catastrophic reactorassures toughness and allowable initial defect.
The other is the operating or observatie a measure which accident such as 'Chernobyl* event made me feet
assures the limiting condit ten to be preserved duaing pessimistic on this issue. Because although
plant life. In those senses, I*e ser iously concerned establishment of LBS is based on that thought that all
about material toughness and quality level as well as the failure mechanisms concerning piping are considered,

g leak detectibility and ISI. la the *1 eld of saf ety assessment, we should consider
the * uncertainty * in neture._.

tel natorial toughness, erosion arm ICSCC, in my observation Taiwan, IS) The scope of the appiteations of LSS, and the
and oglalon, are the main f >ct or s. Specifically the pepublic of China approach / procedure of the evaluations for approval of
mater ial toughnesar requirement s for war mous operation Les applications and required analysis and accuracy of
and tasastent or fealt condit toms have to De estabitshed the computer programs used should be further discussed
and documentation thereof should be spclified. Design and assessed, f or Clarifications of the inconsistent
condition and /o4 guidelines for operation to avoid approaches and results of some present studies per formed
corrosion and erosion should be studied and gtwen by different countries. Verifications of the esisting
especially free the aspect of piping routtaq and layout. computer code have to be continued.

398 we tend to believe that for saf ety reasons we ought to Taiwan, 19) At the moment, we tend to agree that 1.88 shall not be
re ject the applicabtitty of LSO concept s f or any known pcpublic of China applied in defining LOCA loads or engineering safety
failure phenomenon such as ICSCC or inferior quality of features to resist this load. Ellaination of pipe whip
piping as you mentioned, la other words, L85 can only restraints in out opinion is persuasive to the public on
be applied to piping of known quality and proven that bases of til higher plant safety due to plant
toughness is not downgraded by poor quality contrJ1 at maintenance /in-service inspection improvements (til
shop or unf avorable service conditions at service. As lower plant const ruct hon cost. Of cour se, t he second
such, we shall consider EGSrC. erosion / corrosion, water clause is not a consideration of plant safety. Nowever,
hammer, thermal shocks, Water chemistry, eatorial the ult imate protect ion f or the public, which is the
toughness, quality control at fabrication, etc. when containment, shall not be compromised in terms of saf et y
applysag Lee concept in plant design, and thus shall not apply LBB in design.

20) Any one whose evolutium is not clearly known fin a Spain

qualitative and quantitative w ay! .

III I "*" I"O*-289 We de not intend to use the Las coecept for design Sweden
pur poses, but will require that Lee an connect eon with
daease um a case-by-case basis.

7
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1 These are some limiting condations seflecting actual 2. In case that Les concept may be conceivably applied to
Participant *G the definition of LOCA and design conditions ofp a pi nas failure esperiences (ICSCC, eros,on, material

toughe ss, quality level, etc.) to *pply Las concept. Countay engineeg ed saf et y f eatures, what must be done t o obtain
what 4 of 1& mating conditions are you seriously an international consensus, technically, politically,
conces 3 abou t and w hy do you t h i nk so ? etc. i f you a g e posit ive ?/w hy do you t hink so i f you a r e
- negative 7

22) a lasge enough past through crack which Can become Switzerland 22) il Technically and scientifically, a lot has st ill to
unstaDje when a sudden load increase occurs. This be done, before this concept can be generally
s i t e.a t n on can be brought about by the ditforent applied. If you cannot apply LS8 concept generally,
parameters (conditional working togethes (RGSCC, I don't think t hi s =:encept will be acceptable.
cargosata fatique, matertal toughness, load, etc.). 11) The technical accept 4 Te is a precondit ion f or the
Esperience has shown that suces conditaons esist sed the poIntical acceptability.
Chance of having such a satuation is the futuae is still till That is why en international cooperative effort is a
relevant. Furthessore, Ethink at t he pr esent time we necessit y to reach an international consensus,
stelt do not know enough of t he compte s phenomena and tvl The defense in depth concept shall be maintained in
mechanisms involved. all cases.

