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INTRODUCTION AND EXECUTIVE SUMMARY*

On September 1 and 2, 1983, the CSNI subcommittee on primary system
integrity held a special meeting in Monterey, California, on the subject of
leak-before-break in nuclear reactor piping systems. The purpose of the
meeting was to provide an international forum for the exchange of ideas,
positions, and research results; to identify areas requiring additional
research and development; and to determine the ?gneral attitude toward
acceptance of the leak-before-break concept. he importance of the
leak-before-break issue was evidenced by excellent attendance at the
meeting and through active participation by the meeting attendees.

proximately 125 people representing fifteen different nations attended
the meeting. The meeting was divided into four technical sessions
addressing the following areas:

0 Application of Piping Fracture Mechanics to Leak-Before-Break
0 Leak Rate and leak Detection,

0 Leak-Before-Break Studies, Methods and Results,

0 Current and Proposed Positions on Leak-Before-Break

The keynote spezker for the meeting was Mr, Richard Vollmer, Director of
the Division of Engineering, U.S. Nuclear Regulatory Commission, His
opening presentation entitled, "U.S. Nuclear Regulatory Commission Position
on Leak-Before-Break" dealt with the issue of BWR pipe cracking .n the
United States and tne role of lcak-before-break in the NRC evaluation of
this issue. A total of twenty-nine presentations were made by authors from
Japan, the United States, the Federal Republic of Germany, the United
Kingdom, Italy, and Canada. Each technical session was concluded with an
open discussion period. The highlights of the technical sessions are
summarized below.

SESSION I: Application of Piping Fracture Mechanics to Leak-Before-Break

A variety of analysis techniques have been developed for evaluating the
fracture behavior of cracked piping. These techniques range from
simplified, closed form models to three dimensional, elastic-plastic finite
element codes. Comparisons cf the analytic techniques with experiments
which have been conducted to date, have demonstrated the validity of
analytic techniques such as net-section-collapse, critical crack tip
opening angle, and tearing instability. However, the available relevant
experimental data are limited and some questions still exist regarding
practical applicar w of the analyses techniques. For example, it was
?encrally agreed tha the concept of tearing instability has been validated

n small scale tests, however, difficulties such as choosing the correct
J-resistance curve or .alculating the piping system compliance still exist
when applying the method to an actual nuclear reactor piping system.
Several large scale test programs are under development to experimentally
validate the fracture mechanics analyses,

*This summary was prepared by J. Strosnider of the U.S. Nuclear Regulatory
Commission based on input from the session chairmen,



New analyses and experimental data presented during this session indicate that
the tearing resistance of stainless steel as characterized by the J-resistance
curve may much lower than previously assumed. Specifically, a complex crack
geometry consisting of a throughwall flaw with a part through surface flaw
around the remainder of the cross section was shown to reduce the value of ch
by a factor of 7 to 8 and to reduce the tearing modulus value by a factor of
approximately 5 as compared to J-resistance curves generated from pipe specimens
with simple through wall flaws. This reduction in tearing resistance is consistent
with the observations in side grooved versus nonside grooved compact tension
specimens. In addition to the effects of complex crack geometry on tearing
resistance, data were presented which indicated that the tearing modulus vaiues
for stainless steel could be 50 or less at large crack extenions (2 to 3 inches).
Data showing reduced fracture toughness in stainless steel weldments

also was presented and discussions focused on the reduced fracture toughness

of cost and aged cost stainless steels.

Another significant issue raised during this session was related to the factors
of safety associated with the new flaw evaluation procedures for austenitic
stainless steel piping to be incorporated in Section XI of the ASME Code.
Information was presented which indicated that use of a lower value of flow
stress than that assumed in developing the code ac.eptance criteria together
with application of a correction factor for pipe ovalization resulted in Tower
factors of safety on load than reported in the code, Furthermore, for emergency
and faulted conditions it was reported that a factor of safety less than 1.0
could exist for high stress ratios. A philosophical point that was raised relative
to this issue dealt with the question of whether the factor of safety should be
applied on load or on crack size. There seemed to be a consensus that the factor
of safety was most appropriately applied on load. However, it was also pointed
out that factors of safety based on crack size highlight the need for accurate
nondestructive flaw sizing capabilities. The question of the adequacy of the
Secti:n X1 flaw evaluation procedures is being evaluated by an ASME Section XI
task force.

The final issue raised in Session I dealt with the type of loads which should be
postulated for piping integrity assessments. In one suggested approach, it was

assumed that all piping and equipment supports fail and the loads are displacement
overned, The second approach was to “efine conservative but perhaps more realistic
oads and displacements based on design conditions. Although either approach

can be used, the former approach presents a more challenging set of conditions

than the later and may make it more difficult to demonstrate piping integrity.

This is particularly true in light of some of the data presented on low tearing
resistance for stainless steel.

Specific recommendations and conclusions resulting from this session include:

1.1 Cooperation between various organizations in conducting large scale experimental
programs is encouraged. This cooperation should be directed at minimizing
duplication of effort and uti14izing available resources throughout the
world to conduct the most comprehensive program.



1.2 Cooperative efforts should be established to benchmark and validate analytic
techniques against planned pipe fracture :xperiments.

1.3 A reevaluation of the ASME Section XI allowable flaw size criteria
for stainless steel piping should be performed.

1.4 Additional efforts are necessary to better define the tearing resistance of
piping materials in pipe geometries with real flaw configuratinns,
Experimental and analytical efforts shall be closely coupled
quantify the crack tip constraint and its influence on crack
growth resistance. Environmental and aging effects on fracture
toughness also need further evaluation.

1.5 Previous piping integrity analyses performed using tearing instability
analysis should be reevaluated in light of the data presented on
Tow tearing resistance for stainless steel pipes with complex crack geometries
or postulated large crack extensions.

SESSION II: Leak Rate ard Leak Detection

The conference developers found this area to be the most difficult to develop
suggesting that a much lower level of effort currently exist in this field relative
to that in piping fracture mechanics. This session consisted of five papers
dealing with experimental measurements, analytic predictions of the leak rate
from cracked pipes, and the ability to detect such leaks. Two of the papers
dealt explicitly with the experimental leak rate testing results; one paper
discussed the development of an analytic model based on experimental results;
and two papers dealt with fracture mechanics calculations to predict crack
opening areas. Two of the papers also addressed the use of acoustic emission
monitoring to detect pipe leakage. Most of the work reported was completed
some time ago and there is apparently very little ongoing effort in this
area.

Experiments to determine leak rates through various forms of cracks are

Timited to date. Some discussions focused on the design of leak rate experiments
with particular emphasis on the need for realistic cracks and water

purity during the tests. Discussions suggested that the tightness of the

cracks and impurities in the water which could clog the cracks could reduced
predicted or measured leak rates by a factor of two to five. Parametric studies
of these parameters have not been conducted.

Extensive discussions focused on the validity of the assumptions made in analytic
leak rate models. Existing models assume homogeneous, nonequilibrium two phase
critical flow based on a extension of Henry's two-phase critical flow model and
on a modified Moody flow model. Simplifying assumptions regarding the crack
shapes had to be made to apply the models.

The ability of acoustic emission to reliably detect small leakage under laboratory
conditions was reported by two researchers, In addition, a demonstration

program in which an acoustic emission monitoring system has been installed in an
operating BWR was described,



Specific conclusions and recommendations resulting from this session included:

2.1 More experimental data on leak rates through various types of cracks,
including stress corrision cracks and multiple cracks, and
using various water purity levels are needed.

2.2 Analytic models for predicting crack opening areas and leak rates
require additional validation against experimental leak rate test data.

2.3 Acoustic emission has been successfully demonstrated as a leak detection
and monitoring technique under laboratory conditions and may be promising
for field application.

2.4 Work is required on evaluating the reliability of leak detection systems as
they exist in operating power plants.

SESSION III: Leak-Before-Break Studies, Methods, and Results

This session dealt with the integration of fracture mechanics, leak rate calculations,
and leak detection, and loading assumptions in performing leak-before-break
evaluations of real piping systems. Deteministic limit load and tearing instability
analyses were used to demonstrate that postulated cracks detectable by leakage

were subcritical. Piping systems considered included the primary reactor coolant
system and secondary system piping. A model for estimating the probability of

piping leaks and breaks was also presented. Calculations performed using the
probabilistic code showed low probabilities of leak or break as a result of

fatigue crack growth and normal operating and earthquake loads. Studies regarding
leak-before-break in CANDU pressurized water reactors were discussed and a

recent pressure tube failure in a CANDU reactor was described, Fracture

mechanics arguments for elimination of postulated double-ended guillotine

breaks was also presented.

Most of the studies presented were relatively straightforward utilizing generally
accepted state-of-the-art fracture mechanics techniques. In general, the issues
of leak rates, leak rate detection, and load definition, received much less
attention than the fracture mechanics analyses. Reliably detectable leak

rates were generally accepted as those established in plant's technical
specifications. Similarly, loads were general 1y taken as the design

basis loads with little attention given to loads outside the design

basis envelope.

A significant amount of discussion was directed toward probabilistic modeling

and its limitations. Items of particular interest were the initial crack size
distribution and the time dependent nature of some of the random variables. The
uncertainties related to these issues significantly reduce the confidence associated
with the estimated failure probabilities.

Additional items which received attention during the discussion period included
the need to take a second look at some of the analyses that were presented



in Tight of issues raised in Session I. These issues included reports of
much lower tearing resistance for stainless steel than was previously
believed, meth~1s of computing piping system compliance when multiple
cracks exist .. the piping system, comparison of analyses with actual
experience, and whether the need for further experimental verification of
fracture mechanics techniques, particularly tearing instability analysis,
is necessary. Regarding the last issue it was generally agreed that the
tearing instability concept was on fimm ground and that future
experimentation should not be directed so much at verifying the theory as
at determining how to effectively apply it to large piping systems.

Specific conclusions and recommendations resulting from this session
included:

3.1 Investi?ations to date indicate large margins against failure and low
probabilities of leak or break in the primary coolant system piping of
pressurized water reactors.

3.2 Existing analyses rely on current estimates of leak rates which could
be improved. In addition, the reliability of leak detection systems
should be explicitly addressed.

3.3. Greater consideration of loads and stresses outside the design basis
envelope, such as water hammer and residual stresses, is appropriate
in conducting piping integrity analyses.

3.4 Probabilistic evaluations are useful but current uncertainties in

input dJistributions and their time dependence suggest cautious use of
the results,

3.5 A better job of integrating the elements of the leak-before-break
analysis including identification of limitations and uncertainties in
the analyses could be and should be done.

3.6 Additional experimental testing pro?rams should be directed at
demonstrating and developing the application of fracture mechanics
techniques to piping systems rather than validating the analytic
theory.

SESSION IV: Current and Proposed Positions on Leak-Before-Break

This session was intended to deal with statements of positions or
philosophies on leak-before-break in nuclear reactor piping systems,
Presentations were made on the safety significance of pipe cracking, the
financial impactz of postulated design basis pipe breaks, approaches for
eliminating postulated guillotine breaks, and existing positions on
leak-before-break and postulated pipe break criteria.

The results of a risk assessment performed on pipe breaks provided a very
interesting insight into the safety significance of pipe cracking. The
conclusion of the study was that small to intermediate size pipe breaks
dominate the risk from piping failures. This implies that demonstration of
leak-before-break does not resolve all safety concerns; the magnitude of
the leak is critical. Less than full guillotine breaks in pipes could
res:lt in leak rates of the magnitude that contribute most to the overall
risk.
5



The financial impact of postulating and designing to accommodate double-ended
guillotine breaks are enomous. A typical pressurized water reactor plant in

the United States can have approximately 300 pipe whip restraints and the estimated
cost for design and construction work associated with pipe break effects is 30

to 50 million dollars per plant. Studies which have concluded that these postulated
pipe breaks are not necessary were referenced. Reference was also made to

actual operating data which do not support the need for postulating pipe break

at intermediate locations. Current pipe break design criteria in the United

States was also stated to have adverse effects on personnel exposure and on the
reliability of inservice inspection. Positions on this issue taken by other
countries, specifically the Federal Republic of Germany, were reviewed. The
Germans have adopted a basic safety concept in which they rely on, among other
things, improved design, materials selection, and inservice inspection to assure
piping integrity and less stringent pipe break criteria have been established

for new plants designed, built, and operated in accordance with the basic safety
concept.

The Sessior IV discussion period was opened to any subject covered during the
2-day meeting and conclusions and recommendations were solicited. [Issues which
continued to be brought up throughout the meeting and which resurfaced during
the final discussion period included accurate detemmination of material properties,
particularly tearing resistance data for specific piping geometries and

for thermally aged cast stainless steel; accurate determination of 1nads

and stresses to be used in the fracture mechanics anlaysis; the need for
improved distributions of random variables for probabilistic assessments;
improved leak rate models; and evaluation of leak detection reliability.

There appeared to be a concensus that leak-before-break evaluations

were more acceptable in piping systems for which fatigue crack growth

is the dominant mode of degradation. There seemed to be less confidence

in leak-before-break arguments for piping systems subject to corrosive
mechanisms of degradation. The issue of the postulated crack shape and the
potential for a uniform surface crack penetrating nearly through wall was raised.
It was alsoc pointed out that piping failures may be dominated by indirect causes
such as design or fabrication errors. In general, it was concluded that leak-
before-break is an important line of defense in the defense in depth concept but
that there does not currently exist enough confidence in the leak-before-break
argument to use it as a sole line of defense.

Specific conclusions and recommendations from this session include:

4.1 Risk to the public may be dominated by small and intermediate size breaks
and that demonstration of leak-before-break is not a panacea.

1.2 Traditionally postulated design basis pipe breaks and resulting plant
designs adversely affect personnel radiation exposure and reliability of
piping inservice inspection and result in enormous financial costs,



4.3 The technology exists to design and build plants to less stringent
pipe break criteria and to operate these plants without undue risk to
the public health and safety,

4.4 Leak-before-break arguments are less convincing for piping systems
subject to corrosive degradation mechanisms (e.g, intergranular stress
corrosion cracking) than they are for systems where fatigue crack
growth is the dominant degradation mechanism.

4.5 Piping failures may be dominated by errors in design or fabrication
and these areas are difficult to treat analytically,

4.6 Leak-before-break is an important part of the defense in depth concept
but not a panacea.

In summary, the subject meeting was very productive. There was a great
deal of interaction between the meeting attendees and several critical
issues and recommendations were identified. It is hopeful that the
exchange of information and discussions sparked some new ideas and energies
that will be brought to bear on the issues of evaluating and ensuring
piping integrity.

On a final note, it seems appropriate to reiterate the benefits which could
be derived from more extensive international cooperative efforts, A
meeting of the type described herein brings atteation to the large number
of independent efforts planned or underway in the subject area. Well
planned and organized cooperation between these efforts could avoid
duplication and perhaps utilize resources in a more productive manner,
Unfortunately, no well established vehicle for accomplishing such
coordination exists, Development of such cooperation should be a principal
objective of the iiternational community,



KEYNOTE ADDRESS
U.S. NUCLEAR REGULATORY COMMISSION POSITION ON LEAK-BEFORE-BREAK

Richard H. Vollmer, Director
Division of Engineering
U.S. Nuclear Regulatory Commission

Ladies and Gentlemen:

It's an honor for me to present the opening remarks at this CSNI Conference
on leak-before-break. The object of my presentation is to give you the
current NPC thinking and direction on leak-before-break for nuclear

piping systems and place these in perspective by describing a number of
current issues and initiatives affecting nuclear piping systems and the
integrity of the primary coolant pressure boundary. [ do this with no
pretences since | am by trade a reactor physisist who was knee deep in
Three Mile Island and issues such as equipment qualification a few years
ago. More recently, however, | have been heavily involved with steam

generator problems, BWR pipe cracks, and of course leak-before-break.

sefore 1 get into the primary topic of the day, 1'd like to describe to
you a recent initiative taken by the NRC's Executive Director for Operations.
Me has formed a Piping Review Committee with the following objective:

To review and evaluate the current regulatory requirements on piping

systems for 1ight water reactor designs, using currently available



domestic and foreign information, to provide recommendations on where and
how current NRC requirements should be modified. In addition, this
committee would give direction for work needed to respond to issues not
currently amenable to, resolution. The scope of the review covers all
safety-related piping systems needed to assure the integrity of the reactor
coolant system pressure boundary, to shut down the reactor and maintain it
in a safe shutdown condition, and to mitigate the consequences of an
accident. Finally, this effort is not to impact ongoing regulatory actions
prior to acceptance of the committee's final report nor impede the
resolution of specific piping problems. Dr. Larry Shao of NRC's Research
Office and I will Co-Chair this activity and Dr. Spencer Bush will provide

guidance as Vice Chairman.

He will form Task Groups composed of NRC staff and consultants to deal with

these regulatory issues:

A. Pipe Cracking

- IGSCC

- NDE

- Repair methodology

- IHSI

= Operation with existing cracks

- Fatigue cracks and other cracking mechanisms
B. Seismic Design

- Damping

- Spectral broadening

= Definition of OBE

= Multiple supports



C. Pipe Break

- Leak-before-break and related issues which will be described
shortly

D. Load Combinations
- LOCA plus SSE loads
- Water Hammer
- SRV discharge loads

- Vibration loads

The above items are included to be representative but not all inclusive of
the topics that will be covered. The charter of this committee is quite

broad.

Although all of these issues are quite important to the design of nuclear
piping systems, some of this work will have to take the back seat to
resolution of the current BWR cracking problems. You are all aware of
the large number of cracks being found next to welds in austinetic stain-
less steal piping in the U.S. BWRs. On the average, about 25 percent of
the welds have crack indications. Some plants are clear of indications
but some plants have a 50 per cent crack frequency. Because of this

we have an immediste menu dealing with:

10



Resolution of cracks, repair or don't repair

Inspection of remaining welds

How long to operate with known cracks or temporary repairs

Long term solutions including piping replacement

Although we believe that leak-before-break has a place in our regulatory
philosophy and criteria, we believe that the BWR pipe cracks represent

a safety issue upon which we cannot rely on leak-before-break alone.
Rather strong actions on a number of fronts will be required to put this

issue behind us.

Turning now to what the NRC is doing on leak-before-break, we are seriously
pursuing the concept of leak-before-break (LBB), both technically and
administratively, for any pipe or piping system for which it can be dem-
onstrated by analysis, experimental evidence, operational experience or
other means that this concept i3 viable and that the benefits to be gained

clearly outweigh any possible increases in risk.

The Commission's regulations, as Currently interpreted in the applicable
Standard Review Plans and Regulatory Guides, postulate piping ruptures
in high energy fluid systems, both inside and outside of containment as
part of the design bases for structures, systems and components important

to safety. These ruptures include circumferential and longitudinal

11



breaks up to and including double-ended guillotine breaks (DEGB) in

piping which also encompasses the largest pipe in the reactor coolant
system. The direct result of such postulated piping ruptures led to the
establishment of the Unresolved Safety Issue A-2, "Asymmetric Blowdown
Loads on PWR Primary Systems," and criteria to protect items important

to safety against the consequences of pipe Lreaks in all other high energy
fluid systems. Protective measures include physical isolation from
postulated pipe rupture locations if feasible or the installation of pipe

whip restraints, jet impingement shields or compartments.

Since these criteria were established, however, the fracture mechanics
technology regarding the potential rupture of tough piping such as used
in PWR primary coolant systems, has advanced considerably. The crack
growth behavior in piping with flaws under normal and accident loads is

now reasonably well understood.

In addition, we have recognized the various negative impacts of these
criteria on plant design and inservice inspection. Therefore, we were
recept ive when advanced fracture mechanics technology was applied recently
in topical reports submitted to the NRC on behalf of 11 licensees belonging
to the A-2 Owners Group. The topical reports were intended to resolve

the issue of asymmetric blowdown loads on the PWR primary systems for

12



those licensees' plants. In its evaluation of the topical reports, the

NRC staff has concluded that large margins against unstable crack extension
exist for certain stainless steel PWR primary coolant piping postulated

to have large flaws and subject to the safe shutdown earthquake (SSE)

in combination with the loads associated with normal plant conditions.
However, as specified in the staff's evaluation of the topical report,

the resolution of this issue is contingent upon satisfying the NRC staff's
leakage detection criteria and, for two licensees under the Systematic

Evaluation Program, the results of seismic reanalysis.

Without the application of the LBB concept, the 11 affected licensees
of 16 plants would have to meet the provisions of NUREG-0609 resolution
of generic task action plan A-2. This would involve postulating DEGBs
at discrete pipe locations, performing analyses of resultant dynamic
loads, and for each PWR, in varying degrees, adding piping restraints
to prevent postulated large pipe ruptures from resulting in full double
ended pipe break areas thus reducing the blowdown asymmetric pressure

loads. This would also involve modifying component supports to withstand

those loads as determined in plant specific analyses.

We have prepared a value/impact analysis supporting our technical review.
In summary, the values (public risk and occupational exposure) show that

the estimated reduction in public risk for installing additional pipe

13



restraints and modifying equipment supports as necessary to mitiyate or
withstand asymmetric pressure blowdown loads is only about 3 1/2 man-rem
total for all 16 plants considered. Similarly, the reduction in occupa-
tional exposure associated with accident avoidance due to modifying the
plants is estimated to total less than ] man-rem. These small changes
result from the small reduction in core-melt frequency that would result
from modifying the plants. However, the occupational exposure estimated
for installing and maintaining the plant modifications would increase

by 11,000 man-rem.

The impacts are that the estimated industry costs to install plant modifications
to withstand asymmetric pressure loads is about $50 million without even
considering power replacement costs from excess downtime. Consequently the
savings, both in terms of occupational radiation exposure and costs, far
outweigh any potential benefits (e.g., decrease in public risk and avoided

accident exposure) from plant modifications.

The value/impact, both in terms of costs and occupational radiation exposure
discussed above, applies only to the primary coolant loop piping of a
limited number of PWRs. However, significant cost and occupational
radiation exposure benef its could accrue from elimination of pipe whip

restraints and other protective measures against dynamic pipe break effects
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in other high energy fluid piping systems. Remova) and replacement of

pipe whip restraints for inservice inspection purposes entail considerzble
accumulation of occupational radiation exposure plus the risks associated
with either improper reinstallation of the restraints or damage to the
restraints or adjacent components during reinstallation. Many restraints
are massive and must be handled in severely restricted areas. An ex-
tension of evaluation criteria to other high energy fluid system piping,
both within and outside of containment, is currently under further develop-
ment by the staff,

The development and application of such criteria will take time. Ultimately,
Rule changes will probably be necessary to put such changes fully into
effect. Unti® then, we will consider Case-by-case applications of LLB--
where clear benefits can be shown--and where safety is clearly not affected.
There are limitations to keep in mind, however, in any application of

LLB:

1) for pﬁcpo;uowotcspocltyiog,dcsggo criteria for emergency core
cooling system, containments, other engineered safety features, and
for the evaluation of environmental effects on equipment, loss of
coolant shall be assumed in accordance with existing regulations.
That is, loss of coolant is based on an opening equivalent to twice
the flow area of the largest diameter pipe in the system or that
pipe which will result in the most limiting accident conditions.
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2) For the present, these criteria shall not be considered applicable
to high energy fluid system piping, or portions thereof, that
operating experience has indicated particular susceptibility to

failure from the effects of corrosion. For example, we will not
apply these criteria to piping that has experienced intergranular
stress corrosion cracking, water hammer or thermal fatigue.

In conclusion, our initial application of LBB is to the main PWR piping
because sufficient info-mation is, or can be, available for our reviews.

Our immediate objective is to issue our safety evaluation for the facilities
already reviewed. In the future, we plan to expand the leak -before-break

concept to other piping systems and other facilities.

We will also propose to make appropriate changes to current Commission
criteria to more clearly define our position, to put this activity on
a generic basis, and to achieve public comment on revised criteria. We
would also modify and/or augment the appropriate Standard Review Plans
and Regulatory Guides Lo provide specific guidance to the industry and

the staff reviewers.