215 il Comptes flaws /part thsough flaws with large e switzerland 21) I don't think that L88 is f ar enough advanced f or tht.
valuess may occur if ICSCC, creep or Some f or ms of application and doubt that it ever will be. There are
thessat fatique are occurring. Pot ent ia l for flaws too many uncert aint tes. It obwlously can be used on a
in elbows or T's, or other comptes com ponen t s. case by case basis for elimination of pipe whip

sil Uncertainties in toughneser transitten t e 8Pe s a t u r e restraints. I think it is more impor t ant that we use
behaviour &R C and low alloy steels,g variations in LDS technology to esclude pipe breaks in piping of
weld some toughness (N At s various weld procedures "significant size" (size large enough to produce
and conaumableea etrain ogiog effectea consequent damage or significant contamination Irelease
directionality ef f ects ( now energy ductile tearingis of radioactivityll. The Les studies will help to
toughness of components (f orged T*ss elbowsl clearly define how we are to achieve this aim --

tiki Uncertainties in Roadst overpressure risk selection of materialas welding proceduress stress /F.M.
m (safety / relief watwo performancels water hammer s analysess Is!, leak detection, etc.
y thesmal stratifications off-normal syst em oper at ing

conditiones hindr ance of the r mal espansion.

24) Technically, we need t o k now more about material24) Les should not be applied to any system where there is a U.S.A.
possability of a long surface crack occurring. Long
surface cracked pipe are more likely to prod *(e * DEG8 toughness, and cyclic effects on J-a curve.

M WH% a WW WuMWig M fMte We heven with very little system compliance,
sur f ace cracked pipe by improvements in J-est i mat ion
schemes. This combined wath the matestal studies will
help to show that a surface crack will not fall and
cause a break-before-leak.

25) The Les concept as it is applied in the design should U.S.A. 253 LBR should be e s tended to ECCS or containment simply
not be used to accept continuing degradation of piping, because DEGB was teatly used as a surrogate to cover
Therefuse. U. S. umC has specifically prohibited the use ot he r pot ent ial LOC A s e.g., SIG meanway cove r blowout ,
of Les as basis for accepting those degradation pump seat failures, etc. By demonstrating the
mechanisms. as a result, piping suffering active incredibility of DEG8 does not preclude other type OC A
degradatson should be precluded from applying Lae. from occurring.

26) il SCC - want to make certain that varAations in U.S.A. 26) It is not clear that L88 should govern the design of the
operational water chemistry do not leaJ to SCC engineered saf ety f eature s (ECCS for evamptel. Using
intergranular of t rans1r anular IIG or TGI (' tat would the large pipe break as the design basis is a convenient
not be predicted from laboratory studies. way to account f or ot her pot ent ial accident scenarios.

sal fataque - "Unanticapated* cyclic loedang has caus*J. It assures an adequate Jestqn basis f or these systems.
and cont inues t o cause, f at s gese f ailur e s e n p t Pa n1 It i s possible t hat some t h angs, such a s eer s r onment al
syst em s. The problem a s in adequat e def 6 m a t aon of qualificat6ons or flooding considerations, may be
seswace loadsagt. est ablished consider in 3 LBB.

a l i l igm i t] - U. S. LSB re1ulations are a pp 14 (. ab l e only
to h&gh-gealit y pipini ( A S M E Code C l a s se s I, 2 of
equivalentl. The p r ol, t e s as mek a ng ces te in t hat the

as-beelt p a gd ag is adeqeately repee vnted ts the
Jest 1n.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __



3. tdhat h 6mde of sesearch week should have ps 6es tly f or the participant's 4 Anything you felt about t hi s ment eer or ot her e

Progf ess of leak-hefere-breat technetegy in general, Country.'

acceed&mg to yeus eplatemF

2) il Tests en "full scale" s6ae pipes and components Canada
(large diametess 16 to 24 tachest fos validatten
undes actual conditione present in a g>wwes plant tot
course these are empens&ve, but ht ptev6 des the only
comwincing psoof that the Pos& tion ta, valtdl.

46) Tests on comptes geometstes telbows, beads, T*s,
etc.) with longitudinal crack growth en large
J&ametes pipes.

46&B Walidattom of leak-sete models undes full system
pressure and temp. condit tens and t hese test s must
be conducted over long time pesteds (up to 20-25
hours) to establish steady state coa 46tlens.

Il meseas ch op fracture behavious of mese comptes Federal Repubtle of Il The seminar was a very fsuitful inf or mation enchange and

geometries, crack area and leak rate predict &on. Germany lef t enough time for interesting discussion. It was well
organized.