The overall NRC leak-before-break program will require considerable time
and effort. Continued support from the nuclear industry is needed to
meet our mutual objectives. We also look for the experience and expertise
of ocur foreign friends in the further development of leak-before-break

technology. This conference and the activities of CSNI are key to the
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overall success of these initiatives.

Thank you.
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with a Circumferential Part-Through Crack under Tensile Loading
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ABSTRACT

This paper presents the theoretical analysis of circumferential
crack propagation in Type 304 stainless steel pipe under tensile loading.
Finite element codes and a simplified analysis method are developed to
pradict the stable and unstable crack propagations. Leak-before-break
coniition of the pipe with a circumferential part-through crack is
estimated based on the net stress criterion. The relatively good agree~
ments are obtained between the numerical solutions and the experimental
results,
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1. INTRODUCTION

The structural integrity of a nuclear power plant must be ensured
by evaluating the margins of safety in the reactor components with
respect to failure. In particular, studies on the structural strengtn of
the nuclear piping systems in the presence of flaws have gained much
importance since the discoveries of circumferential intergranular stress
corrosion crackings (IGSCC) in several BWRs [1]. Most of the piping
systems in nuclear power plants are made of ductile materials such as
Type 304 stainless steel that has a high resistance to crack growth and
{s not normally vulnerable to fast fracture, being characterized rather
by stable crack growth. Therefore, even {f a flav does exist in the
piping system, structural safety can be maintained by leak before break
(LBB) behavior, which permits coolant leakage to be detectable before a
catastrophic pipe failure. It is important to demonstrate experimentally
and theoretically that unstable pipe failure (tearing instability) can
fully be prevented in the nuclear piping systems with IGSCC and that LBS
behavior can be assured under the operating conditions of nuclear power
plants.

As the theoretical investigations, a tearing instability criterion
was proposed based on the J-integral approach in ductile material by
Paris et al. [2] and Hutchinson and Paris [3] gave some conditions for
Jecontrolled crack growth, Based on this criterion, some theoretical
analyses vere conducted for reactor piping systems (4, 5]+ In order to
study the applicability of the tearing instability criterion based on
the J-integral approach, Wilkowski et al, [6] conducted bending tests on
unstable fracture using circumferentially cracked stainless steel pipes,
In relation to the flaw evaluation procedures in the ASME Boiler and Pres~
sure Vessel Code, Section XI (7], acceptance criteria were proposed for
the circumferential cracks in stainless steel piping by Norris et al, [8].
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In Japan, a research project on the tearing instability for center=
cracked plates and circumferentially cracked Pipes subjected to tensile
loading and leak before break for circumferentially cracked pipes under
the cyelic tensile loading and the BWR environment is under way at
the Nuclear Power Engineering Test Center under the sponsorship of
the Ministry of International Trade and Industry (MITI) (9 ~ 12],

This paper presents the numerical analysis of crack propagation in
Type 304 stainless steel pipe. Two~ and three- dimensional finite
element codes are developed to study the criterion for stable crack growth,
A simplified analysis model is also developed to predict the tearing
instability for circumferentially cracked pipe., LBB condition in the pipe
with a circumferential part=through crack is estimated by &pplying the
theoretical results obtained in the simplified analysis. The numerical
solutions are compared with some of the experimental results [9 Vv 12)
obtained in the above-mentioned Project to exanine the validity of the
analysis method,

2, FINITE ELEMENT ANALYSIS OF THROUGH-WALL CRACK PROPAGATION

The prediction of circumferential crack propagation in a piping
System requires the accurate evaluation of stress, strain and displacement
in the vicinity of the crack. Extensive development of the plastic zone
occurs near the crack tip because of the high ductility of Type 304 stalo~
less steel pipe in which 1G8cC have been discovered., Stress conditions
during crack propagation can be obtained from elastic-plastic analysis,
The finite element method (FEM) s considered to be one of the most

powerful techniques applicable to this type of stress analysis in twoe
or thr *~dimensional complex structure,
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Two-dimensional elastic-plastic finite element code, PLASTAN-II,
i{s developed to establish the analysis method of crack propagation in
Type 304 stainless steel plate as a preliminary study for three-
dimensional analysis in the pipe structure.

Next, three-dimensional finite element code, PIPE-6, is developed
to predict the propagation behavior of circumferential through-wall crack
in Type 304 stainless steel pipe, based on the criterion obtained by two-
dimensional analysis. Numerical solutions by PLASTAN-II and PIPE-6 are
compared with the experimental results for plate and pipe specimens under
room temperature [9, 10]. A good agreement is obtained between the numerical
and the experimental results.

2.1 Analysis of Plate Specimen with a Center Crack
2.1.1 Description of the Problem

Figure 2-1 shows the shape and dimensions of the center-cracked plate
specimen to be analyzed. The ratio of the original crack length (2a,) to
the specimen width (2W) takes three different values, a,/W=0.3, 0.5 and
0.7. The width (2W) and thickness (B) of the specimen are 300 mm and 10 mm,
respectively. As the boundary conditions, uniform displacement (V./2) is
given at the top and the bottom of the specimen. Numerical solutions are
compared with experimental results with respect to the crack opening dis-
placement (COD) at the aidpoint of the crack or the gauge point displace-
ment (V ) between two gauge points A an¢ B, shown in the figure. Due to
the geoaetrical symmetry, one-quarter pirtion of the specimen is cut out
and modeled by the constant strain triangvlar element, Figure 2-2 shows
one example of the finite element mesh pattern of a specimen with the
original crack length of 1,/W=0,5 and the five integration paths for the
J-integral caleulations, The material properties of Type 304 stainless

steel at room temperature used in the calculations are, as follows:
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Young's modulus E = 185.1 GPa
Poisson's ratio vV =0,3

Yield stress cy = 234.2 MPa

Based on the experimental results, the relationship between the
equivalent stresz (0) and the equivalent plastic strain (Ep) can be
represented as a bilinear expression. Hence, the strain hardening ratio
(n'-dEYJE;) is given as follows:

2695 MPa for € <4%
n' -{ . . p.

2058 MPa for E;>4z

2.1.2 Calculation Methods

Table 2-1 describes some characteristics of the calculation method
employed in the finite element code PLASTAN-II. Elastic-plastic calculation,
being based on the J2 flow theory, is performed by solving the elastic-
plastic stiffness equations using the tangent ‘. l-lwue approach [13, 14].

The theory of small strain is assumed for geometric nonlinearity, A

plane stress condition is adopted because the specimen is thin (10 mm).
Using the elastic-plastic stress conditions, J-integral values are obtained
by the path integral method [15].

As the crack extension method, the node releasing technigue is
adopted in the present analysis, As shown in Fig. 2-3, the reaction force
(R;) 1s calculated at the crack tip node. To cancei the reaction force
at this node, a nodal force (-R;) 1is applied in the reverse direction and
the other reaction forces (R2, Ry, ¢ve..) at the restrained nodes are
redistributed under the equilibrium condition that the sum of the newly
distributed nodal forces (R2", Ry', evues) 18 equal to the externally
applied load (P'). Crack extension is simulated by cancelling the reaction
force and releasing the nodal restraint at the crack tip when the crack
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opening displacement (COD) becomes equal tc the critical value. This
critical value of COD for crack extension can be determined from the
experimental relationships between the crack opening displacement and
the crack extension amount for three types of :he plate specimens
(a./W = 0.3, 0.5, 0.7).

2.1.3 Numerical Resulcs

Figure 2-4 shows the calculated and experimental relationships
between the load (P) »nd the gauge point displacement (Vg). Tke numerical
solutions agree well over a wide range of displacement with the experi-
mental results for three specimens having different crack lengilis
(a,/W = 0.3, 0.5, 0.7) [9, 10]. The validity of the numerical solutions

has been checked using these comparisons.

Next, several conditions for stable crack growth are examined by
means of various parameters used in elastic plastic fracture mechanics
{16, 17]. These were the J-integral and the crack tip opening angle
(CTOA). Of the two, the J-integral approach assumes the resistance curve
as the criterion for stable crack extemsion. Figure 2-5 shows the
calculated relationship between the J-integral and crack extension, i.e.,
the J-integral resistance curve obtained for three specimens (a,/W = 0.3,
0.5, 0.7). The crack extension property is well approximated by a single
resistance curve without dependency on the original crack length (a,).

It can be predicted that the crack begins propagating at the J-integral
value of about 1000-1500 N/mm and continues to extend stably in accordance

with the single resistance curve shown in the figure.

The crack tip opening angle (CTOA) is proposed as the parameter
describing the stable crack extension. In the criterion usiang CTOA,
the crack is assumed to extend stably with the constant angle determined
by the crack opening displacement. Figure 2-6 shows the calculated crack

opening profiles for the specimen with the crack length of a,/W = 0.3.



It can be observed that the crack angle denoted by "8" is almost

constant during crack extension. From this fact, the constant crack
opening angle can be considered as an effective criterion for stable crack
extension.

Figure 2-7 shows the relationship between the crack tip opening
angle (CTOA) and the crack extension amount (Aa). The CTOA is calculated
as follows:

CTOA = 24/s (2-1)

where s is a small fixed distance and 2¢ is the crack opening displacement
defined at the point of distance s behind the current crack tip. The value
of CTOA becomes nearly equal to 0.2 with an increase in the crack exten=
sion amount. The CTOA criterion is represented as a single resistance
curve because the CTOA is nearly independent of the original crack length
(a,). The CTOA is, therefore, considered to be an effective criterion

for stable crack extension. It should be noted that this approach can be
easily applied also to the analysis of stable crack extension in three-
dimensional pipe structure,

2.2 Analysis of Pipe Specimen with a Circumferential Crack
2.2.1 Description of the Problem

The object ol the present analysis is a Type 304 stainless steel
pipe with a circumferential through-wall crack. Figure 2-8 shows the
shape and dirension of a pipe to be analyzed. The initial crack length
is 2a, = ZRnP' where Rm is the mean radius of the pipe and 2a (=30°) the
initial crack angle. The axial tensile load (P) is applied through a
compliance attached to the end of the specimen,
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As shown in the figure, the axial length (2L) of the pipe specimen
is too great (750 mm) to use the calculation model in its present form.
A part of the pipe specimen is therefore taken with the length of
2L, = 250 mm equal to the axial gauge length AB (A'B'), where A (A') and
B (B') denote the gauge points in the experiment. Figure 2-9 shows a
schematic generaticn of this partial-length model from the total-length
model of the pipe specimen., Compared with the total-length model, the
partial-length model shortens the calculation time by greatly reducing
the number of the elements required in the analysis.

Due to its geometrical symmetry, only one-fourth of the pipe model is
analyzed with three-dimensional finite elements. Figure 2-10 shows the
¢~node isoparametric curved element used in the analysis. The finite
element mesh is drawn in Figure 2-11 with 63 elements and 456 nodes.

As for the loading conditions, the measured gauge point displacements
are applied on the edge plane of the partial-length model of the pipe
specimen as the forced displacements in the axial direction.

The material properties used in the calculation are the same as those
described in the case of two-dimensional analysis.

2.2.2 Calculation Methods

Calcvlation methods employed in PIPE-6 are described in Table 2-1.

Stable crack extension is simulated by releasing the nodal constraints
at the crack tip and reducing the reaction force at the crack tip to zero
through several iterative computations (Fig. 2-12). A constant crack tip
opening angle (CTOA criterion) is assumed as the coundition for stable
crack growth, The CTOA values in the piate specimen approach about 0.2
with increases in the crack extension (Fig. 2-7). This tendency is nearly



independent of the initial crack length (a,). A constant CTOA value of
0.2 is therefore adopted as the critical value for stable crack exten-
sion in the pipe specimen as well. An experimental load at crack initia-
tion of P1 = 1240 kN is used in the present analysis as the condition

for crack initiation.

2.2.3 Numerical Results

Crack propagation in a pipe is analyzed based on the numerical
methods described in the preceding section. Numerical solutions are
obtained as a relationship between the applied load and the crack opening
displacement, as shown in Fig. 2-13., The applied load takes a maximum
value after a given amount of stable crack growth., This maximum load was
1274 kN and 1392 kN, respectively, for the experiment and the numerical
analysis, The applied load calculated by FEM is somewhat higher than that
measured in the experiment, as shown in the figure,

Figure 2-14 and 2~15 show the variations in the applied load and
displacement with crack extension. A maximum load value is cbtained at
small crack extensions of 4a=20 to 40 mm., This can be observed in both
the experiments and numerical analysis (Fig. 2-14). The gange point displace-
ment (dy) between A' and B' in Fig. 2-9 increases almost linearly witl crack
extension amount in both the experiment and the analysis, as shown iu Fig. 2-15.
Numerical solutions during crack extension show a relatively good agree-
ment with the experimental results [9, 11]., These indicate the validity

of the constant CTOA value enployed in this analysis as the criterion for
stadle crack extension.

Figure 2-16 shows the variance of crack opening profiles for
several crack extensions ranging from Aa=0 to 91 mm. Crack opening
profiles after crack initiation are similar to that before crack initi-
ation (Aa=0 mm) within initially cracked parts, 2a < 30° or x £ 20 mm,
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where x dewotes the circumferential distance from the center of the
crack, Conversely, the crack opening profiles in a newly cracked part

(x > 20 mm) can be approximated as straight lines, the gradients of
which are determined by the CTOA criterion.



Table 2-1  Calculation Methods

Program T PLASTAN-II PIPE-6
I e S
2-D, Constant 3-D, 6-node
Element Type Strain Triangle Isoparametric
Plasticity Flow Theory
Ech::cum:c Tangent Modulus
Hardening Law Isotropic
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3, SIMPLIFIED ANALYSIS OF TEARING INSTABILITY FOR CRACKED PIPE

A simplified analysis model is developed to predict the unstable
crack propagation in Type 304 stainless steel pipe. The criterion for
stable crack growth is employed based on the numerical solutions by
the finite element method. The crack instability is estimated using
the load and deformation values calculated by the simplified analysis
method. The theoretical solutions are then compared with the experimental
results under high temperature (285°C) to examine the validity of rhe
method, The effects of various parameters such as compliance and load-
ing conditions on the crack instability are also discussed.

3.1 Stable Crack Propagation

Using the stable crack propagation condition (CTOA criteriom)
obtained from the finite element analysis, a simplified analysis method
is developed to study the circumferential crack propagation. The shape
of the pipe specimen with a circumferential through-wall crack to be
analyzed is the same as that shown in Fig. 2-8.

Figure 3-1 shows a technique for estimatirg the load and deformation
at crack propagation from the relationship between the load and the
crack opening displacement obtained for two specimens having different
crack length of 2a and 2(a+da). The load P(2a, COD) can be represented
as a function of the crack length (2a) and the crack opening displacement
(COD) by curve (A). The load P(2a+2da, COD) following the crack propaga-
tion is assumed to be approximated by curve with an initial crack
length of 2(atda). At crack prupagation, the load is assumed to take
the values at points () through (5) because unloading (-dP1) occurs at
points @) + @ and loading (dP,) occurs at points @ + (5 due to
redistribution of the stress at the crack tip. Point (5) denotes the
value after loading (dP;) and is located on curve © . Curve © is
obtained by moving curve (B) leftwards by the distance d in order to continue
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the displacement (COD) at Point @ after unloading. The variations of the
load and displacement with the crack propagation (@ - @) are formulated
by assuming the load equilibrium and using the criterion for the stable
crack propagation.

The following equation represents the equilibrium between the load
and the reaction force at the uncracked ligament for the unloading process

(-dP;) at crack propagation:

P-dpy =oyt | 2W- 2(at+da) } + oyt+da (3-1)

N

where the first term on the right side represents the reaction force

at the ligament {2W-2(a+da)} after crack propagation, and the second term
represents the equivalent reaction force at the crack tip., The net stress
at the ligament before crack propagation, Oy* is

oy * P/(2W-2a)t (3-2)

where 2W and t are the pipe circumference ( = 27Rm, Rm: mean radium of pipe)
and the wall thickness, respectively. From Eqs. (3-1) and (3-2), the
decrease in the load with crack propagation can be represented as follows:

dP, = da.P/(2W-2a) (3-3)

Figure 3-2 shows a schematic deformation model at crack propagation,
based on the CTOA criterion. Assuming from Fig. 3-2, that

CTOA = 2tanB = 2(%/s) = 2(L'/s') = const (3=4)

holds during stable crack propagation, the increase in the crack
opening displacement with the crack propagation can be represented as:

d(COD) = 2(L' -2) = CTOA(s'-8)=CTOA+*da (3-5)
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Thus, assuming the gradient of the tangent at point (3) on curve (B) in
Figure 3-1 to be m, the increase in the load, dP,, can be represented
as follows:

dP, = md(COD) = m+CTOA+da (3-6)

Deriving the total load increment dP at the crack propagation from
Eqs,(3-3) and (3-6),

dP = -dP, + dP, = { -P/(2W-2a) + m*CTOA | da (3-7)

To obtain the gradient m, the relationship between the load (P) and de-

formation (COD) in the circumferentially cracked pipe is formulated as
follows:

COD/ (2W=-2a) = f(cu) (3-8)

This assumes that the displacement (COD) is dependent only on the length

of the uncracked ligament (2W-2a) and the function f of the net stress

Oy To define the shape of function f(an), the experimental results

of the net stress (ON)' and the ratio of the crack opening displacement

to the ligament (COD/(2W-2a)) at the load level before crack initiation

in the case of 2a =60° are used [9]. The function £(0y) can be approximated
by the power law for the net stress (a") as follows:

£(0g) = A0y (A, =2.07 X107 (MPa)~®, n=4.56) (3-9)

Although constants A, and n in Eq. (3-9) are derived from the
results for the cracked specimen with 23=60°, the function f is assumed

to represent a "Key Curve" [18] independent of the initial crack angle (2a).
Using Eqs. (3-8) and (3-9) to obtain the gradient m:
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] P-dP1 tn(2w=-2a)n~1
2(atca)

A np-l n-1
[1+ d(2a)} (3-10)

2(2W=-2a)

Substituting Eq. (3-10) into Eq. (3-7),

a-1
I T (CTOA) ¢® [ 2W-2a .
a(za) © " 2(B-2a) | ZAen ( P ) i)

Solving this differential equation (3-11),

1/n
P = (%"'%) ¢ vV 2w-2a {c. -(2w-2.)"/2] /n (28 > 2a,)
(3-12)

The constant C, is defined using the load Pi at crack initiation (2a=2a,):

P n
A 1 n/2
c, » ab +(2W-2a,) (3-13)
Citn < ¢V ZH-Za.)

Figure 3-3 shows the results obtained by using these equations as
the relationship between the load and the crack opening displacement for
initial crack angle of 20 = 60°, As the criterion for stable crack
propagation, CTOA value of 0.2 is selected for use, based on the results of
the finite element analysis, In the analysis, a net stress of (on)i-Pi/(ZH-Zn.)t
= 256 (MPa) obtained from measurements is used as the crack initiation
condition. The result of the simplified analysis is found to be in
relatively good agrcement with the experimental results for the load and
deformation during stable crack propagation 9, 12).

40



3.2 Tearing Instability of Cracked Pipe

3.2.1 Crack Instability Condition

“nis section describes the analysis of crack instability using the
load nd deformation values during stable crack propagation. As the crack
instapility criteria, we adopt the stationary condition of the total
dispacement of the loading system including the effect of compliance (CH)'

Total displacement (vt) of the loading system is represented by the
sum of the displacement (V.) of the pipe specimen and the displacement (Vc)
of the testing machine, as shown in Fig. 2-8. Approximating the dis-
placement (V.) of the pipe with the crack opening displacement (copn),
and using the product of the compliance (Cu) and the load (P) to repre-
sent the displacement (vc) of the testing machine, the total displacemert
(Vt) is obtained:

vt - v‘ + vc s COD + CHP (3-14)
The instability condition is
dvt/d(Za) = 4(COD)/d(2a) + cHdP/d(Za) =0 (3-15)

Substitucing Eqs. (3-5) and (3-12) iato Eq. (3-15), we get the following

equation about the crack length (2a ) at the onset of the crack instability:

inst

1-1/n _ 0

/2
x = c./(zw~z;m“)° (3-16)

_CroA [ An | Vn
tCy | CTOA

Assuming that the amount of stable crack extension at instability is
A

g(x) = x=2-K(x~1)

K

(=a -a,), we get

ainst inst
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(Ayn/CTOA) (o)™ + 1) 2/n
d i } (3-17)
ns

Aa ¢ » (ﬂ.‘ .o) 1 ‘[
x

Using this result, the critical amount of crack extension at instability
(Aain.t) can be obtained as a function of the compliance (Cu) and the
initial crack angle (2a).

The specimen displacement (V.) and testing machine displacemenc (vc)
are calculated for the specimen with an initial crack of 2a = 60°, and
the critical amount of crack extension at instability is estimated from
the stationary condition of the total displacement of the loading system
(dvt/d(za) = 0). Those results are shown in Fig. 3-4(. The critical amount
of crack extension at instability (A‘inat) is calculated to be the value
of 78 um (CTOA= 0.2) under a compliance of 10~* mm/N, which is in fairly
good agreement with the measured result of 70 mm [9].

3.2.2 Effects of Various Parameters on Crack Instability

This section studies some effects on the crack instability of various

parameters, such as the compliance (CH) and the net stress (UH)'

Figure 3-5 shows the effect of the compliance (CH) on the critical
crack extension amount at instabilicty (A.tnst)' Eq.(3-17) indicated that
the non-dimensional critical crack extension amount, Aain.t/(wn--a.). can
be expressed as a function of the compliance and the CTOA for constant
values of A,, n, (ou)1 and t. As shown in the figure, the larger compliance
makes the critical crack extension smaller. When the compliance is as small
as 10°° sm/N, for example, the corresponding critical crack extension amount
becomes nearly equal to (nl.-a.), which means that the crack remains stable
almost all through the uncracked ligament. On the other hand, when the

compliance is as large as 10-2.-/“. we may expect that A;inst = 0.13(#3--1.).



This indicates that the crack propagation becomes unstable after the
stable crack growth by only a very small length under the large compliance.
The experimental result is obtained for the compliance (CH) of 10=* mm/N,
agreeing - 2c-nably well with the result of the simplified analysis.

Next, we shall examine tﬁc loading conditions that affect unstable
cracking. Assuming the net section stress of the piping at crack
instability to be (°u) L from Eq. (3-12), we get

{ croa 1/n
©) inse * lTo-“- {x - 1)] (3-18)

Figure 3-6 shcws the estimated relationships between the nominal
applied stress (a') and the crack length (2a) (CTOA=0,2)., This plot
shows that when a load is applied to the specimens having initial cracks
(2a) of various sizes, stable crack propagation begins at the net stress (al)i
of 0.80, (0,: flow stress), and the crack becomes unstable at the net
stress (o), . of 1.240, in the case of C, = 10~* mm/N. The net stress
at crack instability is calculated from Eq. (3-18) as 0.950, under an
infinite compliance (Cy = = ) and 1.850, under a small compliance (Cu
=5 x 10~ m/N).

Figure 3~7 shows the values of the net stress at crack instability
(aﬂ)lnst as a function of the compliance (CH) and pipe diameter (21-). As

the compliance increases, the net stress at the onset of unstable crack

propagation (oN)in't,
place more easi’ ', The net stress at crack instability, (GN)inst’
constant indep .lently of plpe diameter and approaches to 0.95¢. under
a large compl ~2ace (CH‘Z 10~° ma/N). Employing the compliance condition
of the safest side, CH = @  the lowest limit of the net stress for

unstable fracture of the cracked pipe can be estimated to be 0.95,.

decreases » making unstable pipe fracture take

becomes
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4, LEAK BEFORE BREAK FOR CIRCUMFERENTIALLY CRACKED PIPE

In the preceding chapter, the fracture condition of the pipe with a
circumferential through-wall crack was estimated using the net stress
criterion, °N = 0,95%,, where 0, is the flow stress of Type 304 =tainless
steel at high temperature (285°C). This net stress criterion can be
applied to obtain the condition for unstable fracture of the pipe with a
circumferential part-through crack.

Figure 4-1 shows the schematic variation of a crack shape during
the propagation in the direction of pipe thickness from the stage of the
initial part-through crack to the stage of the onset of pipe leakage
under the constant applied stress (o'). The maximum depth of a part-
through crack (c) is assumed to increase from the initial crack depth
(cs) to pipe thickness (t) with a constant crack angle (2u). The shape
of a circumferential part-through crack is approximated by an arc of a
circle. Pipe leakage is assumed to occur when the maximum crack
depth becomes equal to pipe thickness (c/t = 1), Therefore, leak before
break for the cracked pipe can be evaluated, as follows:

a'/OQ ( 0095 (.t C/t - 1) LI LBB
ou/o. : 0095 (.t c,t - 1)0........0. Nm L’l

Figure 4-2 shows the prediction of leak before break by the net

stress criterion using the calculated relationships between the maximum
crack depth (c)/pipe thickness(t) and the net stress (a')/tho flow stress
(0.) for 4~inch diameter pipes with the various initial crack angles (21).
Experimental results about leak-before-break tests are obtained for the
pipes with the crack angles of 2q = 150° and 240° and the initial crack
depth of ¢, = 0.5t, subjected to the cyclic applied stress equal to Oy (179
MPa), the 0.2% proof stress of the pipe at high temperature (285°C) and the
internal pressure p (9 MPa) [9,12]. In the experiments, leak before break
is confirmed in the specimen of 2y = 150°, On the contrary, fast fracture

+J



is observed in the specimen of 20 = 240°, The axial applied l:rosu.a'.

is calculated as the sum of the tensile applied stress (ay) and the

axial stress (pl-IZt) generated by the internal pressure (p). The analysis
results corresponding to these experiments show that leak before break is
established in the case of 2a = 150° because the net stress at the time of
pipe leakage (c/t =1) is less than the critical value of 0,950,. On the
other hand, the net stress at pipe leakage is greater than the critical value
and leak before break may not be established under this applied stress in

the case of 20 = 240°, These numerical results agree well with the experi-
mental ones described above.

Next, leak before break for the pipes with various crack angles
(20 = 60° v 360°) and small initial crack depth (c./t * 0) is estimated
under the constant applied stress equal to the allowable design stress
(s_) for primary membrane stress [19]. It can be seen from the figure
that the net stresses at pipe leakage (c/t = 1) are less than the
critical value of 0,950,. Therefore, leak before break may be maintained,
if a crack shape during the propagation in the direction of pipe thickness
varies as shown in Fig., 4~1 under the constant applied stresr equal to
the allowable design stress (S.).
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3.

CONCLUSIONS

In this paper, some numerical methods for the analysis of crack

propagation in Type 304 stainless steel pipe under the axial tensile

load were presented and applied to estimate the criteria of stable/

unstable crack propagation and the leak before break condition for the
circumferentially cracked pipe.

1)

11)

PLASTAN-II, an elastic plastic finite element code, was developed

for the analysis of ductile crack extension in two-dimensional

plate specimen,

Using this code, the onset of stable crack propagation could be
predicted under the constant J-integral values (1000-1500 N/mm)

for the center cracked plate specimen of Type 304 stainless steel.
Crack propagation following the onset of stable crack extension was
estimated in accordance with the resistance curve for the J=integral

or the crack tip opening angle (CTOA). During stable crack propagation,
a nearly constant CTQA (=0.2) was estimated.

The three-dimensional finite element code PIPE-6 was developed
to evaluate the fracture behavior of circumferentially cracked Type
304 stainless steel pipe. Through-wall crack propagation under the
axial tensile load could be simulated by the release of the nodal
constraint at the crack tip while maintaining a constant crack tip
opeaing angle (CTOA=0,2).

Numericel solutions for the applied load and displacement during
crack propagation showed relatively good agreements with the

experimental results,

A simplified analysis model for the circumferential through-wall crack
propagation was developed based on the CTOA criterion and the load-
deformation relaticnship in the cracked pipe.

Using these conditions, the load and deformation during crack propa=-

gation were formulated, The crack instability condition was
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estimated as the critical value of the net stress, (ou)inst(-0.950.).
Some of the analysis results were in good agreements witn the
experimental ones.

#1) Leak before break condition for the pipe with a circumferential
part-through crack was evaluated, based on the net stress at the time
of pipe leakage. Leak before break may be maintained for the
circumferentially cracked pipe subjected to the constant applied stress
equal to the allowable design stress (S-), if a crack shape was approxi-
mated by an arc of a circle with the constant crack angle during the
propagation.
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1. Introduction

Since the discovery of the intergranular stress corrosion cracking
(IGSCC) at the Dresden Il reactor in 1974, the similar cracks have been found
in the recirculation bypass lines as well as in the core spray lines of many
Boiling Water Reactor (BWR) plants [1]. The IGSCCs have been found in the
heat-affected zonmes of girth weld in Type 304 stainless steel pipes. No
double~ended pipe rupture has occurred in BWR plants because these cracke
have been detected by small steam leakage during operation or ultrasonic
signals at the in-service inspection befcre they lead to the complete
fracture of piping.

Type 304 stainless steel, which is used commonly as the pipe material,
has so enough ductility and toughness that even when a flaw initiates and
grows in a piping system, structural safety may be maintained by the leak-
before-break (LBB) behavinr, by which the unstable pipe rupture can be
prevented. It is necesrary, however, to demonstrate experimentally and
theoretically that unstable pipe break without detectable leak of the coolant
can thoroughly be prevented under all the conditions expected in the plants.

With this necessity, the researches on the fracture behavior of
stainless steel pipes with cracks have been carried out in several countries.
Since the linear elastic fracture mechanics can not be applied to this kind
of problem because of high ductility of the material, the developments of new
methodologies were required.

One of these methodologies is the so called net-section stress criterion
proposed by the researchers at Battelle Columbus Laboratories [2). This
criterion with the assumption of fully plastic condition of cracked section
was applied to plates as well as pipes subjected to temsion and bending
loads. It has an advantage that it requires no detailed numerical analysis
but has some disadvantages. One of them is that it can not take into account
the effect of system compliance on the pipe fracture instability.

On the other hand, Paris et al.[3] proposed the so called tearing
instability criterion based on the J-integral resistance curve, which can
take the effect of system compliance on fracture instability into
consideration. Hutchinson and Paris [4) discussed the theoretical basis for
the use of the J-integral in crack growth and gave some conditions for the J-
controlled crack growth. Applications of the tearing instability criterion
;? circumferentially cracked pipes under the bending load were also made [5-

Several experiments were conducted to confirm the theoretical
predictions. Paris et al. [7) performed the fracture experiments in which
they employed three-point bend specimens of rotor steels with various
compliances to observe the behavior of stable or unstable crack growth.
Wilkowski et al.[8] made the fracture experiments uu Type 304 stainless steel
pipes subjected to four-point bending load through compliance to evaluate the
applicability of the tearing instability criterion to the circumferentially
cracked pipe. They predicted the instability points accurately with the
criterion, but the geometry dependency of J-integral resistance curve was
shown,

Besides, many numerical investigations were made using the elastic-
plastic finite element methods and the validity of several parameters was
studied (9-12). Among others, the researchers in General Electric Company
developed a simplified method cf instabiiity analysis using the fully plastic

finite element solutions and gave the good estimates of crack propagation
behaviors using the method [13].




In Japan, in order to demonstrate the structural integrity of the
cracked pipes, Crack Behavior Verification Test Group at Nuclear Power
Engineering Test Center (NUPEC) has conducted the extensive research on the
fracture behaviors as well as leak-before~break behaviors of flawed pipes
under the sponsorship of Ministry of International Trade and Industry. This
paper is intended to give an overview of the results obtained so far,
although some of them were published elsewhere [14-17].

The various experiments have been performed using the tension-type high-
compliance apparatus specially developed for this project. The experiments
consist of the following four tests.

1) Plate experiments under static or dynamic tension loading with and
without "compliance" set in series (20 specimens tested).
2) Pipe experiments under static or dynamic tension loading with and without

"compliance" set in series (20 specimens tested).

3) Pipe experiments under cyclic temsion loading with "compliance" set in
series superposed on constant internal pressure by the corrosive water of
about 280°C with 0, of & ppm (5 specimens tested).

4) Pipe experiments under transient thermal loading superposed on tension
loading with and without "compliance" (4 specimens tested).

Moreover, the detailed analyses by the finite element method have been
carried out regarding some of the experiments. Additionally, a simplified
analytical method for the analysis of stable and unstable fractures has been
applied to some pipes.
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2. Plate Fracture Test under Tensile Load [14]

In this section, we present the result of the plate tests. As test
specimens, we used twenty center cracked plates of Type 304 stainless steel
with width of 300 mm and thickness of 10 or 5 mm. Using the high-compliance
apparatus as well as the standard low-compliance machine, three types of
loading were applied to these specimens.

Theoretical analyses were also carried out ftor several specimens to
investigate the fracture behavior and the validity of Paris's tearing
instability criterion [3]. At first, the J-integral resistance curve was
generated from the experimental data of the low compliance tests. Then, with
the tearing instability criterion based on the J-resistance curve, the points
of fracture instability in the static high-compliance tests were predicted.
In the analysis, three independent methods were employed. Finally,
predictions of these analyses were compared with the experimental results.

2.1 Experiments

2.1.1 Specimens

The austenitic stainless steel (AISI Type 304) plates of 10 or 5 am
thickness were used for the test. The chemical composition and the
mechanical properties are shown in Tables 2.1 and 2.2, respectively. Plate
geometry sud initial notch configuration are shown in Fig. 2.1. Twenty
plates with a through-wall or surface notch were prepared. Notch geometry
and test condition of these plates are summarized in Table 2.3.

The initial notches with width of 0.3 mm were introduced by electron
discharge machining in the heat-affected zone of three plates with weld or in
the plain base metal of the rest. The maximum depth of the surface notch

denoted by ¢ in Fig. 2.1 was 0.3t or 0.7t, where t represents the plate
thickness.

2.1.2 Test Conditions and Measurements

As shown in Table 2.3, three types of loading were applied in order to
study the compliance and the dynamic effects on fracture behavior. The first
wis the static low-compliance test in which the plates were loaded quasi-
statically with the standard low-compliance testing apparatus. The second
was the static high-compliance test using the high-compliance testing
apparatus specially made for this project. The sketch of the apparatus is
shown in Fig. 2.2. Here, the test plates were quasi-statically loaded
through the compliance device, which is composed of many disk springs and has

the compliance of 10 ‘-n/N. Finally, in the third type of the experiment,
six plates were loaded dynamically with the high-compliance apparatus, where
the impact load was applied by releasing the stopper.

Appliec load, gross elongation (gauge length : 160 mm) and crack opening
displacement were continuously recorded in the test. Stable crack growth
amount was measured by observing the plate surfaces in the static low-
compliance test. Since unstable crack extension was expected in the high-

compliance “ests, crack gauges were attached on the specimen surfaces to
obtain the crack propagation velocity.
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2.1.3 Test Results

The fracture behaviors of the specimens were completely dependent on the
loading types. In the static low-compliance tescs, cracks never became
unstable until they penetrated through the whole specimen width. 1Ir the
static high-compliance tests, crack extension became unstable after some slow
crack extension in all the cases.

From the fracture surface observation after the tests, the fracture
surface of the low compliance test specimens was found to have
macroscopically plane appearance, while in the surface of the static high-
compliance test specimens, the changes from plane to slanting surfaces were
observed. It became clear from the high speed photographs that the changes
from plane to slanting surfaces were roughly corresponding to the tranmsition
from stable to unstable crack extensions. In the case of the dynamic high-
compliance tests, negligible or very small plane surface was observed and
almost all of the fracture surface was of slanting type.

The values of the maximum load for all the specimens are summarized in
Table 2.3. It should be noted that these for the dynamic high-compliance
test are the values of pre-load applied to the compliance device and set such
that its displacement by pre-loading became to be about the maximum total
displacement observed in the corresponding static high-compliance test.

It was observed from the break times of the crack gauges that the
velocity of unstable crack growth increased with the crack extension and
reached about 10 m/sec at penetration.

As for the surface notched specimens, the ductile crack seemed to
penetrate first the plate wall, thenm extends in the direction of the plate
width. Comparing with the specimens without weld, these with weld exhibited
little difference concerning the fracture behavior including the instability
point.

2.2 Theoretical fnalyses
2.2.1 Catline of the Tearing Instability

We consider here a center cracked plate connected in series with a
spring which has compliance CH per unit thickness of the plate (see Fig.

2.3). The instability condition can be defined as follows

day
= 20 (1)
where AT is the total displacement and a is the half crack length. 4, can be
written as follows
AT = A +P CH (2)

where P is the load per unit thickness of the plate and 4 is its
displacement. Using eqs.(1) and (2), the instability condition can be
rewritten as follows

d A
CH E = i (3)

where dP < 0 is used as a necessary condition for instability. Therefore, if

the relation of load and load point displacement of the cracked body is
known, the point of instability will be estimated easily from eq.(3).
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On the other hand, when we need to analyze the stability of crack
extension in the structure whose deformation behavior is unknown, the
material resistance curve is required. As the parameter characterizing the
crack extemsion in the presence of large-scale plasticity, the J-integral and
the crack tip opening angle are considered by many investigators to be most
promising. If the J-controlled crack growth conditions [4] are satisfied,
then the stable crack extension is controlled by the J-resistance curve as
follows

J(a,P) = J aat '88) (4)

where J is the applied J-integral (crack driving force), J-.t is the value on

the material J-resistance curve which represents the material resistance
against the crack extension and Aa is the crack extension. In this
equilibrium state, the Paris'c instability criterion [3] is represented by

sa’A_ = da (3)

In the present work, the J-controlled crack growth was assumed and the
stability of crack extension was analyzed based on eq.(5).

2.2.2 DMNumerical Analyses

(a) Three Parameter Method

At first, the J-resistance curves were generated from the record of the
low compliance tests. Rice et al. [18) derived a formula to calculate the J-
integral for center cracked specimens which is given by

A
Jeged dea-lPA)
c 0 P 2 P
A
> 1.8 oy | e s &
G+C(J°Pda 2?5) ( oPdA. 2“.) (6)

where G is the linear elastic energy release rate, ¢ is the remaining
ligament length at each side, and A‘ and Ap are respectively the elastic and

the plastic contributions of the load point displacement. Equation (6) may
be correct only for nongrowing cracks since the change of ligament iength is
not considered. Garwood et al. (19) proposed a formula for the J-integral
value of growing cracks in bending specimens. Similarly as Garwood et al., a
recurrence equation for a center cracked specimen is obtained as follows
1 1 1
Jael ® € Yncael *Cne1®nel Cutn * T Polper - 7 Paerdy) ()

where subscripts' indicaste the incremental step. Using eq.(7), the J-integral
value can be calculated only from the relation of the load, the load point
displacement and the ligament length. Thus the technique is often called as
the three parameter method.

The J-resistance curves obtained from experimental data of the static
low-complience tests together with eq.(7) are shown in Fig. 2.4. From the
figure, it can be seen that little difference exists between the four curves
and the initial notch ratio and the plate thickness give relatively small
influence on the relation within this test range. It should be noted that
the crack length was measured at the surface of specimens so that no
consideration for the crack tunneling was given. From the figure, the value
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of J-integral at the crack initiation was found to be 0.95 - 1.63 HJ/-2 and

dJ
that of 3;255 110 - 147 HJ/-J with the least square approximation. Thus, in

dJ
the stability analysis described shortly, the values of 33225 were assumed to

be 136 !J/-3 and 110 KJ/-3 for t = 10 mm and t = 5 mm, respectively.

For the applied %% under the condition AT- constant, we used the

equation derived by Hutchinson and Paris [4]. The variations of (-:--:-)A with
T

crack extension for the static high-compliance tests are plotted in Figs. 2.5

‘J-a
da

the instability points are predicted as the intersection of two curves, which
are indicated by the vertical lines in the figures. The lengths of the

stable crack growth estimated from the fracture surfaces are also shown for
comparison in these figures.

$ are also shown. In these figures,

- 2.8. In these figures, those of

(b) Fully Plastic Solution Method

Shih and Hutchinson [20] proposed a simple estimation scheme for the J-
integral value for plane stress center cracked plates using the fully plastic
solutions together with the linear solutions. In the application of this
method, the Kamberg-Osgood type uniaxial stress-strain relation are assumed
as follows

€ 1 g N
oy Al A (8)

where ¢, ¢, ,0 and o, are the total strain, the reference strain, the

uniaxial stress and the reference stress, respectively. « and n are the
material constants. For the material whose stress-strain relation is given

by eq.(8), the J-integral and the residual load point displacement A° are,
rspectively, given by

.8 Jlinaar("') b Jnonlinccr(r") )
e .¢ c
e ‘linclr(".) " ‘nonlinclr("') e

where subscripts 'linear' and 'nonlinear' represent the contributions of the
elastic and plastic deformations to the total value, respectively. The
nonlinear parts of these values were calculated using the fully plastic
finite element solutions obtained by Shih and Hutchinson [20).

Using eqs.(9) and (10) with these solutions, (%%0‘ is calculated as

T
'J = -'—J- - !QJ— —'—é— -'—‘.
(?:)‘T (“)P (").('.)’I(C'r (").) (11)

In applying this method to the present material (Type 304 stainless
steel), the material constants in eq.(8) are estimated as follows

0,*234MPa, ¢,~0.00126, x=3,15, n=5




which give the best fit stress-strain relation in the range of 0<e<0.l.
Calculated values of (%%)‘ for high compliance tests are shown in Figs.
|

2.5, 2.6 and 2.8 to compare with the results of the three parameter method.
It can be seen from these figures that the values obtained by both methods
are in good agreements with each other.

(¢) Full Finite Element Analysis

Thirdly, the crack growth analysis by the full finite element method was
made and the stability of crack growth was analyzed as well, The analysis
was made for a rectangular panel shown in Fig. 2.9, which was modeled using
the configuration of the specimen CB-3. Because of the geometrical symmetry,
only a quarter part of the specimen was analyzed using 56 plane stress 8-
noded isoparametric elements as shown in Fig. 2.10. As the boundary
condition at the end of the specimen, uniform displacement in the direction
of tension was given.

In the elastic-plastic calculation, von Mises yield condition, Prandtl-
Reuss equation and the isotropic hardening rule were employcd. As the
algorithm of tue elastic-plastic solution, partial stiffness method proposed
by Marcal and King [21] was used.

The modulus of elasticity and Poisson's ratio were assumed to be 185.1
GPa and 0.3, respectively. In the yielded region, the multi-linear stress-
strain approximation was used. As the criterion for crack extension,
experimental relationship between the gauge displacement and crack extension
amount was utilized.

The J-integral value vas calculated according to the path integral
definition at four contours as shown in Fig. 2.10. The variation of the J-
integral calculated at each path with the crack extension is shown in Fig.
2.11. From this figure, it can be seen that the path dependency of the J-
integral is increasing as the crack extends. One of the reasons for this may
be due to the unloading accompanied with the crack extension. The J-
resistance curve obtained by the three parameter cechnique explained above is
also shown in this figure, which is seen to be somewhat higher than thase by
the full finite element method.

Next, the stability analysis of crack extension was made with the
present finite element method with (%%)‘ defined in eq.(11). Figure 2.12

T
shows the predicted points of instability for various compliance values which
are given by the vertical arrow.

2.2.3 Comparison with the Experimental Data

Stability analysis of center cracked specimens was made by the above
methods. Table 2.4 shows the comparison for the stable crack extension (i.e.
the distance from the initial location of notch tip to the point of
instability) between experimental and theoretical values. As the
experimental date, two independent values are obtained for fracture
instability; one is the length of crack extension up to the changing point of
fracture surface (measured at the surface of specimens), and the other is the
value estimated from the load-load point displacement relation using eq.(3).
From this table, it can be seen that the predicted values given by the three
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theories are closer to the experimental values estimated by eq.(3), than to
those obtained from the observation of fracture surface.

2.3 Conclusions

Ductile crack extension experiment and stability analysis for center
cracked plates of Type 304 stainless steel were made. From these, the
following conclusions were obtained.

1) In the static high-compliance tests, unstable ductile crack growth was
realized using the high-compliance testing machine.

2) With the record of static low-compliance tests, the J-integral resistance
curves were calculated. The influences of initial novch ratio and
thickness on the 1esistance curve were found to be rather smali.

3) The poiuts of fracture instability in the static high-compliance tests
were estimated using the three independent methods. The predicted values
coincided well with the experimental values, especially with those
obtained from the load - load point displacement curves.
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TABLE 2.1 CHEMICAL COMPOSITION (CHECK ANALYSIS)

(WT. %)
C Si Mn P S Ni Cr
0.06 0.63 0.92 0.028 0.006 9.00 18.27
4
TABLE 2.2 MECHANICAL PROPERTIES
ROOM TEMPERATURE
0.2% PROOF TENSILE ELONGATION
STRENGTH STRENGTH
(MPa) (MPa) (%)
254 568 58




TABLE 2.3 TEST CONDITION AND MAXIMUM LOAD

R e N L
e (mm) 2a/2w 2| c/et3 (kN)
CcB-1 10 0.5 1 593
STATIC CB-3 5 0.5 1 303
<IN CB-5 10 0.7 1 374
b CB-7 10 0.3 1 818
CB-17 10 0.5 0.7 765
CB-2 10 0.5 1 646
CB-4 5 0.5 1 337
SAR CB-6 10 0.7 1 457
gzgg;xhncn CcB-8 10 0.3 1 890
e CB-15 10 0.5 0.7 862
CB-16 10 0.5 0.3 1294
CBW-1 10 0.5 1 627
CB-9 10 0.5 0.7 1119 |
CB-10 10 0.5 0.3 1862
cB-11 10 0.5 1 851
T CB-12 g 0.5 1 540
S, CB-13 10 0.7 1 699
CcB-14 10 0.3 1 1217
CBW-2 10 0.5 1 846
CBW-3 5 0.5 1 491
*1 W INDICATES WELD SPECIMEN
*2 2a: NOTCH LENGTH, 2w: PLATE WIDTE

*3 c¢: NOTCH DEPTH, t: PLATE THICKNESS




TABLE 2.4 COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL
VALUES OF STABLE CRACK EXTENSION

STABLE CRACK EXTENSION (mm)

EXPERIMENTAL THEORETICAL
TEST THREE FULL FINITE
PLATE FROM FRACTURE | ooy po.(3)| paRaMpTer | FULLY PLASTIC | orpMent
SURFACE SR SOLUTION AL
CB-2 25 | 17.0 21.4 18.3 15.8
CB-4 30 21.6 20.0 23.0 24.2
CB-6 10 7.6 5.6 - o)
20.5 i
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COMPLIANCE DEVICE
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FIGURE 2.3 A CENTER CRACKED SPECIMEN CONNECTED
IN SERIES WITH A LINEAR ELASTIC SPRING

J-INTEGRAL (MJ/m*)

6 Y .v"

/( a"{‘

/ . ’.6'

e

TEST PLATE | ag/W t (mm)
cB-1 0.5 10
CB-1 0.5 S
cB-5 0.7 10
CB~7 0.3 10

30 40

CRACK EXTENSION (mm)

FIGURE 2.4 J-RESISTANCE CURVES DERIVED FROM THREE PARAMETER METHOD
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3. Pipe Fracture Test under Tensile Load [16]

The results of the pipe fracture experiment under the 'ow and high-
compliance tensile loadings are given here. Twenty pipes with a through-wall
or part-through initial notch were tested under three different types of
loadings.

Theoretical considerations on stable crack growth and instability of the
tested pipes are also shown in this section. Theoretical analyses utilized
the three-dimensional finite element method as well as a simplified method.

3.1. Experiments
3.1.1 Specimens

The austenitic stainless steel (AISI Type 304) pipes of 6 i .1 and
schedule 80 were used for the test. The chemical composition «ui the
mechanical properties of the material are shown in Tables 3.1 a.J 3:2;
respectively. Pipe geometry and initial notch configuration are shown in
Fig. 3.1. Twenty pipes with an inner-surface or through-wall notch in the
circumferential direction were prepared. Notch geometries and test
conditions are summarized in Table 3.3.