[
4) il complete updated word data bent of leat/ break in France el very interesting and productive seminar,

A clear compar ison of the d L f f erent apptsaches of thenucleas pipes es sim6 tat industry.
til define a test psocedete en sample specimen to different countries has to complete this semises on

LM deteg nine the f racture behawless of a pipe and to acceptance or ao acceysence of LSB, on limits of

h laett the number of pipe tests. 8pPlication (S.S/CS, diameter, steam line outside

atti comple o all the d4fferent progr ams presented in inside... I on consequence s (latervals, suppog ts... I, on
different steps of demonstration and matgia.this seminat,
May I have a copy of all transparencies used?

St These which repf esent the tim LLing Co#dstle#s I A point !ltaly St Very usef ul in eschange opinions and Conf test results,
questioning researchers who work quite far from eachggg*
Other.

68 Dynamic (selsmict response of cracked pip 6ng. Italy 61 Very interesting, with very good organisation.
I hope, in a mest sea t ne r , to see more esperimental

Il il Develop surf ace cracted pipe J estimation scheme Italy results.

168 nult6ple and comptes crache study
666) Geometry effects em materials fractuse resistance
avl migh temperature pipe tests and material properties

qual 6fScatlea

el Development of practee leak detection system and Japan el Las seminar is benettelet to get sa international
moottos6mq erstem of integrity of pressure boundary. consensus for not only fracture mechen!Cs but also

understanding of each country's circumstances of reactor
safety consideration. Therefore, many count r ies must
have a chance to held laternatkoaal conferences of
specif ic ar eas so that many people la t he host countsy
may participate in the conference.a

9B secently it has been clear of f racture mechanics. But Japan 99 Thank you very much for Cs(CPI. See you again on nuclear
CO*f't'"C'.

fes leak sete test is not complete. I wish me6s leak
cate test,

t

*
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3 ashat hands of seseasch work should have ps 6os it y gas the Pasticipant's 4 anything you felt about t h&s seminar or others
ps eas s e s s of leak-before-break technole=3y in general, Countsy =

acces s4 Ang to yees opintent

10) Papang integgety should defin&tely be quaranteed by Japan 10) Insof ar as all pas ticipant s discuss enthusiastically and
possessets vna ISts in cases where they f all t o do so, build an International Consensus, it was wesy effectave,
the Las concept should not be applied to neclear power.
yhes ef os e t here toa bas &s for the applicat 6en of the
Ls3 cosacept to papang that 8e always am good condatton,
but 6t a s necessar y to study in all cases undes what
c & a cuest ances piping subject to estesmal foece gives
itse to what estemt of damage.

11) I th6nk that research wesk fot incr easing qualit y og Japan 113 Nothing,
mate < 6 al s and esam6nat ion techniques have pr aer s t y.

12 5 Cont anuous monitor 6m1 technique of def ect s. Japan

135 Development of leak detect 6on method, est imat ion method Japan
of teacture mechanica parameter,

let International cooperation in accumulating fa&*ute data JaPa# 14) Japanese should be moce open to present their result s or
6n operettag plants and laboratories. the plans of study.

14B International round-sobin tests for stastardization of Japan
espsessing fractuse material properties and its
verification.

$ 16) Isoth6n1 in particular. Japan 16) Understanding the content of each country's Lae-related
gg research and the entent of its development was very

helpful.

However, it was impossible to read any of the diagrama
and tables shown by means of the overhead pro)cctor,
something I hope will be remedied in the f uture.

173 Probab614stic appeeach, Japan !?) Very useful in deepening international understanding in
various fleids of Las technology.
I felt the field of leak acte verification has de+ eloped
significantly and wldely as well.

Is) naternal teston3, pipe testing and development of more Taiwan, 183 If the aspect of the public acceptance of LBa can be
accur at e comput er pr og r ams have t o be.done. neantime Republic of China discussed in this seminar, then it would be more
clarif6 cation of Les sequirements (some ambiguous aporopriate,
requagements) have to be done as well.

Sgt ue feel that Crack detection technology needs more Taiwan,
sesearch to incsease the level of Conf 4dence that all SC DepubIlc Of China
ese detected early durang ISI and accuracy is htqh
enough to warsant the subsequent crack growth
calculation and inst ab6 t it y ana lys t s mean6n3ful. ue
feet the tint between detectable leakage sate and
cr et 6 cal crack size neeJs mese ref&nement to a level
that a s su r ance of nonoccurrence of cat a st r oph ac fallute
of components 63 assused by monitog ing leakage gate of
s y st em s. yo apply the Las concept on a global scale,
mess h tesearch an mat erial test ing and component testin3
an9 a compsehens6ve screenang catterna of usen g th6s
econcept ; hall be developed.
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should have s>sle.stty for the pasticipant's 4 Anything you felt about this seelmar et othets i3. what klods of semeasch week
techn.l.,y m ,e.e.al. < _ t.Tps.,.e.s of le.h-bef.r. t.seah

acceed&mg to yees epiates?

208 From the esperimental point of view the test should Spain 20) Very interesting and coastsucttwo, f
|

repsoduce actual conditions as close as possible.

21% i 40 mot know. Sweden 21) It has been very stimulating to meet and discuss with
researcher s and engineer s t he many questions that ase,

'
a connect ed with Lam.

228 kl To compseheas&wely know and understand all the Switterland 22) I think seminars Itke this one and international
mechanisms and phenomena caustag or aggiawating research programmes like IFIRC age steps la the tight
cracks in piping, direction.

468 Yo understand the behawtout et the paying containing
a crack under the dklfetent boundary condit&Ons and
environeemt.

a 6 &D To know all the possible loads that can esist in the
L

plant.
tvl nave a tool to adeqeately assess the safety saggina ,

that insuffletently val & dated.

259 48 Definit tee of approps tate material toughness values switzerland 231 Encellent organisation and hospitality. This includes j

tsee my answer to quest kom Il the visit to JAEst and the seelnar. I Could not e s pect

in) Assessment of various sources of stress and the6e a better se m 6 nar in this respet t. Thank you very much.

categoc &sation with gespect to thea a intesacties and with gespect to the technical content I think that
e

influence on crack 6attlation growth and perhaps tower presentat 6ons and more discuss 60s (with
6nstah611ty, appropriate tent 6ng as seguised on actkwe chairmen provoking discussions) would be

beneficial.i @ pepe components,
is & B The complete process of crack laattation, growth andgi

6nstab&llty should be Cons &dered. pasticularly fet *

I stress corrosion cracklag and thessel f atique. This
would allow better understandtag of crack shape e.g.
compter circumfesential cracksg caecke km
componeu s.

24) 68 Impagead surf ace-csected pipe analyses ear.ees tension U.S.A. 248 CaIErl was a very good hosti

and bending.
s&B Develop a screening criteria to assess what casboa

steels ase suscept Lble to dynamic strela aging.
,

&&&l Evaluation of testoa line toughness &n stainless
steel, carboa steel, and bimetallic welds,

swp Evaluattoe of cyclic leading f rom a seismic event sa
the J-m cutwo of materials, and a simpt t fled
craterke to assess these poteuttal effects.

t

2SD Mates tal chasacteriaatten, tractuse behav6er, and U.S.A. 25) Cenerally excellent. nowever, the leak detection

j tentabality leak detectoss should go hand-in-hands all equipment is misstag from the program. I think the
reliable, acsurate leakage detection system im thethree aseas should have the same high psee(4ty, foundatnon of applying Laa. The program 4a loaded w6th
mat et t al/ mechen kcal chaeactertration. (The waltJ6ty of

| applyknq LBS to plant piping design is based on the
! psemise s t hat, when t here is a leak, the le nk w ou l d be r

detected thefose the pape eseakst and appropriate action
| - can be taken to shut down the plant.)
i

268 si System pegreemance - simul at ed teswice lo*Jiml and U.S.A. 26) This was a very well organL3ed and planneJ seminar. The
enwesoament to ea lidat e ous ab686ty to pseJ&ct hosts and organizess age to be commended for th6s
sesv6ce degradation (fataque, cwsresson, esosie" seminas.
ceasoston, etc.d Thank yout

ani Wates Naamer and otheg dynamac leaden 8.
,

<
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APPENDIX D

QUESTIONNAIRE AND RESPONSES FROM COLUMBUS LBB MEETING

i

!