The initial notches of 0.3 wm width were introduced by
electron discharge machining in the heat-affected zone (HAZ) of three pipes
with weld or in the plain base metal of the rest. The maximum depth of
inner-sur face notch, denoted by ¢ im Fig. 3.1, is 0.3t or 0.7t, where t is
the pipe thickness.

3.1.2 Test Conditions and Measurements

As shown in Table 3.3, three types of experiments were carried out in
order to study the influence of compliance and dynamic effect on the fracture
behaviors. The first was the static low-compliance test in which teusile
load was applied quasi-statically with a standard low-compliance testing
apparatus . The second was the static high-compliance test using the high-
compliance apparatus shown in Fig. 2.2, in which the test pipes were quasi-

statically loaded thcough a spring with the compliance of 10"'-/::. Finally,
in the third type of the experiment, six pipes were loaded dynamically with
the high compliance apparatus (the dynamic high~compliance test). These
tests are conducted at room temperature or 285°C in air.

Applied load, gross elongations (gauge length : 250 mm) and crack
opening displacement were continuously measured in the tests. Stab'ec crack
growth was measured by observing the pipe surface in the low-compliance test.
Since unstable crack extension was expected in the high~-compliance tests,
crack gauges were attached on the pipe surface to measure the crack
propagation velocity by their break time.

3.1.3 Test Results

Maximum loads for all the specimens are summarized in Table 3.3. The

fracture behaviors of the specimens were found to be dependent on the loading
types. ‘lypical schematic drawings of the fracture surfaces for the three
loading types are shown in Fig. 4.2,
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In the static low-compliance tests, cracks never became unstable and
fracture surfaces were flat in the entire regions. In the static high=
compliance tests, both ductile flat and 45 degree shear parts were observed
in the fracture surfaces. After stable ductile flat cracks of 50 to 70 am
length, the pipes exhibited rapid double-ended fracture. The reductions of
wall thickpess in the stable flat cracked area were about 50 I and those in
the unstable shesar cracked area were 25 1 In the case of the dynamic high-
compliance tests, negligible or very sma!l flat cracked surface was observed
and alwost all of the fracture surface was of shear fracture type.

The lengths of ductile flat crack for through-wall notched specimens are
summarized in Fig. 3.3, which involves the static low-compliance test, the
static high-compliance test and the dynamic high-compliance test, denoted
respectively as ST, CM and DY. It can be seen from the figure that the
difference between the nun-weid and the weld type sperimens is negligible.

Figure 3.4 shows the crack propagation velocity ve crack length in twe
pipes subjected to the static high-compliance loading which contain the
through wall initial notches with circumferential angle of 30 and 120 degrees
yrespectively. In this figure, CH-l and CH-2 correspond to both sides of
crack tip., Cruck propagation velocities are seen to increase rapidly with
the crack extension until about 10 m/sec.

3.2. ‘Theoretical Analyses
3.2.1 Finite Element Analysis

Two three-dimeusional elastic-plast.c finity element codes named PIPE-6
and PIPE~16 have been developed to study the fracture behavior of the
circumferentia’ ly cracked pipes tested.

(a) Models for Analysis

Taker. as an example of calculation was the stacic high-compliance test
specimen with & through-wall initial noteh of 30 degrees. Figure 3.5 shows
the finite element model for the calculation. 1o egonomize the computer
cost, we modeled only the 1/12 part of the pipe, where the gross elongations
between the points A and C and between A' and €' bad been measured. Linearly
interpolated along the circumferential direction, thase elongation data were
used to prescribe the displacement at the end of the model structure. The 6~
noded and l6-noded isoparametric elements were used in PLZE~6 and PIPE-16,
respectively., The finite element subdivisious for the both codes were,
respectively, shown in Figs. 3.5(B) and 3. 5(C).

The material properties used in the plate analyses were also utilized in
this analysis.

(b) Methods for Analysis

Table 3.4 describes the theoretical backgrounds employed in the both
codes. As can be seen in the table, the J-integral was calculated based on
the virtual crack extension technique(22] in PIPE~16.

As a criterion for crack uxtension, the experimental relation between
the gross elongations along the lines AR and A'B' indicates in Fig. 3.5 and
the crack axtension amount was util.sed in PIPE-16 (i.e. Generation phase
simulation). 1In PIPE~6, on the other hand, the conatant Crack Tip Opening
Angle (CTOA) eriterion was used and the critical CTOA of 0.2 radian, which

76



had been obtained from the analysis for the center cracked plates, was
employed (i.e. Application phase simulation). 1In the both calculations, the
value of CTOA was evaluated from the crack opening displacement at the corner
pode nearest to the crack tip. The crack extension was realized by the nodal
releasing technique in the both codes, in which the nodal reaction force was
eliminated in several increments with the removal of nodal restraint.

(¢) Numerical Results

Figure 3.6 shows the variations of the applied load and the crack
opening displacement (COD) at the point 10 mm apart from the initial notch
tip with the crack extension sa. The applied load reached the maximum value
after some stable crack growth and then decreased gradually with the stable
crack growth. This maximum load was calculated to be 1303 kN (PIPE~16) or
1392 kN (PIPE~6), while the value of 1274 kN was obtained in the expeviment.
The values of the COD, increasing a!most linearly with the crack extension,
are shown in the figure with the experimental values.

Two fracture mechanics parsmeters, the J-integral and the CTOA, were
obtained from the numerical solutions by PIPE-16, the code for generation
phase simulation. The J-integral value, being about | MN/m at the crack
initiation, increases remarkably with the stable crack growth as shown in
Fig. 3.7. These characteristice in the J-resistance value for the pipe
specimen are nearly the same as those of the center cracked plate specimens
plotted in the figure. Figure 3.8 shows the CTOA resistance curve calculated
using PIPE~16. As shown in the figure, the CTOA obtained by the present
analysis is relatively close to the CTOA scattered band calculated for the
center cracked plate specimens.

Frow these results, the J-integral and the CTOA approaches are
considered to be effective criteria which can describe the crack initiation
and stable -rack extension, rather independent of the configuration of
cracked specimens, within the scope of notched pipe and center notched plate
under tension load.

Mext, the instability point of the circumferential crack in the pipe
specimen is predicted from the coudition that the total displacement reaches
the maximum value during the crack extension (see eq.(1)). The total
displacement 5 is represented as the sum of the displacement of the pipe

specimen 5 and that of the spring for high compliance iteelf b, Assuming

the pipe displacement 4 to be nearly equal to the COD and using the relation
5C-C-P with C being the compliance and P being the load, the total

displacement b, is obtained as & function of the crack extension amount As.
Figure 3.9 shows the variations of by & and a, with the crack extension

obtained using the codes PIPE~6 and PIPE-16, respectively. Employiug “he
instability condition of eq.(1), the stable crack extension amount up to the
instability 0 ot VOO predicted *o be 48.9 and 51.3 wm by PIPE-6 and PIPE-

16, respectively. BExperimental measurement on the fracture surface showed
tha: the unstable crack propagation began after the stable crack exteusion of
50 to 60 we. Thus, the finite element solutions seem to predict the crack
instability point with comparably good agreement with the experimental
result, although the theories gave somewhat shorter stable crack extensions
than the experiment.
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3.2.2 Tearing Instability Analysis by the Simplified Method

Next, the fracture instabilicy for the pipe with a circumferential
through-wall crack was studied by the simplified method. This method
utilizes the experimental relation between the net-section stress and the
crack opening displacement. The net-section stress is used for the criterion
of onset of the stable crack growth. The constancy of the CTUOA and the
stationariness of the total displacement are employed as the criteria of the
stable crack propagation snd the onset of the crack instabiiity,

respectively. The stable crack extension amount at the instability ba, ot

can be obtained as a function of the pipe dimensions (radius; Ro» thickness;
t), the initial crack angle 25 or length 2&0. the material CTOA value and the
compliance Ln The detail of the analysis method was given in the reference

f23].
Figure: 3.10 shows the effects of the compliance on the nondimensional
stable crack extension amount at the instability Aa. /(tR--ao), which 1is

inst
not dependent on the initial crack angle in this theory. As shown in the
figure, the value of '“itut becomes smaller with the increase of the

compliance. When the compliance is as small as C -10-6n/N. the crack

M
propagation is almost stable within the whole region of the remaining

ligament, i.e. “inst'('nn-‘o)' On the other hand, the crack instability

occurs after some amount of stable crack growth under the large compliance.
For example, “inst can be estimated to be about 12mm for the initial crack

angle 2q0=60° under the compliance of 1o°2m/n. Experimental value of ba; .t
under the compliance of xo"‘nm is in good agreement with the calculated
result. This figure also shows the accumulated frequency of compliance in
the recirculation piping systems of a 1100 MWe BWR plant. The compliance of

10-4-/11 used in the present pipe tests can be regarded as a relatively
conservative value as compared with the compliances in the BWR piping system
because about 80 per cent of the BWR piping system have the compliance less

than 10-“—/!! as shown in the figure.
3.3 Conclusions

The fracture behaviors of Type 304 stainless steel pipes with a
circumferential crack were studied with the experiments and the numerical
analyses. The following conclusions were obtained:

1) In the static low-compliance test, cracks extend stably showing the flat
fracture surfaces. The changes from stable to unstable crack extension,
which is characterized by the 45° shear fracture surfaces, are observed
in the static high~compliance test as well as in the dynamic high-
compliance test.

2) Maximum crack velocity in the unstable fracture region often exceeds 10
m/sec.

3) From the application and generation phase simulations by the finite
element methods, it is found that the J-integral and the CTOA are



effective parametcrs for the crack initiation and the stable crack
extension.

4) Crack instability is predicted from the stationariness coadition of the
controlled displacement, taking the effect of the compliance of the
loading system into account, with either the detailed finite element
analysis or the simplified method.
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TABLE 3.1 CHEMICAL COMPOSITION (CHECK ANALYSIS)

(WT.%)
C Si Mn P S Ni Cr
0.05 0.50 1.51 0.026 0.003 9.30 18.30
TABLE 3.2 MECHANICAL PROPERTIES
ROOM TEMPERATURE 285°C
0.2% PROOF TENSILE ELONGATION 0.2% PRCOF TENSILE ELONGATION
STRENGTH STRENGTH STRENGTH STRENGTH
(MPa) (MAa} (%) (MPa) (MPa) (%)
284 588 67 167 431 38




TABLE 3.3 TEST CONDITION AND MAXIMUM LOAD

TEST PIPE

NOTCH GEOMETRY

MAXIMUM
TEST TYPE No'l 2a*2 e LOAD
(DEG) (kN)
cp-1 30 1 1176
s cp-2 60 1 1039
— T cp-3 90 1 909
CcP-12 60 0.7 1044
cp-4 30 1278
cp-5 60 1 1084
CcP-6 90 1 977
cp-7 120 1 852
e CPW-1 60 1 1004
e e CP-9H 60 1 725
cp-10 60 0.7 1071
cp-11 60 0.3 el
CP- 14H 60 0.7 840
CPW~3H 60 1 753
cp-8 60 1 1115
CPW-2 60 1 1107
3§§§§1C CP-13H 60 1 765
o cp-15 90 1 959
cP-16 60 0.7 1143
cp-17 60 0.3 1656

*1 W INDICATES WELD SPECIMEN

H INDICATES HIGH TEMPERATURE TEST (285°C)

*2 NOTCH ANGLE

*3 c¢: NOTCH DEPTH,

81

t: PIPE THICKNESS




28

TABLE 3.4 METHOD FOR SOLUTION

COMPUTER CODE PIPE-6 PIPE-16

ELEMENT TYPE 6-NODED ISOPARAMETRIC 16-NODED ISOPARAMETRIC
NUMBER OF NODES 330 456

NUMBER OF ELEMENTS 280 63

PLASTICITY THEORY

FLOW THEORY (ISOPARAMETRIC HARDENING)

GEOMETRICAL
NONLINEARITY

SMALL STRAIN

CALCULATION SCHEME

TANGENT MODULUS (PARTIAL STIFFNESS)

STRAIN HARDENING

BILINEAR APPROXIMATION

PROPERTY
J-INTEGRAL VIRTUAL CRACK
CALCULATION EXTENSION METHOD

CRACK EXTENSION
TECHNIQUE

NODAL RELEASING

CRACK EXTENSION
CRITERION

CRACK TIP OPENING

ANGLE (CTOA) GAUGE DISPLACEMENTS

SIMULATION TECHNIQUE

FOR CRACK EXTENSION
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4. lLeak-Before-Break Test under High-compliance Loading Condition

In the preceding two sections, we presented the instability tests under
the tensile load. However, to assess the leak before break condition with
reality, the process of subcritical crack growth due to stress corrosion
cracking combined with cyclic load must be comsidered. From this
consideration, we performed the leak-before-break test for the part-through
notched pipes under the presences of internal pressurized water and cyclic
tensile load. From the tests, the bound for leak-before-break is clarified.
In addition, the test results are used for the evaluation of margin for
unstable fracture in the piping of various diameters.

4.1 Experiments
4.1.1 Specimens

The austenitic stainless steel (AISI Type 304) pipes of 4-inch schedule
80 were used as the test material. The chemical composition and mechanical
properties of the steel are shown in Tables 4.1 and 4.2, respectively. Five
test pipes with artificial inner-surface notches in the circumferential
direction were prepared. A circular notch of 0.3 mm width was introduced
in the heat affected zone of each welded pipe by electron discharge
machining. Figure 4.] shows the shape and dimensions of the test pipe in
detail. The sizes of the initial notches are tabulated in Table 4. 3.

4.1.2 Test Conditions and Measurements

Each pipe was set in the high-compliance testing machine shown in Fig.
2.2. The cyclic axial load shown in Fig. 4.2 was applied to the pipe in the
BWR environment (the high temperature pure water of 285°C with 8 ppm
dissolved oxygen and the internal pressure of 8.7 MPa). The axial load was
cyclically applied until the leak was detected by the moisture detector
installed near the test pipe or until the pipe fractured. The applied load
and the o0il pressure of the cylinder were monitored through the load cell and
the pressure transformer, respectively. The nominal strains on the test pipe
were measured with the high temperature strain gauges as shown in Fig. 4.1.

Additionally, two crack gauges were used to estimate the time of crack
penetration through the pipe wall.

4.1.3 Test Results

The leak-before-break behaviors were observed in the test pipes with the
initial circumferential crack angles of 36°, 150° and 180°, i.e. the specimen
numbers CPI-1, CPI-2 and CPI-3. The crack lengths alorg the outer surfaces
were 4.5, 56 and 7 mm when the cracks penetrated through the pipe walls in
the test pipes CPI-1, CPI-2 and CPI-3, respectively. The total load cycle
numbers required before the leaks for these pipes were 187, 52 and 99,
respectively. The steam leakages were detected at the increasing stage of
the load for all these pipes.

On the other hand, in the test pipes with the initial circumferential
crack angles of 240° and 360°, i.e. the specimer numbers CPR-1 and CPR-2,
fast fracture occurred during the load holding. In other words, the leak-
before-break was not realized in these pipes. The total load cycle numbers
until fast fractures were 8 and 7 in the test pipes CPR-]1 and CPR-2,
respectively. Figure 4.3 shows the typical time records for the cases of the
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leak-before-break and of fast fracture. As shown in Fig. 4.3(B), the
instability was observed during the lcad holdiag.

After the test, dye penetrant examinations were performed to examine the
crack growth along the inner surfaces of the pipes. In CPI-1, cracks of
about | mm long were detected at the both initial notch tips in the pipe
inner surface along the direction of notches. Another crack of about 6.5 mm
long was also found near the notch tip region. A crack of about 2 mm was
obserbed at one crack tip in the pipe inner surface of the test pipe CPI-3.
No cracks were seen on the inner surface of the other pipes.

The cracked regions of all the test pipes were cut into small samples in
order to assess the cracking mechanism. The macroscopic aspects of fracture
surfaces are shown in Fig. 4.4. The 1GSCC was observed throughout the
initial crack front lines in the test pipes CPI-1 and CPI-2, while in the
test pipe CPI-3 the IGSCC was partially seen at two isolated regions along
the initial crack front line. This is maybe due to the nonuniformity of the
degree of sensitization by welding along the notch frout line.

Optical microscopic observations were carried out for small samples at
the initial notch tip region of these pipes. Figure 4.5 shows the results
for the test pipe CPI-3. Fracture surfaces of the test pipes CPR-1 and CPR-2
which fractured in unstable manner were examined by a scanning electron
microscope. Figure 4.6 shows the results on the test pipe CPR-1.

These fractographic examinations revealed that the fracture surfaces of
the test pipes CPI-1, CPI-2 and CPI1-3 were of typical intergranular mode due
to the IGSCC. As for the test pipes CPR-i and CPR-2, dimple patterns due to
the fast fractures were observed in the region near the outer surface, while
the fracture surfaces between the initial notch and the ductile tearing crack
seemed to be those of the IGSCC.

4.2 Theoretical Considerations on Leak-Before-Break

0of five specimens tested here, the test pipes CPI-1l, CP1-2 and CPI-3
showed steam leakage from the cracks, while the test pipes CPR-1 and CFR-2
exhibited the unstable double-ended bre-ks. The experimental net-section
stresses at the leaks or the breaks for all the specimens are shown in Fig.
4.7 as the function of the cracked area which includes both the initially
notched area A2 and the cracked area by the IGSCC A3. Here Al indicates the

uncracked area.

Figure 4.7 also contains the results of the static high-compliance tests
of the pipe specimens described in Section 3. Plotted in the figure are the
net-section stress values at the crack initiatious, collapses (i.e. maximum
load points) and instabilities for the through-wall notches and those at the
crack penetrations, collapses and instabilities for the part-through notches.
The open marks imdicate the crack initiations or the crack penmetrations,
while the half and full solid marks indicate the collapses and instabilities,
respectively. In the calculation of the net stresses, the crack-induced
bending moment was not taken into account. It can be seen in the figure that
the leak occurred at the nondimensional net-section stress ON/Oo (oN; net-

section stress, 9} flow stress) being less than 0.92, while the collapse or
instability occurred when oN/oC is larger than 0.92, where % is taken to be

the average value of 0.2 X proof strength and tensile strength.
The net-section stress under the tensile load condition corresponding to

the design stress Sn of the ASME Code Section I1I is drawn by a broken line
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in the figure. Similarly the net-section stress calculated from the internal
pressure of 7 MPa as the typical loading condition in BWR piping is drawn by
a solid line. From these, it is very unlikely that a cracked pipe breaks
only by the working internmal pressure. Moreover, it should be noted that the
quite large initial cracked area is requircd until the pipe breaks satisfying
°l/00-0'92 under the design stress coadition of LI

In order to demonstrate the leak-before-break, it is necessary to show
that the crack with leak does not cause the sub equent unstable pipe break.
Regarding this, it is assumed from the above consideration that if the
nondimensional net-section stress ou/o0 reaches the value of 0.92, the pipe

break takes place. -

As for the critical crack lengths for the detectable leak, we assume
that the leakage of five gallons per minute (5 gpm) can be detected and that
the leak rate from the through-wall crack is estimated from the crack opening
area A approximately given by

21;20 wo
5 s lec(2 =
0
Multiplying the leak rate of 55 lb/lec.in2 for the saturated water at the
internal pressure of 7 MPa by the area calculated by eq.(12), the length of
through-wall crack which gives the leak rate of 5 gpm can be calculated.

In Fig. 4.8, the variations of the critical crack lengths for detectable
leak and break with the pipe diameter are shown. This figure also contains
the critical crack lengths for instability for some finite compliance values,
vhich were obtained by the simplified method described in Sectiom 3. It
should be emphasized frem this figure that the crack lemgth for 5 gpm leakage
is considerebly smaller than the crack lengths for collapse or instability
and that large diameter pipes have more margin for break than small diameter
pipes.

A= ) (12)

4.3 Conclusions

The fracture behaviors of Type 304 stainless steel pipes with
circumferential part-through cracks were studied with the pipe experiments
performed in the BWR enviromments under the cyclic temsion loading with high
comliance. The following results were obtained from these experiments and
the theoretical considerations.

1) The leak-before-breaks were confirmed in the test pipes with small
initial notch angles of 3¢°, 150° and 180°. On the other hand, the fast
fractures were observed in the specimens with the large initial notch
angles of 240° and 360°.

2) Based on the net-section stress approach, the critical condition was
obtained to determine the failure mode, i.e. leak or break, in the
circumferentially cracked pipe.

3) 1t was found that the critical crack length for pipe break was much
larger than that required for the leak detection at the applied load Sm.

4) Large diameter pipes have more margin for break than small diameter
pipes.
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TABLE 4.3 TEST CONDITION AND RESULTS
OTCH GEOMETRY

TEST PIPE .1 . *3| gu__*5| TEST

No. z(gm) o/t 4| LIS Max “| ResuLTs
*6

cPI-1 36 | 0.5 YES | o LEAK
CPI-2 150 | 0.5 No | o LEAK
CPI-3 180 0.5 | yes 4 oy LEAK
CPR-1 240 | 0.5 YES | o BREAK
CPR-2 360 | 0.5 vEs | 0.70 BREAK

*] NOTCH ANGLE

%2 Cc:NOTCH DEPTH, t:PIPE THICKNESS

*3 LOW TEMPERATURE SENSITIZATION (550°C x 24h)

*4 APPLIED AFTER 198TH LOADING CYCLE

*5 MAXIMUM APPLIED GROSS STRESS

*6 0.2% PROOF STRENGTH AT 285°C (=179 MPa)
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5. Thermal Shock Test for Circumferentially Cracked Pipes

In core spray and recirculation piping systems of BWRs, the thermal
transieat might occur on the emergency core cooling. ‘lype 304 stainless
steel, which is used as the material of these piping system, Las so enough
ductility and toughness that crack . opagation in this material is presumed
to be stable.

However, it has never been demonstrated experimentally so far that the
crack propagation and unstable pipe fracture can thoroughly be prevented in
nuclear piping with quite large intergranular stress corrosion cracking
(IGSCC) when the thermal transient such as the emergency core cooling occurs.

For this purpose, we conducted the experiments on the crack propagation
from circumferential part-through notches in Type 304 stainless steel nipes
to investigate crack behaviors under the thermal transient. This section
describes the results of these experiments and the related preliminary
theoretical considerations.

5.1 Experiments
5.1.1 Specimens

The austenitic stainless steel (AISI Type 304) pipes of 8-inch schedule
80 were used as the t2st specimens. The chemical composition and mechanical
properties of the steel are shown in Table 5.1 and Table 5.2, respectively.
Four test pipes, which were welded by tungsten arc welding (Heat input: 10
kJ/cm for lst to 3rd layers and 23 kJ/cm for 4th to 7th layers), were
prepared as shown in Fig. 5.1.

A part-through circumferential crtificial notch of maximum 3mm width was
introduced into the heat affected zone of each welded pipe by electron
discharge machining. Table 5.3 shows the notch depth and its circumferential
angle for each pipe. As can be seen in the table, two types of cracks, which
have circumferentiel angles of 180 and 360 degrees respectively, were
machined in this tests.

5.1.2 Test Conditions and Measurements

Two kinde of loading conditions were considered in the experiments. The
first was the high compliance test using the high compliance apparatus shown
in Fig. 2.%2. The second was the low compliance test using the same testing
machine but without the compliance device.

Figures 5.2 and 5.3 show the overall view of the test pipe set in the
apparatus and the outline of the cooling water loop system for applying the
thermal shock to.the pipes, respectively. The temperature, the pressure and

the flow rate of the cooling water were 20°C, 4kgf/cn2 and 6.7m/s,
respectively.

In all the tests, mechanical pre-load in the axial direction whose value
is shown in Table 5.3 was applied to the specimen before the thermal shock.
The values of the pre-load are determined such that the net-section stress at
the cracked section of pipes were equal to 1'“°0.2' where 0.2 is the 0.2%

proof stress of the material at 285°C.
The test procedure was as follows.
1) Set the test pipe in the apparatus.
2) Heat the pipe up to nearly 285°C by using electric heater surrounding

the pipe.
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3) Apply the axial tensile pre-load up to the specified value shown in

Table 5.3.

4) Shut the valve A and open the valves B and C.
5) Immediately after removing the air from the loop, open the valve D with

shutting the valve C.

6) Then the cooling water rapidly flows into the test pipe and causes the
therwal shock in the pipe.

The change in tensile load was monitored by using the strain gauges
mounted on the loading arm. The temperature distribution through the pipe
thickness was also measured by the thermocouples which were attached at 0.5,
8, 10 &nd 11.7mm depths from the outer surface near the notch in the pipe.

5.1.3 Test Results

Figure 5.4 shows the typical example of the time variations of the
temperature at various denths and the tensile loa/ measured in the low
compliance test. From the figure, it can be observed that the temperature at
the inner surface became below 30°C at about five secunds after the injection
of cooling water, and that it took more than one minute for the outer surface
to be cooled below 50°C.

Figure 5.5 illustrates the temperature distributions along the pipe wall
for each pipe. From these tempetature distributions in the pipe thickness,
it was expected that the thermal stress which occurred in the pipe changed
from the bending type to the tensile type with time.

Shown in Table 5.3 are the total loads and the thermal loads occurred in
the three pipes in the pipe longitudinal direction in the steady condition
after the thermal transients, where the latters are obtazined by subtracting
the pre-loads from the total loads. Because of the rigid constraint, the
higher thermal loads appeared in the zero compliance tests than in the high
compliance tests.

In all the tests, no pipe fracture was observed. By the macroscopic
observation after the tests, it was found that no ductile crack growth took
place in all the pipes. As an example, Fig. 5.6 shows the photograph of the
neighborhood of the notch after the thermal shock loading for CPII-3, which
was the highest of all the tests. Although the notch seems to be blunted by
the thermal loading to some extent, no ductile crack growth can be seen as
shown in the photogragh.

5.2 Theoretical Analyses
5.2.1 Conditions of Analysis

The axisymmetrical elastic-plastic analyses for pipes with the high and
the low compliances were conducted using the finite element program with the
consideration of the large deformation effects. Here, CPII-2 and CPII-4
with a full circumferencial notch were analyzed.

Mesh breakdowns for these pipes are shown in Figs. 5.7 and 5.8. Due to
the symmetry half lengths of the pipes were modeled as axisymmetrical bodies.
The conditions of the calculations for both pipes are tabulated in Table 5.4.

For the analysis of CPII-2, the high compliance was replaced by the
dead load condition for simplicity. In other words, the mechanical pre-load
was applied at the end of the pipe, and then it was kept constant during the
period of the thermal shock.

On the other hand, the specimen CPII-4 with the zero compliance was
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simulated by the displacement constant condition. The pipe end after
applying the specxfled pre-load was fixed during the thermal transient.

Table 5.5 gives the natetxal properfies for the present calculations.
The values between 25°C and 300°C were approximated by linear interpolation.
To model the stress-strain relation, the multilinear and the bilinear
approximations were used for CPII-2 and CPII-4, respectively. Von Mises's
criterion and the associated flow rule was employed as the plasticity theory.

The temperature distributions in the wall thickness of the pipes were
obtained experimentally as shown in Fig. 5.5. At the time of eight seconds
after injecting cold water, the temperatures at the ouier surface were
unchanged, while the tempetatures at the inner surface were decreased nearly
to the temperature of the injected cold water. The differences in
temperatures between the inner and the outer surfaces are the largest at the
time of about eight seconds. Therefore, the temperature distributions in the
thickness direction at the time of eight seconds were utilized in the
calculations for conservatism.

5.2.2 Calculated Results

Crack opening profiles under the dead load and the fixed displacement
conditions are compared in Fig. 5.9. The profiles at t=0 are the values due
to the mechanical pre-load.

The axial stress distributions at the pipe section far from the cracks
at the time of eight seconds are shown in Fig 5.10. It should be noted that
the stress distributions at this time are about the same for both dead load
and displacement constant conditions.

5.3 Discussions

As mentioned above, no ductile crack growth was observed in all the
tests. This was confirmed also by the finite element analyses. In other
words, the maximum crack tip opening displacement obtained by the finite
element znalyses was 0.17mm, which is considerebly smaller than the value
required for the ductile crack initiation in Type 304 stsinless steel, i.e.
about 1 mm [25].

Also found from the analyses was that no large difference appeared in
the transieat thermal stresses between with and without compliance loading
conditions in the earlier stage of tramsient.

1t should be noted that the pre-loading and the thermal transient
conditions taken in the present experiments are much severer than those
expected in the actual piping system. Moreover, considerebly large initial
notches whose areas were nearly half of the pipe section were introduced in
the present experiments.

Taking thesé factors into consideration, it can be considered that it is
very unlikely for pipe rupture to occur under tiie possible thermal transient
condition in the actual piping of Type 304 stainless steel.

5.4 Conclusions

The following conclusions were obtained from the present therwal shock
tests for rracked pipes and the related finite element analyses.
1) Although initial notches were expanded by the thermal shock loading to
some extent, neither stable nor unstable ductile crack growth was
observed in the tests.
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2)

3)

From the finite element analyses, it was found that the compl:iance does
not have much influence on the thermal stress in the pipe under the
thermal transient condition. The value of CTOD was found to be
considerebly smaller than that required for the ductile crack
initiation.

Considering the fact that no ductile crack growth took place and the
severity of the experimental conditions employed in this tests, it can
be concluded that the unstable rupture of Type 304 stainless steel pipe
is very unlikely to occur under the thermal transient condition
anticipated in the actual piping system.
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TABLE 5.1 CHEMICAL COMPOSITION (CHECK ANALYSIS)

(WT.%)
C Si Mn S Ni [ Cr
0.069 | 0.48 | 1.50 | 0.026 | 0.001 | 9.60 | 13.20
TABLE 5.2 MECHANICAL PROPERTIES
ROOM TEMPERATURE 285°C
% TENSILE 0.2% PROOF | TENSILE
.48 PROOK ELONGATION ELONGATION
STRENGTH STRENGTH STRENGTH STRENGTH
(MPa) (MPa) % (MPa) (MPa) %
275 608 66 171 482 44
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TABLE 5,3 TEST CONDITION AND RESULTS

Ll

NOTCY GEOMET

TEST PIPE [y 1 = TEMPERATURE | COMPLIANCE | pe_ oap | THERMAL | TOTAL

No. 2u “ ; OF DEVICE LOAD | LOAD

(DEG) | /¢ °C) (mm /N) (kN) (kN) (kN)

CPII-1 180 | 0.53 276 1074 1458 35 1493

CPII-2 360 | 0.35 276 107" 1174 e i

CPII-3 180 | 0.49 294 0 1485 383 | 1868

CPII-4 360 | 0.34 288 0 1152 282 | 1434
1

*1 NOTCH ANGLE
*2  c:NOTCH DEPTH, +«:PIPE THICKNESS




TABLE 5.4 TWO DIMENSIONAL ELASTIC-PLASTIC FINITE
ELEMENT CONDITIONS

MODEL CPII-2 CPII-4
COMPLIANCE HIGH LOW
LOADING
CONDITION CONSTANT LOAD CONSTANT DISPLACEMENT

ELEMENT TYPE

4 NODE ISPORAMETRIC
AND TRIANGLE ELEMENTS

8 NODE ISOPARAMETRIC
ELEMENT

NUMBER OF 223 30
ELEMENT

NUMBER OF 253

NODE 5 113

TABLE 5.5 MATERIAL CONSTANTS FOR FINITE ELEMENT ANALYSIS

TEMPERATURE

25°C

300°C

YIELD STRESS

274 MPa

147 MPa

YOUNG'S MODULUS

1.94 x 10° MPa

1.75 x 10° MPa

POISSON'S RATIO

0.260

0.284

COEFFICIENT OF
THERMAL EXPANSION

1.64 x 107°% /°cC

18.6 x 10”*% /°C
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FIGURE 5.2 OVERVIEW OF TEST PIPE SET
IN THE APPARATUS WITH HEATER
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6.

1)

2)

3)

4)

General Conclusions

From the above studies, the following general conclusions were derived.
The unstable fractures of the plates and pipes of Type 304 stainless
steel were realized with the use of the tensile-type high~compliance
testing device. The changes of the fracture surface were observed near
the instability points.

With the finite element analyses, the stable crack growth was found to
be well-characterized by the J-integral or the crack tip opening angle.
The onset of the unstable crack growth was predicted by the T-criterion
or the stationariness of the total displacement.

Under the cyclic high-compliance loading condition superposed on the
interal pressure by the corrosive water, the two pipes with a part-
through crack of circumferential angle larger than 180° exhibited
unstable breaking, while the other three pipes showed the leak-before-
break behavior. The boundary between the unstable breaking and the
leak-before-break was found to be well represented by the net-section
stress.

In the thermal shock tests under both with and withou: compliance
loadings, no crack growth was observed ir all the four pipes. It was
found from the tests that the unstable fracture due to the thermal

transient is very unlikely to occur in the actual pipes made of Type 304
stainless steel.
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TRACT

The analysis of the experimental data of 304 stainless steel pipes
using Zahoor and Kanninen's estimation scheme has shown that the J resistance
curve of a circumferentially cracked pipe with a simulated internal surface
crack around the remaining net section is much lower than the J resistance
curve of pipes with a fdealized through-wall crack (without a simulated
internal surface crack). The implications of the low J at initiation and
tearing modulus on the stability analysis of typical BWR piping systems are
discussed on the condition that an internal circumferential surface crack is
assumed to occur along with a circumferential through-wall crack due to stress
corrosion. The results presented here show that the margin of safety is
reduced and in some cases instability is predicted due to the low J resistance
curve and tearing modulus.

1 NTRODUCT I

Ductile materfals such as Type 304 stainless steel used in nuclear
pipings exhibit high resistance to unstable crack growth even when structures
contain large flaws. The global instability of the cracked structures can be
analyzed via the tearing instability analysis proposed by Paris et al [1,2)
under J-controlled crack growth conditions [3). Within the context of the
tearing instability analysis, the applied J, denoted as Japps which can be
expressed as a function of the load and the crack length a, is assumed to

follow a material curve, Jpat, which is a function of the crack extension Aa
only. It is

Japp * Jmat (4a) (1-1)

and unstable crack growth occurs when
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Paris et al [1,2) introduced the nocndimensional parameters which are
aJ
._L1m
Tapp o 2 da
4]
and (1-3)
aJ
- mat
Tault '!Lf da
(]

where T.pp is the applied tearing modulus, Tyat is the material tearing
modulus, € is Young's modulus, and oy is the flow stress. The instability
criterion of eguation (1-2) becomes

Tapp > Tmat (1-4)

It should be noted that the J resistance curve of the material
concerned is rever measured. It can be obtained either by finite element
computations or by estimation technigues using the experimental records of
load, displacement, and crack length. Figure 1 shows the J resistance curves
of Type 304 stainless steel obtained from different methods and test
geometries. Curves 1 and 2 are obtained using Zahoor and Xanninen's
estimation method [4] for four-inch diameter pipes with the idealized
circumferential through-wall crack subjected to four-point bending [5]. Curves
3 and 4 are obtained from finite element computations using the experimental
data as the input for the center-cracked panel and three-point bend specimen,
respectively [6]. Curve 5 is obtained using Zahoor and Kanninen's estimation
method for a four-inch diameter pipe with a circumferential through-wall crack
and an internal side-groove around the remaining net section (7]. Curves 3 and
4 show the geometric dependent of the J resistance curve verified by the
finite element computations. This might be due to the inherent different
plastic flow patterns for center cracked panel and three-point bend specimen
under large scale yielding conditions. However, the reasons for higher J
resistance curves for pipes with the idealized circumferential through-wall
crack are not clear since the estimation method are used to construct the
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curves. It might be due to the inaccuracies of the J estimation method.
Further verifications by finite element computations are needed.

Curve 5 represents the J resistance curve for the circumferentiaily
cracked pipe with the internal side-groove around the remaining net section,
and is much “ower than curves 1 and 2 which represent the J resistance curve
for the circumferentially cracked pipe without side-groove. The internal
side-groove was used to simulate an internal surface crack. The circumferen-
tial crack length for curves 1, 2 and 5 are 22.9, 37.1 and 25 percent of the
pipe circumference, respectively. The pipe corresponding to curve 5 had an
internal side-groove of 75 percent of the pipe wall thickness completely
around the circumference. The same estimation method are used to construct
curves 1, 2 and 5. However, the values of J at initiation are 11330 in-1b/in?
for curve 1 and 2750 in-1b/in? for curve 5. Note that the circumferential
crack lengths corresponding to curves 1 and 5 are approximately same.

This will give an approximate factor of 4 reduction of J at initiation due to
tha thickness reduction from the internal side-groove. Furthermore, the slope
of the J resistance for the crack growth less than 0.4 inch also is reduced
approximately by the same factor due to the existence of the side-groove. The
implications of the reduction of J at initiation and —33-5 due to the internal
side-groove on the stability analysis of nuclear piping systems when the
internal surface flaw around the circumference is assumed to accompany with
the circumferential through-wall crack will be discussed below.

2. NET THICKNESS EFFECTS

Tada et al [8] made a stability analysis of circumferentially cracked
pipes subjected to pure bending. As shown in Figure 2, t represents the
remaining thickness of the pipe wall, t, represents the wall thickness of the
pipe, R is the mean radius of the remaining wall thickness, 26 represents the
total circumferential crack angle. In the analysis of Tada et al, the cross
section containing the crack is assumed to be fully yielded while the other
part of the pipe is elastic. The material is assumed to be perfectly plastic.
Therefore, as shown in Figure 2, $cp represents the plastic rotation of the
pipe due to crack and ¢¢ represents the total rotation of the pipe.
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The analysis of Tada et al will be summarized here. Since the
material is assumed to be perfectly plastic, the 1imit moment M, is

Mo = 40oR2 t F(8) (2-1)

where o, is the flow stress, and F(8) is

F(6) = cos 3 - 5 sin@ (2-2)
The J integral is
J = -200R F'(8) 4cp (2-3)
where
(2-4)

F'(0) = - % sin * - i cos®

The total rotation ¢¢ consists of the plastic rotation due to crack, écp, and
the elastic rotation of the pipe without crack, épce.

¢t = bnce * ¥cp (2-5)
The elastic rotation has the form

®nce * Cnc M (2-6)
where Cn. represents the clcst&i compliance of the pipe, and M is equal to the

limit moment My. The applied .. can be evaluated under constant total
rotation conditions. It can be obtained as

. Ml ey 2 2-7
H)ot'%t'r{%l)*;%i‘;‘:()’ Cac =




where a represents RO, and F"(8) is

F*(8) = - § cos 3 +  sin® (2-8)

Substituting equation (2-1) into equation (2-7) gives
" " . 2 (2-9)
ﬁ-) o 2 ;-.-H-} + 80,2 Rt i(e)

Some simple calculations using the data given in [9] reveal that the
compliance in the typical piping system is large enough so that the se
term on the right hand side of equati -9) is the dominant term for TS
In Figure 3, F(8), F'(8), F'Z(8) and Fr(g) are plotted as a function of the
half crack angle ©. The figure shows that F"(8) is zerc at 6 = 299, There-
for!oj for a fixed ¢cp, the J value will be maximum at 6 = 299. The maximum

“) ot will occur in the neighborhood of and less than 299; the exact angle

will depend upon the system compliance. Accordingly to the above analysis, it
is recommended that the half crack angle @ for the worst case study should be
around 259 * 300,

The applied tearing modulus Tapp 1S

Tapp ":'f g%)ot

(4]
) £ 2 ,2 (2-10)
;!-5%;.-%%}+ozn t 40 ¢
(o]

Cotter et al [9] made a stability analysis of piping systems in BWR and PWR
with the assumption that a circumferential through-wall crack with different
crack angles occurs at various locations in the piping systems. They found
that, at least for 304 stainless steel pipe in BWR piping systems, the margin
of safety is acceptable using Tada et al's approach. Their results are
summarized in Table 1. In this table, a simple parameter which measures the
margin of safety is defined as Tpat/Tapp. These values for the worst
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locations are larger than unity. It should be noted that in the analysis of
Cotter et al a maximum plastic rotation due to crack is assumed to be 19,

Here, we examine the case of a through-wall crack and an internal
surface crack completely around the circumference. The assumed crack geometry
is as shown in Figure 2 with the remaining thickness t equal to one quarter of
the wall thickness t,. From the table in [9], the /low stress ¢y, and the
compliance Cpe can be calculated based on the information provided in [9].
Then, equation (2-10) can be used to calculate Typp which is reduced
approximately by a factor of 4 due to the reduction of net thickness which can
carry the load by a factor of 4. However, Japp increases slightly due to the
slight increase of the mean radius R of the remaining thickness for 19 of
plastic rotation. The values of Japp and Typp for various worst locations are
tabulated in Table 1.

According to curve 5 as shown in Figure 1 and accounting for the
differences in flow stress, the estimated Tp,e at 5509F is 32. (The flow
stress used is 52.95 ks! which corresponds to the ASME Code minimum
anticipated yield and ultimate strength at 550°F, The flow stress [6] is
defined as 1.15 times the average of yleld and ultimate strength.) If
Tmat = 32 is adopted for stability anmalysis, two of the piping system are
predicted to have tearing instability for the circumferential through-wall
crack with the internal surface crack.

The other concern on the circumferentially cracked pipe with
internal surface flaw is the reduction of the loading capacity due to the
reduction of the net wall thickness which can support the load. Figure 4
shows the load-displacement curves corresponding to curves 1 and 5 in
Figure 1. The upper curve is for the pipe with the idealized circumferential
through-wall crack and the lower one 15 for the pipe with the circumferential
through-wall crack and the interral side-groove. The cracked pipes have
approximately same c’'rcumferential through-wal! crack lengths. For the lower
curve, the net thickness .hat can carry the lecad 15 reduced by a factor of 4
due to the internal side-grcuve. The expe~fuental data show that the
reduction of the maximum load 1s also 'y the approximate same factor, The
plastic displacement due to crack, however, is reduced by the same factor,
This was reflected in the reduction 4f & fictor of 4 on the estimation of the
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J values at initiation. I[f the low J resistance curve can apply to the large
diameter pipe, the calculations for the 28 inch diameter pipe in Table 1 are
unrealistic since Japp = 12,386 in-1b/in? is beyond being described by curve §
in Figure 1.

. DISCUSSI

The implications of the low J resistance curve for the circumferen-
tially cracked pipe with the simulated internal surface crack on the tearing
instability analysis of the piping system are discussed. These calculations
predict that instability is possible at a few worst locations, whereas the
prior analysis indicates the pipes were fracture proof. The lack of a
rigorous analysis of the J resistance curve for cracked p'oes leaves
speculations on the validity of the J resistance curve obtained by estimation
methods. Therefore, a finite element computation together with a well-
designed experiment is needed to investigate the validity of the J estimation
scheme for these more realistic flaw geometries.

A well-defined Tpat s also needed for tearing instability analysis
of nuclear pipings at different temperatures. The variation of the flow
stress and J resistance curve as a function of temperature is hence needed to
be determined. Furthermore, the strain hardening effects should be included
in the analysis. As in [5], the strain 'ardening analysis give a conservative
prediction of instability compared to that of the 1imit load analysis with a
high value of the flow stress. But, the 1imit load analysis with a low flow
stress will predict no instability as shown in [5). Therefore, the strain
hardening effect is necessary to be included in the tearing instability
aralysis.

Another practical concern is the behavior of a surface crack in or
close to the girth weld. The J resistance curves for stainless steel weld
metals have been found to be lower [10] than these for the 304 stainless steel
base metal examined in this paper. The combined effects of the lower tough-
ness of the weld metal and of the constraint due to the complex crack geometry
could result in even lower Ty, values than that presented in this work,
These effects should be investigated further,
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TABLE 1.

COMPARISON OF INSTABILITY ANALYSES FOR THE BWR PIPING SYSTEM

Outside
BWR Diameter Thickness
System Inch Inch
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Idealized Through-Wall Crack
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and Internal Surface Crack)
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FIGURE 1. COMPARISON OF THE J RESISTANCE CURVES OBTAINED FROM CIFFERENT
METHODS AND TEST GEOMETRIES FOR 304 STAINLESS STEEL
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ABSTRACT

For the past decade, tough materisls have been characterized by the wuse
of the J-integral crack growth resistance curve or J-R curve. Farly J-R
curve tests were limited to small crack extensions because the usual purpose
of the tests was to determine the fracture toughness of the meterial, i.e., 2
J;. value. Such tests were valid for their intended purposes. After the
development of plast’c tearing stability concepts, the need for material
characterization at values of J and crack extension, Aa, above Ty  was
obvious. In order to apply tearing stability methods to the analysis of
cracks in nuclear reactor piping, data for very high values of J and large Aa
are required. Furthermore, the tests must meet J-controlled growth criteria
which was absent in a number of earlier tests.

In this paper, tests of typical stainless steels used in primary coolant
system piping of PWR and BWR reactors are presented. The parameters
considered in the test program included: temperature, 70F vs. 550F; side
grooving; Incomel vs. stainless weld metal; cast vs. wrought product form;
and, the location of the crack inm either the base metal or in the weld metal.
These parsmeters were evaluated in tests for valuwes of J up to 50,000
in-1b/in® and Aa up to 5 inches.

The results are presented in the form of J vs. T stability curves. It
was shown that the heretofore use of wrought stainless steel data based on
small crack extensions and low J values is unconservative. The development
of this new data suggests that certain of the snalyses of nvclear piping that
have been performed to date must be re-evaluated and, specifically, that the
strorg dependence of the material tearing resistance on the magnitude of the
applied J must be taken into account.

INTRODUCT ION

The objective of this study was to develop material property data in the
form of tearing resistance curves or J .. vs. T,,. J..; velues in the
vicinity of 50-60,000 in-1b/in®. Furthermore, the Iltctill property data had
to be representative of forged stainless pipe, cast stainless elbows and
several weld types over a temperature range from 70F to 550F as is found in
typical BWR and PWR piping.

SPECIMEN DESIGN

Prior to the initiation of this program, the typical approach to
developing J-R curves was to use a 1T or 2T compact tension (CTS) type of
specimen design. The limitation in the utilization of a 1T or 2T specimen is
that the maximum obtainable value of the J-integral tends to be considerably
less than is required by this project. A further limitation stems from the
requirement that the test data be within the allowable 1limits for
J-controlled growth which is typically governed by the value of w. The
physical limitation imposed by the w limits is that the crack extension, Aa,
that is permitted for the 1T or 2T type specimen tends to be small. This
follows from the ratio of the Aa to tae remaining ligament, b. In order to
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circumvent this problem, a modified CTS design was uvsed with dimensions
B=1.0 and W = 20.0 izches. This specimen is basically a modification of
the standard CTS design that permits achieving large crack extension Aa and
high values of J.

Another feature of the specimen design was that the specimen could be
reused for developing J-R curves for welds., This eliminated the need to
fabricate additional specimens for weld material thereby Lkeeping the test
program costs as low as possible. The initial specimen design assumed that
the test parameters would require the use of a/W = .6 to .7. Although it was
not originally intended, it was decided early in the test program that
buckling guides would be required because the deformation of the specimen
induced out-of-plane bending moments that could result in buckling and
thereby invalidate the test. The specimen was also selected so that the
complisnce method for determining Aa, that is nvnsed for the smaller CTS
specimens, could be directly extended to this size spec 'men,

KATERIALS

A number of the PWR and BWR nuclear reactor primary cooling system (RCS)
piping systems are fabricated from A376, TP31€ forged sections and A351,
Grade CFB8M cast elbows., Tous, thesr materials were identified as being
representative and could serve as the basis for this project. As no piping
or elbow sections of actuval piping were readily availabie et reasonable cost,
suitable substitutes were required.

A240 Plate

Typical piping sizes range up (o 36 inches in dismeter with wall
thickness up to 2.5 inches. Upon review of the material specifications for
A376, TP316 piping, it was determined that a suvitable substitute wounld be
A240, 1P316 plate. The one-inch thickness was selected bascd on cost
considerations and to facilitate ease in handling the specimens. Based on =&
review of the existing (through 1981) Jliterature, it was determined that data
based on one-inch thick material would not be significantly different from
the actual wall thicknesses found in the piping.