!

,

1

1

i

i

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



*"*"'_00_M,InteE t f Aaf fpg -Sql_AE ,84 ANSF pasil(Openf *5 (Oedglef tetAl Asf 90Me (ef f t( At (0 mil tei_in ,pe f.Aeo 30 t l_AE-St f 0ef -tet au f

. If a e. serial ha nees snee e.9 to be ses.epe ible t. uc or .eter hem- ersA e I thlon ther, sheeld me se a nteemationally ateented seen-befoe 4 rest
see, thee et ese be theme that a through mall teet h =151 geem slowly pelle y. le tk mes lear teenstry by heeleg teentries with < ppesteg pel.
and et e detettable sett. Ihesefore, a ylpe will lean for a leeg ig les and stemt on leat-beleve-beest eac. teeele a greeral pubilt teatere
pee ped of t see before the treat e40 0 pe.pagate setasteephetally fast. whle h feeld be dete teretel to the entlee outlear todustry.

e Pope feeleee, fea these papes seelsfyleg Eartete teIIerta, olli alesys if5A e less detestles tapeeveneet regsf rements will tegstre Illt lastruereta.
eesele se a lest that ese te detes eed tefese the pope setesteephltally llen. f or meer tese er operatleg plaats this la gelag to be testly,
feels (DtLS).

e t ea meses me &mee easegh atest the pope en*e-f:? 6eteeler. the pfpe IriA e
tM is met justified for al{l lease the fles gesene we have geleed af

pipes. Ise all know of same pipes oht(h
beste befoes leaktog. Ise elaf abe*<et een goality and the servlee leadaag secett;oes se that me see

he asseced that any potentist flew to the pese weeld grew theeegh the 498 la applied es a tattt-ale for all pipes.
**ll med leet detes tetty leeg before it meeld geses to a settl<el teach
*eeget. the pipe esteh a detettable testage era (6 must te able to meth-
steet eo SM.

e a te a-ans that these $3 a high prehebetidy (p ,g/Pbent B 8. ser (f54 e I as scarermed Obat the leab 4efsee-break esy beteer a ratteaale for
di. .h.4 hee-hes n. ,ense,e

wede,, ..,n be so.n .." e,t-'-" '.e'e '-* ad ",o u"s~ea =i.eg .n'h ,oen, a-e isa -e.
- ra a ** dda= ' ****

(i issos.te i..,

(evee of leet / Area of breet aal.8. say 80' ). It does set teply that seres soth es pipe ehlp restralets. I se also concerned alth teefeslee
math 100 and les probability of failure. One should regstre both ($3tae pro 6ettlet, of a breat is see,d. ad les probability of fallere befese pellty thenges are made. Ita pre-
eldes e erfesse le depth eessere, since the ecserreue of leaks allt
provide e meeeleg and eppes teelty to leptement correttlee eraseres to

4,fe the elleinet tee of leaks as esell as poteetlel breats. Another teatern
* ts that LDS mill lead to *'oerly f ene y" tretecta and analystsi

schemes, t ha t are based en spet ale t tee and essempt less about c r et t
leegth, leal rates and leek detet tlee. It appears that 800 reesires all
of the felleslag: high tenghness, les stresses, and sheet tracts. Oee
omst have asserenas that eath regolesment is sattsfled. and met place
see esseh fetus en may see of the regstrements,

e the test-tefore-nosat teatept meses that. with a high degree of tf5A e 1. Amplis et tee to toeples geometry pfplag camponeels; e.g.. elbees.
pe ebehe l e t y , fofleere of the veestere besmetry will be sfgoeled by a redus ers. Gees med, le perticular, fabricated breach teeeet tleet,
detec table Beat that mill preelde emple 8 6er te safely shetdemo the 2. totted jelets
pleet. 3. peteet tel of lean b6eclogo by sted e<guentattee

4. Verslemal museets.

e "f**s ebene steel * Seesse'e soproath to gett seg eue, free the entre. utA e it is else time se reteysise that l&Mt is selved es the Japanese have
sets senseeest6ee opproath sf beest postelet tese w0th me eaglemal basis. eetovelsed.
Iet hele e lly. It meses drewmeestsee that pipe fellese mill preteed feme
Beenage se beeen moder esseeen emedselens.