CF8M Cast Plato

The actual elbows found in the in RCS are cast CF8M, TP316 stainless
steel, The ID's of the elbows range from 27.5 to 31 inches and have wall
thicknesses that range from 2.56 to 2.88 inches. As with the piping, there
were no elbows available at affordable prices and it was necessary to develop
representative material for use in the specimens. One =spproach considered
was that of making centrifugally or statically cast pipe sections, slitting
the sections, and then rolling them flat to make a specimen suitable for
testing. This was rejected in favor of a static cast flat plate. This
casting design used s'‘mulated cooling rates that might be expected in the
actual elbow castings.
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The soundness requirement used for casting of the plate was that one of
the four quadrauts of the plate had to meet the radiography requi.ements of
ASTK E-446, Severity Level 2. It was further mandated that the Lest guadrant
meeting Level 2 or better should be identified as that would be the guadrant
that would be used for developing material property data.

Welds

After testing the base metal specimens, the specimens were cut into two
" pieces along the plane of fracture. Thus, the specimens for welding were
obtained by re-using these A240 and CF8M brace metal test specimens, Then,
the outside edges of the plate (the edges parallel to the fracture plane)
were bevelled in preparation for welding. Welds were them made wusing both
E316L electrodes and Inconel weld metal. The following welds were made:
E316L weld of A240 plate, E316L weld of CF8M cast plate, and Inconel weld of
A240 plate.

It is important to note that the actual welding of the specimens was
performed by welders that are qualified for fabrication at a nuoclear plant
construction site. Thus, the conditions surrounding the fabrication of the
specimens were as close as possible to the typical conditions existing during
the fabrication of a plant rather than that of a laboratory enviromment,

TEST PROCEDURE

The specimens were finish-machined followed by saw cutting to a
pre-determined length to facilitate pre-cracking. A pre-cracking procedure
following ASTM E813-81(1) was utilized to produce & crack having the desired
initial length. The test was conducted following the procedures of ASTM
E813-81(1) and periodic unloading slopes were produced following the usual
procedures. The load was measured by a load cell and recorded both digitally
and graphically. The displacement was computed based on the meeasured ram
stroke and was recorded both digitally and graphically. Verification of
crack extension, Aa, was achieved using optical observation of crack
extension and fatigue marker bands. In addition, the final crack length was
compared with the predicted crack length.

DATA REDUCTION

Preliminary data in the form of J vs. Aa was derived. Bat, data, in the
form of J-Aa curves, canuot be readily adeapted for use in analvtical studies
of crack stability. Accordingly, development of J-T curves is required.
Because the preliminary dats contained some scatter, smoothing was required.
The procedures for smoothing of the dats, plotting, correcting for errors in
Aa based on observed vs, computed and correcting for displacement effects on
J and Aa follow below.
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Smoothing

As mentioned above, the raw laboratory data contained varying degreces of
scatter, that is normally found, along with errors due to large displacisnnt
effects. The effects of large displacement were accounted for by introdu.yng
a correction due to Tada(2). Then, vsing a conservative procedure, the n,ta
was smoothed. The conservatisms i: the approach included the developin, of
an edjusted or smoothed J-Aa curve wherein the value of J, as adjusted, ,nd
the slope of the smoothed Y-Aa curve are always less than what is evident
from the actval corrected experimental data. It must be emphasized that the
purpose for this smoothing is simply to facilitate the numerical computation
of dJ/da from the dets by the computer codes. That is, data containing the
usual amount of scatter does not lend itself readily to development of
tearing modulus values,

Development of J _.-T .. Curves

The J-Aa curves, after smoothing, were used to develop J at~Tpat Curves
for each of the test conditions. The method used relied on ?itting a second
order polynomial through five points and taking the slope at the mid-point,
This procedure and plotting cof the data was achieved using the JTPLOT(4)
program,

FRACTURE SURFACE MORPHOLOGY

Figure 1 compares the fracture surfaces of A240 plate tests. The
specimens are numbered from left to right, starting with specimens S$S4 and
§S6 which were tested at 70F and followed by specimens S83, SS7 and SS8 whick
were all tested at S50F. It is noted that there is considerably more shear
on the specimens at 550F compared with those at 70F. However, this is not
true for the specimen with side-grooving, SS8, where a very flat fracture
surface is noted.

The cast CF8M material at the two temperatures is shown in Figure 2. On
the left side of the figure, the 550F specimens C2 and C4 are shown followed
by C3 and C1 at 70F. In comparing the cast fracture surfaces with those of
the A240 plate, it is noted that tLe fracture surface is much more granular
in sppesrance and that there is considerable deformation evident on the side
of the specimen. It is further noted that the elevated tempersture specimens
tend to have slightly more shear on the fracture surface than at 70F.

The pronounced difference between the cast vs. wrought fracture surfaces
can be seen in Figure 3. The specimens on the left are cast specimens C4 and
C2 followed by wrought specimens SS3 and SS7 and all were tested at S50F.

The welded cast specimens are shown in Figure 4 wherein we read from
left to right as follows: the first specimen is WCI, followed by WC4, WC3,
¥WC2, then followed by the unwelded specimens, C4 and C2. All of these
specimens were tested at 550F. We further note chat specimen WC1 had been
side-grooved and shows @ much flatter fractore surface than the other
specimwens. As might be expected, the frecture surfaces of the welds are
gquite similar to that of the cast specimens.
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The welded plate specimens, again from 550F tests, are shown in Figure
3. The side-grooved specimen, on the far left, is WSS4 and it shows & very
flat fracture surface. This is followed by three other welded specimens,
WSS7, WSS6 and WSS3. Lastly, the unwelded specimens SS3 and SS7 are shown on
the right-hand side of Figure 5. It is noted that the fracture surface of
welded plate specimens tends to be quite similar to that of the unwelded
specimens. It is also noted, by comparing Figures 4 and 5, thsat the
appearance of the fracture surface of the welded cast plate shows
considerable difference frum the welded plate.

Finally, in Figure 6 we compare the Inconel weld with the E316L weld.
Reading from left to right, we have specimen WSS7 followed by WSS2, WSS4 and
finally WSS1. The two specimens on the right are side-grooved ard show a
wuch flatter fracture surface than those which are not., Specimens WSS1 and
¥SS2 are from an Inconel weld while the others are from the E316L weld and
al]l were tested at 550F,

TEARING RESISTANCE RESULTS

Base Metsl

Figure 7 shows the crack growth resistance dats developed for A240
plate. No predominant temperature effect can be seen upon comparing the 70F
and 550F tests. However, the side-grooving naturally lowers the value of the
tearing modulus for corresponding values of J.

On the contrary, e pronounced temperature effect is found to exist for
cas¢ CFBM as seen in Figure 8. This effect is consistent with the results of
Bamferd and Bush(3) and other investigators(5-7). In comparing the
difference between cast and wrought type 316 stainless steel, as shown in
Figures 9, it is noted that the cast material has lower tearinmg resistance at
550F than that for the A240 plate.

The actual effect of the side-groove can be idealized as foliows. Since
the actual pipe does not contain a side-groove, rather it is either smooth or
has a weld, there is no need to use test datas based on the side-groove for an
application that does not involve a side-groove. It is noted that
side-grooving may be a reasonable idealization of the behavior of cracks in
the presewce of IGSCC such as that found in BWR recirculation piping.
HBowever, P¥R primary systems are not prone to IGSCC. Thus, it is felt that
utilization of dates based on side-grooving may be unduly conservative for
applications not prome to IGSCC. Side-grooving, however, does serve to keep
the crack growth along a well-defined plane as can be noted by observimg the
fracture svrfaces. Therein it is readily apparent that the side-grooved
speciuens result in a very flat crack plane whereas the others tend to seek
the path of least resistance.

Neld Metal

In Figu 10, welded A240 plate is compared with base metal. Therein it
is readily apparent that the welds have properties that tend to be quite




similar to those of the base metal. This is noted by comparing specimens 553
and SS7 with ¥SS3 and WSS7. ¥e note that specimens SS58 and WS54 are
side-grooved which accounts for their lower tearing resistance. The results
for specimen ¥5S6 were considered an anomaly., This conclusion can beo drewn
by observing Figure 5 wherein the crack surface morphology of specimen WSS6
is characteristically different from those of the othur welded A240
specimens. Specimen WSS6 will be subjected to fractography and metallurgical
eveluation in the future to attempt to isolate the causative metallurgical
factors. The simpilarity of the crack surface wmorphology of the base metal
specimens SS3 and S87 with the welded specimens WSS3 and WSS7 should be
noted. It is ressonable to use the same argument to disregard the
side-grooved WSS4 data as was used for the SS8 side-grooved specimens.

In Figure 4, the similarity of the crack surface morphology of the
welded CF8M with the base metal CF8M can be noted. This would lead to the
expectation of similar resistance curves for the welded CF8M compared with
the CF8M base metal. However, some noticeable difference occurs upon
examining the values of the tearing modulus. The vesults shown in Figure 11
indicate that the tearing resistance of the weld specimens is less than the
base metal. This can be attributed to the difference in flow stress Dbetween
the weld and base metals.

Finally, in Figure 12, the results of the Inconel weld tests on
specimens ¥SS1 end WSS2 are compared with those of the E316L welds., It is
noted that very little difference exists between the two types of welds. The
specimens without the side-grooves, WSS2, WSS3 and WSS7, have similar tearing
resistance. For the specimens with the side-grooves, ¥SS1 and VWSS4, the
tearing resistances are guite similar with the Inconel data showing slightly
greater resistance.

Lower Bound Dats

The development of lower bound crack growth resistance uata must be
based on both the crack driving force, J__ ., and the value of the tearing
modulus, T .. A complete set of all tests is shown in Figure 13, It is
jmmediately apparent that the side-grooved welded specimens WSS4 and WC1 have
the lowest values. As stated before, it is not felt that this data is
representative of the conditions that are present in PWR's not prone to
IGSCC, Upon further exawination, the data evidenced by specimens WC4 and
WSS7 appear to represent valid lower bounds for the cast and wrought material
respectively in non-IGSCC enviromments.

CONCLUSIONS

It was shown that a definite temperature dependence exists for a wide
range of Jnnt values for cast CF8M stsinless steel. It was also shown that
welds have lower tearing resistance than base metal and that side-grooving
car reduce the apparent crack growth resistance properties of bLoth base metal
and weld metal material. It was concluded that use of tearing wmodulus data
based on cast CF8M at 550F is a ressonable lower bound for most stainless
steel piping applications. This lower bound is strictly applicable only to
welds of cast sections. Stability can be demonstrated for higher values of




applied tearing modulus in wrought than in cast TP316 stainless steels and
similarly in base thkan in weld metals.

Based on the sbove results, we find an oversll minimum expected value
for tearing modulus t¢ be approximately 20 at 550F in a CF8M weldment and at
a value of Jpat ©quel to 28,000, Somewhat higher values of Toat ore found
for other materials.

Such results suggest that previous analyses of stainless steel piping

that were based on values of Tiat = 200 must be re-eveluated to insure
structural safety is not impaired.
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Table 1, SUMMARY OF TEST PARAMETERS

Side
Spec. No. Material /% Temp (F) Grooved

SS4 A240 plate .693 70 N
SS€ » .604 70 N
§83 - .696 550 N
S87 - .603 550 N
SS8 " .675 550 Y
C1 CF8M cast .601 70 N
Cc3 " .602 70 N
c2 » .606 550 N
C4 oy .603 550 N
Wss1 Inconel weld (A240) .600 550 Y
¥SSs2 ” .590 550 N
WSS3 E316 weld (A240) .590 550 N
¥SS54 36 .600 550 Y
WSSé6 - .60 550 N
WSS87 = .585 550 N
¥WC1 E316L weld (CF8M) .595 550 Y
wC2 i .585 530 N
¥C3 - .600 550 N
WC4 - .590 550 N
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Figure 1 Fracture Surfaces of A240 Plate Test Specimens. Specimens
Nrmbered Left to Right: SS4, SS6, SS3, SS7, SS8
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1. 1Introduction

Austenitic stainless steel is the principal structural material for
light water reactor piping. The steel is a tough ductile material that
exhibits considerable strength even when flaws such as stress corrosion
cracks exist.

However, an accurate quantitative safety margin for the piping is
required both to set inspection requirements and to guide replacement/
repair decisions when cracks are actually detected. To assess the margin
of safety for degraded piping, three items must be considered; the size
of the load at which coolant leaks from a part-through crack, the size
of the break load which is the maximum load following coolant leakage,
and the possibility of unstable crack growth.

Attempts to account for the leak and break loads for pipes preceding
fracture instability has led to the development of several fracture
approaches. The net-section stress approach is convenient for estimating
leak and break loads [1v3). The J-integral tearing modulus criterion (4],
which takes the effect of piping system compliance into account, can
determine the point of an unstable fracture.

This paper is concerned with pipe leak and break criteria leading
to the evolution of critical size of circumferential cracks in Type 304
stainless steel piping.

2. Leak and Break Criteria for Cracked Pipe

2.1 Crack Growth Behavicr

It is importanc. to ascertain a realistic mode of fracture in order
to asses” “he safety margin fcr piping containing a crack. A schematic
flow di¢ . n or a pipe containing a circumferential part-through crack
is illustrated in Fig. 1. As an applied load progressively increases,
the crack begins to gradually open and to propagate stably in the
thickness direction of the pipe. Local necking simultaneously grows on
the outer surface of the pipe corresponding to the location of the part-
through crack. When the part-through crack penetrates the wall thickness,
it is called a "leak load". C~Crack penetration accompanies a drop in
load, when the load drops until the crack penetrates the wall thickness

completely, as shown in Fig. 1.



After crack penetration occurs, the applied load increases again,
reaching "collapse" or "break load", which is the maximum load following
crack penetration. The onset of stable crack growth in the circumferen-
tial direction is in the vicinity of the break load. Finally, the pipe
experiences a double-ended fracture.

The transition from stable to unstable crack growth may occur during
double-ended fracturing. Such a transition is controlled by varying the
stiffness of the testing machine and the loading fixture. The occurrence
of the manner of instability for a degraded pipe is evaluated by the
tearing modulus criterion.

Circumferential part-through cracks in pipes grow in the wall-
thickness direction prior to the circumferential direction. The sizes
of the loads for pipe leaks and breaks depend on the initial crack depthes
and lengths. Break loads can be estimated by the traditional Plastic
Limit Load concept which is sometimes prone to be overly conservative.
The Net-section Collapse Failure Criterion proposed by Kanninen, et al.
(5] also estima’ 2s leak and break loads for stainless steel pipes. 1In
relation to this method, a simple method for predicting leak and break
loads for cracked pipes has been developed (6] based on the Net-section
Collapse Failure Criterion. This newly developed method is briefly

explained in the next section.

2.2 Prediction of Leak Load

Models of stress distributions at the leaks for circumferentially
part-through cracked pipes subjected to tensile load and bending moment
are assumed as shown in Fig. 2.

The external tensile load for the pipe leak shown in Fig. 2(1) is

given by
:0PA+OefAL-PS 1),
with
Op = Oy = (oy - oy)d/t (2),
A= (D~-¢t)(r - 08)t (3),
A, = (D=t +a)(t - Q)6 (4) .
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In Eq. 1, Py, is the leak load, ¢ is the reduction of . -a obtained from
a smooth specimen, 0¢ is the true fracture stress, and o.¢ is the
engineering fracture stress which is equal to (1-#)og.

Equation 2 was determined experimentally, and the stress oOp is
obtained from the ultimate tensile strength Oy and the yield stress o

of the pipe material.
For d/t=0.0, indicating an
nominal stress reaches oy-

The meanings of Egs. 1 and 2 are as follows.

uncracked pipe, a pipe break occurs when the
For a deepiy cracked pipe, where d/t=1.0,

the crack penetrates the pipe wall thickness wher the net-stress reaches
Oy'

Pipes utilized in actual plant situations receive service loading
such as internal pressure, dead weight, thermal expansion, vibration
and so on. In Eg. 1, Pg is an axial force which depends on plant
operating conditions, such that when axial force Pg is a force due to
internal pressure Pr, Ps is expressed as

Pg = (3 - t)%pr (5).

The external bending moment at the leak for circumferentially part-
through cracked pipe is calculated, assuming the stress distribution as
is shown in Fig. 2(2). From the equilibrium of axial forces and that of

the bending moments, the leak moment My is given as

My, = 20,¢R*t(1-x)sin® + 20pR°t (2sinBy-sind)

where
G(I-X)Uef 5 n=8 _n RPr (7)
20p 2 4 tOP £

8L=

for By<r-6, and

My = 2R2t[(1-x)oef + op)sinBp (8),

where
d RPr -
By, = (1-%)0g¢ + Op Lil=x)a e = 5t J (9)
for B, >7-8. The neutral angle is expressed as By, the ratio of crack

depth d/t by x, and op is given by Eq. 2.

of crack angle 8.

For Bp>n-6, My, is independent
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2.3 Prediction of Break Load

The break load depends on the initial crack depth. Stress distribu-
tion models at the pipe breaks are shown in Fig. 3. The external tensile

! :
,
|
|
|
l
I

load at break Pg is expressed as

{ Py = Oy A - Pg (10),
]

|

; where o) is

| G n g Y £T - DEeg (11)
| b~ (0.9)2'"U % t o

| for 0.154/t<1.0, and
? cb = UU (12)

for 0sd/t<0.1, where o, is the flow stress given by (oy + oy)/z.
Equations 11 and 12 were obtained from tensile tests of stainless
steel. Through-wall cracked pipe, i.e., d/t=1.0, breaks when the net-
stress reaches the flow stress o, of the pipe material. The break load
Pp of the pipe coincides as a matter of course with that given by the
Plastic Limit Load criterion [1). For a shallow crack of less than
d/t=0.1 depth, Equation 12 implies that the static tensile strength for
high ductile material such as stainless steel is hardly influvenced by
the existence of the crack. Moreover, in accordance with ASME Code
Section XI, small defects with less than an approximately 12% wall
thickness depth are judged to be allowable defects not reguiring flaw
evaluation. if they were detected during an in-service examination.
Such small defects are not considered to compromise nuclear components.
In order to predict the size of the moment at the instant of break
for a cracked pipe subjected to a bending load, the internal stress
distribution in the cracked section of the pipe wall is assumed to be as
that shown in Fig. 3(2). The external bending moment Mg at the break is
determined as

Mg = 20pR*t(2sinBg-sind) (13),
where
n-8 ” R Pr
BBR 3 ‘?tob (14) .
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The leak and break loads for circumferentially cracked pipes can
be predicted simply by the above equations which represent the mechanical
properties of the pipe materials.

2.4 Comparison with Experiments

Tensile and bending tests were performed on 2-inch diameter Type 304
stainless steel pipe containing circumferential part-through cracks at
ambient temperature, with no internal pressure in the pipes. Leak and
break loads obtained from the experiments are compared with those of the
calculations designated above.

Nominal tensile stresses at the leaks and breaks for 2-inch diameter
Type 304 stainless steel pipes are shown in Fig. 4, and bending stresses
at these same leaks and breaks are shown in Fig. 5. Experiments and
calculations excluded the effect of internal pressure. The stress
of the ordinate in Fig. 5 is calculated from the bending moments at leak
My, and break Mg divided by the Section Modulus Z for a hollow cylinder.
It can be seen from these figures that the experimental data are in
good agreement with the results of the calculations and that the stresses
at the leaks and breaks for pines decrease with an increasing crack
angle. It is also to be noted that the stress at the breaks bercues
smaller than at the leaks when the crack angle of the pipe becomes

larger.

3. Flaw Sizes for Leaks and Breaks

Flaw sizes requiring the occurrence of leaks and breaks can be
expressed as a parameter of stress. The equilibrium flaw cizes for leaks
or breaks at the same stress are illustrated in Figs. 6 and 7, where the
pipes are 2-inch diameter Type 304 stainless steel. The calculations
of these figures as indicated took the effect of an 7.8 MPa internal
pressure into account. The design stress defined by ASME Code Section
III is represented as Sm.

Figure 6 shows the equilibrium flaw sizes for leak: and breaks of
the tensile stresses at Sm and 2Sm. The flaw sizes become smaller for
leaks and breaks indicating that they occur under lar-ge tensile stress
such as 2Sm. The flaw sizes at the same leak and break load values are

shown as a solid line of Pp=Pg. The reason the solid line is discontin-
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uous at the d/t=0.1 wall thickness stems directly from stress oy, because
0p is independent of the crack depth of the pipe, as was shown in Eq. 12.

In the region above the P; = Pp solid line, the break load is larger
than the leak load, indicating that a larger load is necessary to break
the pipe when leaking. On the contrary, in the area below the Pp=Pp
line, the break locad is less than the leak load, such that the pipe
breaks easily following a pipe leak.

The equilibrium flaws sizes at the leak and break stresses of 1.55m
and 3Sm are illustrated in Fig. 7. The line indicating flaw sizes at the
same leak and break loads is shown as Mp=Mg, which is discontinuous at
d/t=0.1. In the area above the solid line of My =My, the moment at the
leak is less than that for the break for a circumferentially part-through
cracked pipe. The leak moment is smaller than the break moment when the
crack is deeper and exhibits a smaller angle.

Acceptance standards for defects are provided in ASME Code Section
XI for austenitic piping. The allowable flaw depth is approximately 12%
of the wall thickness, but essentially depends on the wall thickness and
aspect ratio of the flaw. The flaw depth as seen in Figs. 6 and 7 may

therefore be considered a quite conservative standard.
4. Allowable Flaw Considerations

Components that receive tensile load employ the design stress of
1.08m, i.e. Pm = 1.0Sm. For the bending moment, the components are
designed such that Pm + Pb < 1.55m, where Pm is primary membrane stress
and Pb is primary bending stress. Hereinafter, let 2Sm for pipe tension
and 3Sm for pipe bending apply as critical safety values. Based on the
2Sm value in Fig. 6, allowable resultant flaw sizes in tensile lcading
are then shown in Fig. 8.

As bending stress in piping is a more general occurrence than
tensile stress, acceptable flaw sizes are explained using Fig. 9.
Allowable flaw sizes as illustrated for circumferentially part-through
cracked pipe use the results of Fig. 7. The crack angle 26/2n and its
depth d/t at the leak and break 3Sm cross-point are approximately 0.15
and 0.56, respectively, as shown in Fig. 7. Pipe with crack sizes less
than 26/21=0.15 (26=54°) and 4/t=0.56 never leak or break at a stress
less than 3Sm. When a crack of a less than 0.15 angle becomes deeper,

although the leak and break stresses are reduced below 3Sm, the break
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moment Mg 1s larger than the leak moment M;, requiring a greater external

moment to break the leaking pipe. For such a cracked pipe, leaks can be
detected prior to the pipe breaking. Allowable flaw sizes for leaks
prior to breaking are shown as the solid line in Fig. 9, and crack depth
is truncated as d/t=0.75 as indicated in Reference [7].

When the depth of a circumferential part-through crack is defined
by non-destructive examinations, the allowable flaw size area is bounded
by the broken line at the lower left of the 3Sm leak stress curve.
Although break stress is less than 3Sm for a crack angle greater than
26/27=0.15, the pipe does not break because u« leak prior to the break
does not occur.

For more commcn cases of combined tensile and bending stresses,
the allowable bending stress flaw sizes shown in Fig. 9 are used, as
these flaw sizes are included in the tensile loading of Fig. 8 as well,

also because they represent conservative evaluation.
5. Conclusion

Simple methods for predicting leak and break loads for pipes
containing circumferential part-through cracks have been introduced.
The methods are applied to ductile materials such as Type 304 stainless
steel. Based on the calculated results from these methods, allowéble
flaw sizes for ductile pipes are determined from the viewpoint of leaks

and breaks.
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Fig. 4 Nominal tensile stresses at leaks and breaks for 2-inch diameter
Type 304 stainless steel pipes.

174



Stress , MPa

300+ N
20
Oﬁ' d Leak
/1t Exp/Cal. C—
69 O ---
‘ "
wﬁﬂl 8 boe-d
10 [/
0 ouv 120 1. 1V] 240

Crack Angle A 20°

Fig. 5 Leak and break stresses for 2-inch diameter Type 304 stainless
steel pipes subjected to bending moments.