4 00 meses. pees s om a ses,through e, o,e. st,,, s. na t t.I.G5(C et t iget tom
deoenste#te ela fractuee eethaetas that a triA e B. Aggeptease of guerent techstgees. e.g. leil. ee

,ip edn o.. .f . .s,o n ed S.,, ..e .e .ee b, .,e u ta s..teiest sieenseiersta f.a 0. tent-
iengt h of 4.ee e f.e e .t ..n lead to .atestre,h.t ,c,e ,a nere. esu .a ses.
eheeleg th8s "sof f 64 teet* R $ee yeeled one has the shellty to detet s this 7. Asseeems e that test detet tles systees are edegsate and seesittee.
See6. eesogesse $83 gtgeef tsease, and late apprope sete eg g see to eg e t.
gate les sensagere.es.

e A defec t mall geos la a stable esoney thea ggt she wall of a pr;gsere tf54 e 1. B eat detee t ten
beendee p .e soth a esame, that the see* sets well 3,46 et e drteg geble 2. Depe of defett growth la the presess e of temples leedtog and vest-
rate lose befese 44testeeph04 f a elete (avid esser. eheel steesses.

_ _ _ _ _ _ _ _ . _ _ . _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ . . . _ _ . _ -_ -- - - -- .,
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e the the.,y. based-op m, esperserats. .hsch aim to enentrose that s vag t . me enpeew endiseeed.
the flee sese melsh results le dese< 0eble teenage is emn b smaller them
the flee sese ehlth meeld lead to piping fat tete. thees es me meche-
esse fee dreeleplag a large breet eithmet geeng theeogh se estended
perled deales wht<h the gresh ecold leet dep6eetly et a delet table
ease.

e (3) arrest of past af ter penetratles; (F) Setestable teet leeg before ist e tantrol of the fear sendte tess that deflee (N.
breet; (3) less of lead . shot doen - hefere bees 46 (4) Dete'eleistes
eed p eneessssses proof of f.se ute beheeser.

e s en y fl.e .h e< h es ht eesst et the me,sease, of Isfe (e.g. fas e tee 6 * tate end sma s sus see may 6. dif f s<elt; pe s= spe s med-.sos.nsnseret) went devese, feeder ele a ieseseasie suds dorsag elfei stendtag of uut shape **separet := seds , St.ase er .estes.e s.p.
4. sey that sua encers nefm utntrophsc fassen (nessdersag eau meet fo s sere (lef twe<e of seats state er unstesset se suas<run
este e :mds). end thm es sof f 6 sees time med one. Iteen mentsee) p,epe,etseep sist is essoassshed; sof swau of enadoes st,nsn se
to f end the sua eed to seee ut see. = eses ==ertese; geedseats of metersas peeputen eelsetrop, me, se

dif ficult to Seslede,

e Any pe< t growth ehlth eight etter for whatever leegfeeble reasses flat Ae9 e the everall 800 concept 95 et het et least the felleelee tashs should 6e
uneses stanse. noyleted befe ses eeseesin ese: Il afseeeemt el tua use p.e.

dus sens. 2) drupt of suprend a ukotet see e,thods ehe<a tese
sete m e e=0 she . sty of metuses. 33 amteret of ein.
t se. plast se entersass data bema . hash a= sedes esueent.asse-aned sta.D'

g testsees ne sene.s sly taeses med the effne .f eees,een,et, d) ref seen,etof f.tt- u- .s eet i 4,enients .e,eaiist i, e~i,-ta h u e. pre...t e . .la mees. .et.d .ees. a si .e,n tai e,r.f.ot.ee of
the 400 teasept to sesyllieted piplag settlees. Sateematlemal seep-
eret ten is vegelred for eshleeleg the ebeeg geels.

e the een oppreer to acelyte pipe pagts and to mete design preelstees flagAme e lest s93e; leek deteettee and dierengentag at sole (empeneet sepperto

egelost f alle r a. (Of GS er sett)

ey the tue neut w seem the ems (e) ehet the e pe es smeed sete sise s;e e maareen. Just to meetsee a few: tuaage ute us es.ts.es,res,ofse
Iso pert 6. By the teen Beet we seem the eoest (4) that water / steam res9doel stresses le goverslag the growth both for fattger and ibm (
euape to the emelsesumpet. By 8 98 Gs thee meset that *he event i pre- siteet Bees.
eedes the event B. le generet. the seen ISO ts met usefot se ens
f etesel seese het has to be forthee pret $ sed. One esseele that me fled
useful es the felleeleg. These should alesys eelst a gef f 6glemt mergle
le t sar betweee the went that a detes table flee euert med the eveet
that se emperetssible flee euers, the setend eveet sheeld aloeys be
preceded by the first ene.