1.0
<
k-
i 0.8
2
3
i 0.6
=
s
§04
0
<
o

02

/ L ASME X Allowable Flaw Depth
1 - o .

0 0.2 04 06 0.8 1.0
Fraction of Circumference, 20/2 X

Fig. 6 Locus of the tensile leak and break loads for 2-inch
diameter Type 304 stainless steel pipe with an internal
pressure of 7.8 MPa.

176



1.0 3

0.8

Fraction of Wall Thickness , d/t

FN ]
0.4 LN
Ed ™)
\ h
.\ \ \~-‘§ S
0.2F 3Sm  15Sm ane

L ASME X1 Allowable Flaw Depth
1 1 1 n

0 02 04 0.6 08 1.0
Fraction of Circumference , 29/2x

Fig. 7 Locus of the leak and break moments for 2-inch diameter
Type 304 stainless steel pipes with an internal pressure of
7.8 MPa.

177



1.0 : -
o \ e
- \ P <P {‘/
A L B i
40, \ et o
© ¥
: i,
y ¢ . P>PR
o6 B i
® /7 IS
:; // ‘\\.\\\
co‘r /, \ \\ \
~
: / \ NN 28m
T / \ SN
t \\ \
o2} | 25m ——temee- :
|
) Allowable Flaw Size
7
1 l 1 1 L
0 0.2 04 06 08 1.0

Fraction of Circumference, 26/2 1

Fig. 8 Determination of allowable flaw sizes for Type 304 stainless
pipe subjected to tensile loading.

178



o o
B o

Fraction of Wall Thickness d/t
(=]
N

/Allovublo Flaw Size

/

0 0.2 04 0.6 08 1.0
Fraction of Circumference, 20/2 1

"ig. 9 Determination of allowable flaw sizes for Type 304 stainless

steel pipe subjected to bending stress and combincd tensile
and bending stresses.

179



Leak-Before-Break Diagrams Using Simple Plastic Limit Load
Criteria for Pipes with Circumferential Cracks

F. G6rner, D. Munz*

i. Introduction

For the evalustion of the leak-before-break behaviour of pres-

surized compcnents two critical loads have to be known:

- the critical load for wall penetration of a surface or an
embedded flaw (local instability),

- the critical load for complete fracture (global instability).

These critical loads are dependent on the geometry of the compo-
nent, the geometry of the crack, the material properties and the
loading conditions.

In this paper simple criteria are used for circumferential cracks
which can only be applied to very tough materials, for instance
austenitic stainless steels. The criteria used are

- net section yielding, assuming an ideal plastic material.

For strain hardening materials a mean flow stress has to
be defined;

- relations proposed by Kiefner et al./1/ using the linear-
elastic Foliasfactor. These relations had been proposed origi-
nally for longitudinal cracks. Later they were also used for
circumferential cracks;

- relations proposed by Hasegawa et al. /2,3/.

All these relations are very simple. They may be too simple;
however, they were used successfully in the past. At least trends
in the leak-before-break behaviour can be deduced from these
relations.

*) Kernforschungszentrum Karlsruhe
Institut fir Reaktorbauelemente Arbeitsgruppe Zuverlidssigkeit
und Schadenskunde, P.0O. Box 3646. D-7500 Karlsruhe (West-Germany)
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All calculations made in this paper are valid for load control-
led conditions. It is assumed that at the calculated stress, if
sustained, the crack will grow through the wall for local insta-
bility or through the cross section of the pipe for global insta-
bility. For displacement-controlled deformation the crack exten-
sion under decreasing load has to be considered. Then the compli-
ance of the whole systems is an important factor for global insta-
bility. A component,which for a given crack does not show leak-
before-break behaviour under conditions of load control, may leak
before break in displacement control. Therefore, the relations

given in this paper for load-controlled conditions are conser-
vative for displacement-controlled loading.

The geometry of the considered crack is shown in fig. 1.

It is an internal surface flaw characterized by the crack angle

2 a and the crack length 2c, respectively. The crack depth is a,

the wall thickness t and the pipe radii are R, and Ri‘ All relations
given in this paper are for thin-walled pipes with

Ri " Ra
¢ = aR (2)
- Internal pressure

2.1 Global instability

For longitudinal cracks it was shown that plastic instability of
tough materials can be described using the linear-elastic stress
intensity correction factor MFL /1,4/. For circumferential cracks

the same approach can be applied /5/. The stress intensity factor
for a through-the-wall crack is given by

K = B% /AT . Mg, (3)
MFC is a function of the shell parameter

A -—?--—1T [12 (l-v‘)]‘/‘ -__Q;. ( 2Q - vt)]]/"‘

g /t/R ()

Instead of \ a reduced shell parameter \* is used
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A® s C = A
M [z a-w]? (3)

For v = 1/3 there is \* = 0.533X.
Results of Delale and Erdogan /6/ for c/t < 10 can be described
by a polynomial expression

Mpe = 1+ 0.0237A % + 0.14491 *2 - 0.03441 * 3 + 0.00255,*% (6)

Failure by plastic instability is assumed to occur for

2t ]
P, = (7)
T Mec
or
i 1
b = (8)
o¢ Mg

O¢ is the flow stress and 9 the instability stress in the longi-
tudinal direction.

Alternatively to eq. (8) it can be assumed that plastic instability
occurs, if the stress exceeds the flow stress in the net section.

1f one assumes a pipe which is prevented from bending and therefore
the stress in the net section is constant, the critical stress is
given by

o
_..]-;.]-__.___ (9)

For a pipe without constraints compressive deformation will occur
opposite to the crack. From the requirements of equilibrium for
load and moment the critical pressure and tensile stress, respec-
tively, are given by

g 5 -
3% = ﬁ [cos ](% sina ) - %l (10)
- % [cos-‘(% sin/t/RA * )~ igﬂ%rl}j
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A comparison of eqs. (8), (9) and (10) is shown in fig.2.

For the net-section yield criteria - eqs. (9) and (10) - the
critical stress depends on the shell parameter and on t/R.

It is interesting that the net-section yield criterion for the
pipe without constraints leads to a considerably lower failure
stress than the application of eq. (8) using the Folias factor Mece

2.2 Local instability

For the critical pressure in a pipe with a longitudinal surface
crack Kiefner et al. /1/ presented an empirical relation which
was verified also in further investigations /4/. A similar rela-
tion for circumferential cracks was applied by /5/:

p o« 29 _1-a/e (1)
L a
L
Fct

For the surface crack shown in fig.1 the shell parameter A\ has to
be calculated according to eq. (4). For semi-elliptical surface
cracks the crack length parameter ¢ has to replaced by /1/

ea * ; c (12)

2.3 Leak-before—break-diagrams

A leak-before-break-diagrams is a crack depth (a/t) versus crack
length (a)-diagram. A given point in such a diagram characterizes
a given crack of length a(or 2¢) and depth a. In an increasing
pressure test the diagram has two regions- leak or fracture -,
separated by a leak-before-break boundary curve. For a given pres-
sure the diagram has three regions: no failure, leak and fracture.
The leak-before-break boundary curve is calculated on the assump-
tion that during the break-through of a surface crack (local
instability) the crack angle and crack length 2c, respectively,

do not change. Then, in an increasing pressure test, the leak-
before-break boundary curve is given by:

PL,local (8:8) = Ppoyopaq(a) (13)
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By combination of the three relations for global instability

- eqs. (8), (9), (10) - with eq. (11) describing local instabi-
lity, the curves in fig.3 are obtained. There is a small effect
of the t/R-ratio and, as can be expected from fig.2, a larger
effect of the relation chosen for global instability. For a given
crack (a/t,a) fracture is expected if its location is below the
relevant curve in fig.3. For a crack depth above the curve a leak
before a complete fracture should occur.

More important are diagrams which include the failure line for
local instability at a given pressure. This failure line is
implicitly described by eq. (11) and is shown in fig.4 for a pres-
sure corresponding to a longitudinal stress U/Of = 0.6. All cracks
on this curve extend through the wall at this stress. The inter-
section of the leak-before-break boundary curve and the failure
line for local instability define a critical crack angle s and
the three regions: no failure, leak and fracture. For a < a. no
failure can occur, only a leak if a/t is above the boundary curve.
In fig.5 the relation between Gc and the longitudinal stress is
given for the three criteria governing global instability.

If the hoop stress is less than the flow stress, the longitudinal
stress is less than 0.5 Op- Under this assumption no failure is
expected for a < 47°, if the global fracture relation eq. (10)
(net section yielding for a pipe without constraint) is correct
or for a < 90° if relations eq(8)or (9) is correct.

3. Combined tension and bending

Tensile loading may be caused by internal pressure or by an exter-
nal force F. It is characterized here by the stress in the
unflawed pipe:

. F R
n * 7Rt T ¢ It Vis)

The bending moment is characterized by the linear elastic outer
fibre bending stress Ty » It is assumed that the crack is located
on the tensile side of the bending stress.
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3.1 Global instability

For the global instability of the through-wall crack it is assumed
that the net section has completely yielded. The assumed stress
distribution is shown in fig.6. From the equilibrium of load and
moment a relation between %L mL and the crack angle ais obtained

Oy ¢
5 * 7 (2 cosB - sina) (15)
f

B is the angle of the neutral axis and is given by

a OIL T
B--zo——--.z (16)

Figures 7, 8 and 9 show the relation between b1 mL and a.

3.2 Local instability

For the calculation of local instability simple assumptions have
to be made. Figure 10 shows one possibility. It is assumed that
the ligament area has yielded and that in the remaining cross-
section the stress is elastic provided that the stress on the
compressive side A is less than the flow stress.

For O, < O¢ the stress distribution is given by

a(y) = og for y > R cosa (17)

q(y) B qf 0(°u - of)cosu - y/R

for y < Rcosa
1 + cosa

o cosa - si
o(f) = og * (o, - op) lvmcc;sczsnm“Q for-g3<Peq-a

The equilibrium requirement of the force and moment leads to

[g('- -—) - a -][1¢cosa,

(m - q) cosa + sina

(18)
T=-a sin2a
ib... ’ E ((]-—u)SinQ Cosa + ‘T‘ TL s :
P m T+ cosa =t sina} (19)
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The restriction o, < 0 leads to a critical angle a®* which is
a function of a/t and an/of:
a®a a ag

o
cosa® [3% »om -2a% + - ¢ n]*Zsinu’ %ty a®* + 3% mn=0 (20)

in fig.11 a* is plotted versus a/t with am/of as the parameter.
For a > a® the stress distribution is given by

T m
o = o for .2-g<f<7 (21)
" 2 sinyY + siny - cosa . T o_
Ll cosa + siny EesycP sy e
g = =g for - 5 < ¥ <= ¥
£ Z

From the equilibrium of forces the angle y(fig.10) can be obtained
as a function of a/t and a

a : 2(cosy - sina) o(% - a+y)(siny - cosa) (22)
(- Pa+ry -3+ Cosa * siny
o}
m
-ﬂ—
g
f

From the equilibrium of moment the relation between °bL/°£’
°mL/°f' a/t and o is obtained

o
E-t-;—l'- = -127 {(1- -%) sina + cosy (23)

% sQa ety i}sinZa* sin2y) + (cosa = siny)(sina- cosy) }
cosa + siny

In fig. 12 the relation between o_,, 0y, @ and a/t is shown.
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5.3 Leak-before break-diagrams

The leak-before-break boundary curves for combined tension and
bending loading are shown in fig.13, with om/of as the parameter.
If the tensile stress is constant and the bending moment increases,
a leak before break is expected, if the crack is located above the
boundary curve for this tensile stress. For 0 < On/0¢ < 0.5 all
boundary curves are close together.

Figure 14 shows boundary curves for fixed bending stresses and
increasing tensile stresses. The curve for OpL = 0 is similar to
the curves in fig. 3. The difference results from a different
criterion for local instability.

In fig. 15 the leak-before break Mundary curves are shown for
three different tensile stresses and the ligament failure curves
for different bending stresses. From these diagrams for given
°bL/°f and 9.1/ %¢ the three regions "no failure", "leak" and
"fracture" can be obtained. The angle a. below which no fracture
can occur, is shown in fig.16.

5.4 Calculation according to Kanninen et al. /7/.

In an investigation by the Battelle, Columbus Laboratories on
stainless steel pipes with circumferential cracks leak-before-
break boundary curves were calculated. It was assumed that in case
of local instability not only the ligament of the surface crack

but also the whole cross-section has vielded. Based on experimental
results for plates with surface cracks, different flow stresses

for local and global instabilities were assumed. For the investi-
gated austenitic stainless steel the ratio of the flow stress 9
for local instability to the flow stress O¢ for global instability
O¢ was found to be 0.85. The local instability is given by

b §

bl

bl xa g
. = - - 8
3 = [2 cos (7? - 3 °i) t sina] (24)
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Using eq. 15 for global instability the Lr;l-bofoxe-break boundary
curve is given by

g " o ad L] e aco
. - i —' - -g - —i -
2 cos[; * 3; 1] 2 3; cos[ i 2 P 3 ] sinc»t p sinc=0 (25)

Results are shown in fig. 17. The toundary curve is nearly indepen-
dent of the tensile stress. The angle a_. below which no .racture

is possible is shown in fig. 18 togetier with the results of fig.16.
The general beheviour is similar. the discrepanciss are largest
for small crack aagles.

3.5 Calculations accordine to Hasegawa et al. /2,3/

Hasegawa et al. developed also simple relations for local and glo-
bal instabilities based on results for surface cracks in plates.
The stress distr.bution assumed in case of local instability for a
plate is shown in fig.19. It is assumed that the siress at failure
in the lijament is equal !c the engineering iracture stress in a
tensile test Ogf* In the remaining cross-se,tion a constant stress
p dependent on the strain hardening capacity is assumed. From
experimental results

a = e
p " %rs " (oypg - o) ¢ (26)

was found For pipes undergoing pure bording the stress distribu-
tion is shown in fig.:2. From this diagram the critical bending
stress oy follows:

!J 4] g
EEE .‘._%f (1= §) sina + 52 (2 cos@ - sina)) (27)
o 0 o
with
a a(l-a/t)o,, (28)
St Safere  wyede

p

0, is the average flow stress

|
9 * 7 (Oyg *9y) (39)
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Fig. 1 Geometry of the cracked pive
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191



Fig.

0.6 -

04+

0.2 1

t/R
10 4
a/t Pt

v EQ. (8)
=== Eq. (9]t for global Instability
- .= Eq. (10)

Lea
pip

T v 2 Al

20 40 60 80 100

k-before-break boundary curves for pressurized
es calculated with different assumntions for

global instability.

192



1.0 e
t fracture
“"-—-d
——

05 =<

\
. \
N

NN NN N NN
N . nofailure .
. k \ \\ ‘\ \ N

\ X
- k. S S i . W S
\ \ \ \\ . 4 \\‘\ \ B \ \

E

\ \ Y \» \
L N N, N\

. <N \ \
N\ \ N N N \ N \
\ % N\ R \, ' % Sy

N
\ NN
20 40 60 80 100

10 4

N

> 5 NN\
no foulurc\ \
B N N \
SN N N
\ . N\ -
Y AN L N
= L S N\ L W N
o . A\
b N . >
. A

a/t

OS ™ .

NN NG RN N oSN N
. N\ \ A \ \'\ R g N\,
N\ N N \ \
RSO N N \ " Ty N\ A
N\ N . N " b N
. no failure NN
Y \ N N\ N\ N\ - \\
N \, . 1 \ N \ R B
3 N\, \\ \. \\4 w
NN K NN
N \ L T~ N\ N
N
Vs Mg T \\7‘\\\-\\
naviip ¥ o ¥

-

Fig. 4 Leak-before-break diagrams for nressurized nires

with o/of = 0,.6.

Global instability after a) eq.

¢) eq. (10).

193

(8), b) eq.

(9),



0/0¢

05

20 40 60 80 100
0

Fig. 5 Critical angle a_. for pressurized pipes.

c

O¢

.ﬂ- |

Fig. 6 Assumed stress distribution fur a pipe under combined
tension and bending loading in the .ase of global

instability.
194



% p .
~._ Op./0¢=0,constraint
pipe

gy
iy

y for circumferential through-

cracks at pnlastic instability.




o
1.0 4 0
Opl
T
0
0.5- e

0.2 0L 06 08 10

U‘/df
Fig. 9 obL/cf versus OmL/Of for circumferential through-
cracks at plastic instability.
y 4 y y
-—p —a- e O¢ ‘
-~ o

Fig. 10 Assumed stress distribution for a pnine under combined

tension and bending loading in the case of local
instability for part-through-cracks.

196



O/ Of

0375 025 0125 0
100-r////,
u.
80 -
60 -
40 -
20 -
02 04 06 08 10
a/t

Fig. 11 Critical angle a* for o, = Og versus a/t.

14

20 40 40 _ 80 100

rig. 12 ObL/Of versus a for local and global plastic instabilitv.

a’/t

0.2

04

- 0.6

08

10

197

12

10 4

0.8-

06

0.4 -

0.2

a/t

0.2

04



1.0
a/t

0.8-

0.6 1

0.4

0.2 1

20 L0 60 B0 100

Fig. 13 Leak-before-break boundary curves for combined
tension and bending loading and fixed tensile stresses.

1.0
a/t

08 1~ 01

0649

0.4 01

0.2 1

0 20 40 60 80 & 100

Fig. 14 Leak-before-break boundary curves for combined tension

and bending loading and fixed bending stresses.

198



10  OpL/ O 10
a/t 03 a/t
0.8 - 04 08 -
05
L
4 . 0.6 -
06 08
09
0.4 - 10 0.4 4
0.2 1 0.2 -
20 40 60 80 100
[
Om 2,025
-z 0 Of
oy
1.0
a/t
/0
081 e
0
0.6 0.1
02
03
0.4+ 04
0S
06
0.2- 0.7
08
l/’,f‘ 09
v v ~ 10
20 L0 80 100
o
-:,1 = 0375
Fig. 15 Leak-before-break boundary curves and ligament-failure

curves for different tensile

stresses.




Fig. 16 Critical angle below which no fracture can occur
for combined tension and bending loading
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ABSTRACT

s

this paper involves an evaluation of the safety factors in the
proposed ASME Section XI criterion (IWB 3640) for flaw accentance in
austenitic piping. In developing the end-of-life flaw sizes in IWB 3640
several simplifying assumptions were made in using the net-section collapse
criterion. Safety factors on stress were used in developing the IWB 3640
end-of-life flaw sizes. This paper examines not only the safety factors on

stress, but also the safety factors on flaw depth of the IWB 3640 values

relative to a detailed net-section collapse analysis. Prio~ to making these

comparisons, a review of the development of the net-section collapse

analysis for circumferential cracks is given.

>




DEVELOPMENT OF THE NET-SECTION
COLLAPSE ANALYSES

The net-section collapse concept for predicting the failure of a
circumferentially cracked pipe was initially developed in EPRI Project
RPSBS(I)'. One major assumption was that the material toughness is suffi-
ciently high so that failure is governed by the strength of the material
(i.e., flgw stress or collapse stress) and is rot sensitive to the materials
toughness. The flow stress is a value between the material's yield strength
and the ultimate strength and represents an average critical net-section
stress reached throughout the flawed ligament of the structure, see Figure
1. Hence, for small cracks, the structure must be subjected to large
plastic stresses in order for the crack to initiate. The following sections
deszribe experimental results in verifying the net-section coilapse analy-
sis for center-cracked flat plates, through-wall circumferential cracks in
pipes, and circumferential surface cracks in pipes.

Results of Center Cracked
Flat Plate Experiments

In the initial developmental efforts(l), Type 304 stainless steel
center cracked flat plate and circumferential through-wall cracked pipe
experiments were conducted. The flat plate experiments were 12 inches wide
and 0.35 inch thick. Experiments were conducted under a variety of condi-
tions. Some of these conditions were; the cracks were located in either the
base metal or sensitize base metal or HAZ of welds, the cracks were either
sharp machine notches or fatigue precracked notches, loading was either
monotonic load-controlled ur displacement-controlled load or with simulated
seismic loading(z).
stresses were consistent. Figure 2 shows an example of a few of the
experiments showing the stresses at crack initiation and maximum load were
independent of initial crack size. Here a net-section stress of 63 ksi (436
MPa) corresponded to crack initiation, and 73 ksi (498 MPa) corresponded to

In all cases, the crack initiation and maximum load

* Numbers in parentheses denote references listed at the end of the
paper.
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maximum load, as well as the net-section stress during subsequent crack
growth. These flat plate results provided the initial incentive for the
development of the net-section collapse analysis.

Through-Wall Circumferential Cracked Pipe

Initial Net-Section Collapse Formulation -
Through-Wall Circumferential Cracks

A pressurized pipe under pure bending was considered in the
initial net-section collapse formulation(l). An idealized bending stress
was assumed in the plane of the crack as shown in Figure 3. At crack
initiation or maximum load, this stress was assumed to reach a critical
constant value of o5 or og, respectively. A free body analysis shows that
the point of the stress inversion (angle B8 in Figure 3) is defined in
Equation (1). (Nomenclature is defined in Figure 3.)

R 2p
p=58_ X (1)
7 " 1R,

The bending moment can be determined by using Equation (2).
M= 20f th (2 sin B - sin a) i (2)

This relation was developed by integrating the forces around the
pipe circumference and assuming the pipe retains a circular cross-section.
The assumption of a circular cross-section within the fully plastic net
section was a good, first approximation. The effects of pipe ovalization
were subsequently investigated in Reference (2), and are discussed below.

Pipe Ovalization Corrections--Through-
Wail Circumferential Cracks

Experimental observations in Reference (2) showed that pipes with
short through-wall cracks under bending will ovalize in a similar manner to
that of an uncracked pipe. Whereas, for Tong through-wall cracks, the pipe
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will ovalize in the opposite plane, see Figure 4. At some crack length the
cross-section of the pipe would remain essentially circular. The short
crack length ovalization effect reduces the moment carrying capacity the
pipe can sustain relative to the circular cross-section predictions.
Whereas, the ovalization for the long crack length increases the moment
capacity of the pipe relative to the circular cross-section capacity. This
is illustrated in comparing the net-section collapse predictions to the
experimental through-wall cracked 4-inch (101.6-mm) diameter pipe data, see
Figure 5.

A simple analysis was carried out to evaluate the effect of pipe
ovalization to determine if the pipe diameter, or the pipe diameter-to-
thickness ratio, was a significant factor. The calculations involved
comparing tha moment of inertia of a pipe with a circular cross-section to a
pipe with an elliptical cross-section. These calculations involved the
elliptical integral to relate the circular pipe diameter to the major and
minor diameter of the elliptical pipe so that both pipes have the same
circumference. Pipes with diameter-to-thickness ratios of 5, 10, 20, and 40
were evaluated. Within the degree of ovalization observed in these experi-
ments, there is no significant effect of the pipe diameter-to-thickness
ratio on the ratio of the moment at inertia of the circular to elliptical
pipes, see Figure 6. Although this calculation was only performed on an
uncracked pipe, the results imply that there is an ovalization correction
factor that is independent of the pipe diameter-to-thickness ratio.

The ovalization function for the through-wall cracked pipe is,
therefore, a function of the through-wall crack length and load applied to
the pipe. Since stainless steel piping fails at a collapse stress slightly
higher than the average of the yield and ultimate strength, the strain or
deformation of the pipe will also be relatively constant. Hence, an
ovalization function can be derived from the experiments for either crack
initiation or maximum load conditions. These could also be analytically
defined by 3-dimensional finite element calculations, but such calculations
with large plasticity are very expensive. It is not expected that this
function would be the same for lower toughness materials which fail at
stresses below the net-section collapse condition, and hence would exhibit
less ovalization.
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The experimentally derived ovalization correction function for
through-wall circumferential cracks is given in Equation (3). This func-
tion was based on the difference of the results from Experiments 1T, 2T, 3T,
and 4T (see Table 1) and the original net-section collapse predictions.
These four experiments were performed on 4-inch (101.6-mm) diameter
Schedule 80 Type 304 stainless steel pipe at room temperature.

v(s) = F [1+ 0.134a + 0.001520% + 0.06960°] . (3)

The modified net-section collapse analysis for through-wall flaws
including this ovalization function is given in Equation (4).