e Rose areas less of fleid and dynamit leads met greater thee these 54pf fflet At$ e teeldeese of large defetts by good eagleeevlag is better thee elleolog
<enstdered as a destge bests. teample: le tese et a folly protested for s=< h def ea t s and seepensat teg by semetee pretee t ten deeltes, f srst
sys*ee. Gil b8 is a Seet. priority: Gayreveneet of eagleres Seg. Setoed preerter: developeret of

methods for essesseret.

e Greet through of the treet witheet sigolfleses great geenth la length. Sullft pl aap e nnemosleer appIle a t tees: eseldense et deslotegret tee of treesperte6te
bigte ' se*e eessels.

.
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e e se means that t he rese t t leg s he e gh eall s e e. 6 is *atable" or is le a Stillli st sND e B. Validatles of t6e teseleg lastattlity saarept and ses apeletat fee
* stable sees tag ende* fee a sof f ec teet leeg t see eed the lest este is especially fee the dif ferest eelstleg temples peplag systems eith these
sof f ts teet ly lar ge (het est tee large to seese haves ) esserlag its spet t f la c haeac ter ist ic s.
drees tehtitty end loc atablitty by the test detes t een systees se ese at 7. (amprehenslee toneledge of the Tpec t fla lord end tempe,atore see.
the pleet to osest 6en. dttless for the spet tile plaat le geestles.

3. Asteraare that the eageelal la geestles elll behave 4e a sof f ts tent.
| ly dw< t tle esaaee moder all espected Seedtog and ten,aratore seedet tees,
I

| se that the tearlag testabellt7 gencept can he properly appeled.
m 4 the relatlee heteren reas through eall tract length, 9ts speeleg
f0 area and ef fe< lee lest rate.^

S. lhe beheeler of *large" part threegh eall tracts espet tally to the
afrtwaferential directles weder all espected leedtog seedettees.
6. The methaelses of tract greeth ettb special feesleerat 6en of their
shape changes (a/c-ratie) of seh<rltleal part threegh tra<6s. aise cae.
steersag terrestem and other ef fects.
7. The sapettlity of een-desteet tlee testing methods, e.g., estraseela,
to adeguately and reltably detec t eed character 9se tracks especielle le
easteettia materials.
S. the developeret of a lest detet tles system that (se ret tably detec t
and levate feats eith sof f ec tent seasilletty.
9. test het met least: <a= <erreslee he ee< tedeel

%

-- ^ ^ | . . .
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The third in a se ies of international Leak-Befo e-Break (LBB) Seminars sup-
ported in part b the U.S. Nuclear Regulatory Co. ission was held at TEPCO Hall :

in the Tokyo El tric Power Company's (TEPCO) Elec ic Power Museum on May 14
i and 15, 1987, he seminar updated the internationa olicies and supporting

research on LB Attendees included representatives om regulatory agencies,.

electric util ;y representatives, fabricators of nucle power plants, research
organizations and university professors.

Regulatory licy was the subject of presentations by Mr. . Arlotto (U.S. NRC,
U.S. A.), Or H. Schultz (GRS, W. Gemany), Dr. P. Milella ( EA-DISP, Italy),
Dr. C. Fat , P. Jamet, and S. Bhandari (EDF/Septen, CEA/CEN, and Framatome,

,

France), a d Mr. T. Fukuzawa (MITI, Japan). Dr. F. Nilsson p sented revised
'

nondestru .ive inspection requirements relative to LBB in Swed In addition,.

several p pers on the supporting research programs discussed re latory policy.
Question following the presentations of the papers focused on t impact of
various BB policies or the impact of research findings. Support g research .

program were reviewed on the first and second day by several part ipants from j
the U.S , Japan, Gemany, Canada, Italy, Sweden, England, and Franc !
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