M= Zkgtof [2 sin(B) - sin(a)] V(a) ] (4)

where ;
M = bending moment
R, = average pipe thickness
= pipe thickness

0¢ = flow stress = 1.15(oy + au)/Z
total crack angle, radians

B8 = included angle for section of pipe in

compression = (n - a)/2.

To verify this through-wall crack net-section collapse formula-
tion with the ovalization corrections, the calculated failure stresses were
compared to all experimenta) pipe data. The comparisons using values calcu-
lated from Equation (4) and the experimental data included two experiments
on 2-inch (50.8-mm) diameter pipe, one experiment on 16-inch (406 .4 -mm)
diameter pipe, and one experiment on a 4-inch (101.6-mm) diameter Schedule
80 pipe having a 90 degree through-wall circumferential crack and a surface
crack 75 percent of the depth around the remaining circumference. As seen
in Figure 7, the through-wall crack experimental data points are within + 5
percent of the calculated value from Equation (4). The flow stress used was
1.15 times the average of the yield plus ultimate. This flow stress rela-
tion for circumferentially cracked pipe was also observed in other circum-
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TABLE 1.

DATA FROM REFSRENCE (2)

CIRCUMFERENTIAL THROUGH-WALL CRACKED PIPE FRACTURE

Bending m' in-1b (kN-m)

Lenyth, internal
% Clroua- Thiskness, Start of Pressure,
£ xper lment ference inch (wm) Inftiation Max imum Load Instabiiity psig (WPa)
4-inch Digester Scheduie 80
RP 5851 071 0.343 (8.712) - 153,500 (17.4) - 1,050 (7.23)
RP-585-1 6.229 0.328 (8.330) - 224,600 (2s.3) - 2,500 (17.21)
i 0.3 0.354 {9.017) 152,500 (17.2) 153,00 (17.3) e 0
4} 0.229 7.352 (8.950) 235,460 (26.0) 242,000 (27.4) .- 0
n 6.290 0.350 (8.89%0) 199,330 (22.5) 204,600 (23.1) 186,270 (7..0) 0
ar 0.053 0.350 (8.890) 321,000 (36.3) 321,500 (36.3) - 0
12105 irreguiar(® (») 61,050 (6.90) 65,675  (7.4) = 0
2-Inch Diameter Schedule 80
67 0.229 0.237 (6.02) 43,410 (4.9%0) 431,880 (4.96) -- 0
7 0.371 0.237 (6.02) 29,629 (3.04) 20,960 (3.38) - 1]
16- Inch Diameter Schedule 00
81 0.367% 1.0% (26.2) 6,609,000 (747) 6,957,000 (78s) - 0
Ta] Throuah-wal. crach Tor 75 percent of the -l umierence with approx imately percent ace cr res < erence.

(b) Thickmesses at crack tips were © JB0 inch (2.03 wa) and 0.0875 inch (2.22 mm).
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(5)

ferentially cracked pipe experiments conducted at Battelle
8.

, see Figure

Effect of Pipe Diameter on
Through-Wall Circumferential Crack

The net-section collapse approach was compared(3"'5’ to a more
rigorous analysis using the GE-CRDC J-integral estimation technique(s).
Smith(3) used the estimation technique for flat plates, and then used the
flat plate analysis as being similar to a through-wall circumferentially
cracked pipe under a uniform axial load. The flat plate analysis showed
that for a fixed crack-length to plate-width-ratio, the failure stress
should decrease with increasing plate width. This effect has not yet been
demonstrated in plate experiments.

ising this analysis and assuming that the pipe circumference is
equal to the plate width, the failure stress ratio (collapse stress/yield
strength) was evaluated as a function of the pipe diameter for a 90 degree
crack length. (The induced bending momeat in the pijse due to the presence
of the crack was neglected.) As shown in Figur2s 9, the predicted failure
stress of a 16-inch (406.4-mm) diaveter pine is 80 percent of the 4-inch
(101.6-mm) diameter pipe. The failure stress of the 2-inch (50.8-mm)
diameter pipe is 113 percent of the 4-inch (101.6-mm) diameter pipe. This
trend was not evident in the through-wall cracked pipe bending experiments.
The experimental data indicated that the collapse stress from Equation (4)
for through-wall cracks was approximately 1.15 times the average of the
yield and ultimate strengths. Furthermore, for the 2-inch (50.8-im)
dianeter pipe material, the yield strength was 38.6 I'si (266 MPa) and the
ultimate strength was 90.2 ksi (621 MPa). However, the predicted collapse
stress from Figure 9 would be 95.7 ksi (653 MPa), which is greater than the
ultimate strength. Hence, the flat plate repressnfation of a pipe using the
estimation scheme is in error for pipes with through-wall circumferential
crazks.
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Circunferential Surface Cracked Pipe

Initial Net-Section Collapse Formulation -
Circumferential Surface Cracks

The net-section collapse relation for surface cracks from Refer-
ence(l) was developed from experimental observations during flat plate
experiments. The hypothesis was that the exact shape of the surface crack
was less important than knowing the area of the crack. From the flat plate
results, a load-controlled leak-before-break criteria was developed. The
center-cracked flat plate results showed that there was a critical collapse
stress, Oys where the surface crack grew in a slow stable manner (through
the thickness). Depending on the shape of the crack, the surface crack
could penetrate the thickness prior to maximum load (a leak) or coincide
with maximum load (a load-controlled break). This load-controlled leak-
before-break behavior is illustrated in Figure 10.

For a surface flawed pipe, the analysis assumed a constant depth
surface crack with a depth of "d". The crack is also assumed to be Sym-
metrically oriented with respect to the bending plane. The stress inversion
point B for plastic collapse is defineu in Equation (5).

2
R;%p
. m-(d/t) i
s ol = - ()

This assumes the circumferential crack is short enough so that it does not
extend into the compressively stressed side of the pipe. The bending moment
is then determined from Equation (6).

M=20 Rt [2sin8 - (4/t) sina] . (6)

Although Reference (1) develops a parallel solution for surface
cracks extending below the neutral axis, intuition suggests that the
compressively loaded tight crack faces can transmit the compressive load.
Hence, the long surface crack will behave the same as a circumferential
crack length extending just to the neutral axis. Figure 11 shows a graph of
the normalized bending moment at initiation versus circumferential crack
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length for various surface crack depth to thickness ratios as calculated
from Equation (6), and keeping the failure stress constant for crack lengths
extending below the neutral axis.

Circumferential Surface Cracked
pe txperimenta servations

The through-wall cracked pipe experiments conducted in Reference
(2) showed that there was a significant ovalization effect for short or Tong
through-wall circumferential cracks in pipes. Similarly, there should be
an ovalization effect for surface cracks. However, the circumferential
surface crack ovalization function may differ from the through-wall circum-
ferential crack ovalization relationship given in Equation (3). The
following points relative te surface cracks will be discussed: (1) ovaliza-
tion effect on the failure stresses compared to the predicted net-section
collapse values, (2) effect of a variable depth surface crack versus a
constant depth surface crack, (3) effect of the pipe diameter, and (4)
instability behavior of surface cracks. Ten experiments were conducted and
these data are in Table 2.

The typical data recorded were load versus displacement, crack
mouth opening versus d-c electric potential across the crack, and load
versus crack mouth opening. Figure 12 shows a typical load versus load-line
displacement record for a displacement-controlled internal circumferential
surface cracked pipe experiment. Crack initiation was detected by the crack
mouth opening versus d-c electric potential record(7) in Figure 13. Several
of the pipe specimens were heat-tinted to document the e.p. crack growth
calibration, and the shape of the crack growth. Note in Table 2 that for
the non-compliant long surface cracked pipe experiments, there were limited
instabilities. These resulted in finite length through-wall flaws, or a
displacement-controlled leak-before-break condition.

Comsg[jsons of Net-Section-Collapse Predictions
to Experimental Data and Ovalization ects

The constant depth internal circumferential surface crack data
were first compared to the net-section collapse predictions for the 4-inch
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TABLE 2. CIRCUMFERENTIAL SURFACE CRACKED
PIPE FRACTURE DATA

4 ine1d (ahem
Length,
Experi-  Depth 1 Circum T™ickness, Start of
wmnt  Thickmess  ference inch (am) Instiation Maximum Load Ingtability
d-dnch (101 6-mm) Digmeter Schedule 8O

15 6.10 0.500 ve - - e
4 0.380 0.9500 0.350 .* ™0) 30,430 (40.7) 33,520 (41.1) 330,680 '37.0)
» 0.5 0.%00 0.38% (9.017) 283,870 (32.0) 292,05 (33.0) 295,200 (728 %)
“ 0.10 0.2%0 .- .- .- -
L3 0.3 0.2%0 0.3% (8.8)4) 329,700 (37.3) 333,88 (12.7) -
[} 0.608 0.2% 0,347 (8.814) 286,820 (2.4) 297,000 (33.%) s 296,000 (32.3)
7 0.116 0.7%0 0.345 (8.763)  Wot Reached 30,750 (40.8)'% -
] 0.412 0.7% 0.346 (8.789) 328,160 (37.1) 331,65 (37.%) 296,450 113.%°
”» 0.645 0.75% 0.335 (8.509) 264,080 (29.8) 267,850 (30.2) 248,600 (28.1)

108 0.578 0.500 0.365 (9.271) 775,080 (31.0) 286,000 (32.3) 253,000 (28.6)

1S trraguise!®) 0.350 (8.890) 281,080 (31.7) 281,270 (31.8) -

< Ingh A -

135 0.66 0.588 1.030 (26.2) 7,987,000 (902.) 10,441,000 (1,180) 10,388,000 (1,17%)
Length, ” 4 {

Eaperi- Deoth % Circum ™ickness,
wmnt Thickness  ference inch (wm) Intttal Load, Iastanitity, (8 Camoits
‘.- \ 1

13 0.10 0.500 - - - - Deleted.

3] 0.380 0.500 0.350 (8.890) 0.133 (3.377) 0.190 (4.826) 0.288 (§.477) Shorter Moment Arm,

» 0.5% 0.500 0.385 (9.017) 0.211 (5.389) 0.23) (5.918) 0.261 (6.629)

LN 0.10 0.250 .. - - - Deleted.

s 0.387 0.2%0 0.3% (8.53) 0.130 (3.%08) 0.200 (5.080) 0.266 (6.756) Graduas’ 'oad drop, "o ‘nstadtiity,
several unloading cycles occurred
prior to maximum load.

[} 0.608 0.28¢ 0.347 (8.814) 0.211 (5.382) 0.23 (5.9 0.275 (6.988) Gradual load drop, o instability.

4] 0.118 0.7% 0.345 (8.76)) 0.039 (0.991) .- - Pipe buck led before breaking.

[ ] 0.412 0.7% 0.346 (5.789) 0.143 ().62%) 0.194 (4,928 0.262 (6.654) Clip gage dats bdac.

" 0.645 0.7% 0.335 (8.509) 0.216 (5.510) 0.233 (5.8 0.250 (6.350)

108 0.57% 0.500 0.365 (9.271) 0.210 (5.280) 0.230 (5.842) 0.269 (6.830) Used RP.S85 pipe.

1nms trreguier'®! 0.350 (8.890) 0.224 (5.69) 0.2 (5.967) - Variable depth surface crack.

18- 1nch (408 4-mm) Digmeter Schedyle 100
138 0.8 0.588 1.000 (26.2) 0.680 (17.27) 0.888 (21.7) 0.877 (22.2)

(a) From Dlectric Potential Messuresents.

(b)) Pipe buck led before crack initistion.

(e) Wanimem depth in center * 0.80 & thickness, length ¢ 0
percent of circumfererce, see Figure N-58,
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(101.6-mm) diameter pipe experiments, see Figure 14, The electric
potential data(7) for all the 4-inch (101.6-mm) d:..meter pipe experiments
showed that the load at crack initiation was 98 percent (+ 1 percent) of the
maximum load. Hence, the value of Oy which arises in the RP-585 net-
section collapse analysis, is approximately equal to CPS Consequently,
leak-before-break behavior as predicted by the existing surface flaw net-
section collapse analysis under load-controlled conditions would occur for
surface cracks with extremely short lengths and large depths. A1l surface
flawed pipe experiments had the surface crack break through the thickness,
slightly past maximum load. Hence, under load-controlled conditions they
would have been breaks. No surface cracks with extremely short lengths and
large depths were tested. Therefore, load-controlled leak-before-break
criteria were not experimentally determined for Type 304 stainless steel
pipe within this program. Prior research at Batte11e(8) on carbon steel
pipes has shown that load-controlled leak-before-break conditions for
circumferential surface cracks in carbon steel pipes under bending can
occur, but only for short, deep surface cracks.

Figure 15 shows the experimental bending moments at crack initia-
tion versus the predicted moments using Equation (4) for the 4-inch (101.6-
mm) diameter Schedule 80 surface flawed pine experiments. This figure shows
the degree of conservatism (or nonconservatism) in the circumferential
surface flawed pipe data. The agreement for the constant depth 4-inch
(101.6-mm) diameter pipe surface flaw experiments was found to be within +
12 percent. This shows a much larger scatter ‘n the surface flaw data than
in the through-wall flaw data, but may be satisfactory for conservative
estimates of critical crack sizes. Note that the nonconservative data
points are for shorter circumferential crack lengths. Figure 16 presents
the same 4-inch (101.6-mm) diameter surface flaw data in the form of the
ratio of the experimental bending moment to the predicted bending moment
(using Equation 6) versus the circumferential crack length (normalized by
the pipe circumference). A definite trend between the ratio of the experi-
mental and the predicted moments is seen as a function of crack length. A
curve is drawn through the data points so that for 2c/wD up to 0.5. For the
long circumferential crack lengths, an upper limit is indicated. This is
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*PREDICTED BY INITIAL NET-SECTION COLLAPSE ANALYSIS
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because at long circumferential surface crack lengths, part of the surface
crack is below the neutral axis of the pipe in bending. The neutral axis
for a surface crack with depth to thickness ratios of 0.4 to 0.6 is approxi-
mately at 2c/nD = 0.5 (see Figure 14). Hence, the indicated limiting value
occurs at approximately a crack length of c¢/nD. This is in good agreement
with all but one of the data points which would be conservative by 9
percent. The zero crack length value is 0.8 which equals the difference due
to ovalization in the through-wall circumferential crack relation (i.e.,
Equation 3).

Variable Depth Internal Circumferential Surface
Crack on a g-!ncﬁ [101.6-mm) Diameter Fipe

In Reference (2), a variable depth internal circumferential
surface crack experiment, 11IRS, was conducted on a 4-inch (101.6-mm)
diameter pipe, see Table 2. The maximum depth was 60 percent of the
thickness and the length was 50 percent of the circumference. The objective
of the experiment was to assess the effect of variable surface crack shape,
specifically, whether the failure stresses are governed by the cross-
sectional area of the flaw, or by the depth of the flaw. This flaw geometry
was designed such that the average depth of the flaw was 40 percent of the
thickness.

The result of the experiment showed that crack initiation was
96.7 percent of the maximum load. This is consistent with the other 4-inch
(101.6-mm) diameter pipe fracture data. The failure stress of this flaw was
in close agreement with the experimental data from the 60-percent deep
constant depth surface cracked pipes. Hence, the failure stress was
governed by the maximum depth of the surface cracks, not the average depth.

Behavior of a Circumferential Surface
Cracked Large Diameter Pipe

In Reference (2), one experiment was conducted on 16-inch (406.4-
mm) S-hedule 100 Type 304 stainless steel pipe to evaluate the effect of
larger diameter and thicker pipe, see Table 2. The pipe had a constant
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depth internal circumferential surface crack with a depth of

the thickness and a circumferential

-

length of 47.5 percent of the circum-

ference. The pipe was tested in four-point bending at 70 F (21 C). The

details of the experiment are given in Reference (2).
One of the significant points observed during the experiment was

the crack initiated at 76.5 percent of the maximum bending moment.

1
|

is a significantly lower percent of the maximum load than in any othe:

iment.
The nominal bending moment at crack initiation was 7,987,000 in-
)3 kN-m), which corresponded to an outer fiber bending stress of 43.1
MPa). This was 94 percent of the yield strength. The bending

moment at the maximum load was 10,441,000 in-1b (1,180 kN-m) which corre-

/

sponds to a nominal outer fiber bending stress of si (388 MPa). This

stress 1.23 times the yield strength. The depth of the surface crack at

the * was 85 percent of the thickness at the maximum moment.

ulated bending moment was 11,956,000 in-1b (1,350 kN-m),

9.7 ksi (549 MPa), and with the initial flaw

percent areater than the fx(Dpri'ngnt"' moment at crack

1

initiation. With the initial flaw depth, the calculated moment is 14.5
jreater than the maximum moment from the experiment. If the actual
'th at the maximum moment is used, then the predicted maximum moment

in-1b (917 kN-m) which is conservative.

4 1

shows the ratio of the experimental bending moments to

the net-section collapse calculated bending moment versus the surface crack

jepth. If no crack growth is assumed for the calculated moment, then the
noment at crack initiation and the maximum moment are in the nonconservative

\

irea. The similar 4-inch (101.6-mm) diameter surface flawed pipe experi-

nents were nservative by 11 percent. This indicates a slightly

jreater deviation in the fracture behavior during this experiment compared

1

smaller pipe experiments. However, if the actual crack depth (from

the experimental measurements 1S used for the ¢ culated bending moment.

the bending moment at crack initiation is in the nonconservative region. As
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the crack grows, the moment increases into the conservatively predicted
region before the maximum moment is reached. This conservative prediction,
however, can only be made if the crack growth can be predicted.

The results of this experiment as shown in Figure 17 indicate that
net-section collapse conditions did not occur until there was significant
crack growth. The violation of the net-section collapse condition may be
due to the greater constraint of the surface flaw in the larger pipe, i.e.,
a lowering of the materials crack growth resistance. Further efforts on
surface cracks in thick walled stainless steel pipe are needed to answer
this concern.

235



EVALUATION OF SAFETY FACTORS
TN TWB 340

The safety factors for the IWB 3640 criteria were calculated both on
stress levei and on flaw depth. The safety factor on stress level, “Sm' is
defined in Equation (7).

Nsn * (Sp)net-section colapse’ (Sm) 1w 3640° (7)
where d/t is constant.

The safety factor on flaw size, "d/t' is defined in Equation (8).

"d/t L (d/t)net-section coIlapse/(d/t)IHB 3640° (8)

where Sm is constant.

A brief review of the INB 3640 criterial’) is first presented,
followed by the safety factors on stress level, safety factors on flaw size,
and then considerations of worst case conditions.

IWB 3640 End-of-Life Flaw Limits

The IWB 3640 end-of-life flaw limits for circumferentially crack
pipe under normal conditions, Table I, and under faulted ané?bmergency condi-
tions, Table II, were based on allowable stress (Pm and Pb) where Pm = Sm/2
and the flow stress = 3 Sm. The allowable Pm + Pb values in Tables I and II
were then calculated using Equation (9).

20
Py * _;1 [2 sin 8 - (d/t) sin a] (9)

where
g = [w-a(d/t) - (Pm/af)w]/z
2a = total crack angle.
The safety factor on the allowable stress, Pm . Pb, at normal
operating conditions was 2.77. This was the average of that for bending,
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2.55, and axial tension, 3.00. For faulted conditions, the safety margin was
said to be half of that at normal stresses, which would be 1.39.

Two additional modifications were made to these calculations.
These are: (1) the maximum d/t is limited to 0.75, and (2) for flaws greater
than 50 percent of the circumference, the d/t of a 50 percent long crack was
used. Tables 3 and 4 of this text correspond to the IWB 3640 Tables I and II.

Safety Factors on Stress Level

The safety factors on stress levels first involved calculating the
detailed net-section collapse relation in terms of Sm. and then making
comparisons to the IWB 3640 Sm values for the same flaw sizes.

For Type 304 stainless steel pipe and centrifugally cast CF8m pipe,
the code anticipated minimum yield and ultimate strengths* at 500 F were used.
These values are given in Table 5. The Sm values were 0.9 Sy which were lower
than Su/3. The flow stress was calculated using Equation (10).

gg = 1.15(0u + ay)/Z N (10)

Note that for these two materials that (of/Sm) was very close to 2.8
Spe Hence, 2.8 Sm was used as flow stress for the net-section coll-pse
analysis. Figure 18 shows the circumferential crack relation in terms of Sm
as well as stress normalized to flow stress. In this analysis the pipe
ovalization was accounted for using the n/4 factor in Equation (4), hence the
net-section stress is equal to the nominal bending stress used in the code.
Note that for any stress level above 2.8 Sm' any size of flaw would cause the
pipe to fail.

Another way of graphically illustrating the same relation is to
plot d/t versus normalized circumferential crack length (2¢/nD) as a Tunclion
of stress. This is shown in Figure 19 where stresses are given in terms of Sm.
Note that for a stress of 2.8 Sm' the curves degenerate to the origin, i.e.,
no flaw sizes are safe.

A comparison of the net-section collapse analysis to the IWB 3640
Table I values for a stress of 1.0 Sp 15 shown in Figure 20. Note that the IWB

* 1983 ASME Boiler and Pressure Vessel Code, Section III, Division 1
Appendices, Tables 1-2.2 and [-3.2.
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TABLE 3. (IWB3640 TA%E ) ALLOWABLE END-OF-EVALUATION PERIOD
FLAW DEPTH!'/-TO-THICKNESS RATIO FOR CIRCUMFERENTIAL
FLAWS, NORMAL OPERATING (INCLUDING UPSET AND TEST)

CONDITIONS
P, * ’b(” Ratio of Flaw Length u,) to Circunference(?)
S. 0.0 0.1 0.2 0.3 0.4 0.5 or more

1.5 (4) 4) (4 (4 () (4)

1.4 0.7 0.40 0.21 0.5 (4) (4)

1.3 o.7s 0.7 0.39 0.27 0.22 0.19

1.2 0.7 0.75 056 0.40 0.32 0.27

1.1 0.7 0.7% 0.73 0.51 0.42 0.34

1.0 0.7 0.7 0.75 0.63 0.51 0.41

0.9 0.7 0.7 0.75 0.73 0.59 0.47
0.8 0.7 0.7 0.75 0.5 0.68 0.53
0.7 0.7 0.7 0.7 0.7§ 0.75 0.58
<0.6 0.7 0.75 0.75 0.7  0.7% 0.63
Notes:

(1) Flaw depth = a, for a surface flaw
= 2a, for a subsurface flaw
t = nominal thickness
1inear interpolation 1s permisible

(2) Circumference based on nominal pipe dfameter
(3) Py = Primary Membrane Stress

Pp = Primary Bending Stress

Sp * ASME Code Allowable Design Intensity

(4) IWB-3514.3 allowable flaw standards shall be used
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TABLE 4. (IwWB3640 T?%E I1) ALLOWABLE END-OF-EVALUATION PERIOD
FLAW DEPTH{')-TO-THICKNESS RATIO FOR CIRCUMFERENTIAL
FLAWS - EMERGENCY AND FAULTED CONDITIONS

Pyt Py Ratfo of Length (14) to Circumference!?)
5. 6.6. 0.1 0.2 0.3 0.4 0.5 or more
3.0 (4) (4) (4) (4) ) (4)
2.8 075 0.40 0.21 ! 015 (&) (4)
2.6 0.7 0.75 0.39 0.27 0.22 0.19
2.4 0.5 0.66 0.56 040 0.32 0.27
2.2 0.7 0.73 0.73 0.51 0.42 0.34
2.0 0.7 0.7§ 0.75 0.63 0.51 0.41
1.8 0.7 0.7 0.7 0.73  0.59 0.47
1.6 0.7 0.5 G.J5 0.5  0.68 0.53
1.4 0.7 0.7§ 0.7§ 0.75 0.75 0.58
1.2 075 0.75 0.75 0.75  0.75 0.63

Notes:

(1) Flaw depth = for a surface flaw
= 2a, for a subsurface flaw
t = nominal thickness
1inear interpolation s permisible

(2) Circumference based on nominal pipe diameter
(3) Pg = Primary Membrane Stress

Py * Primary Bending Stress

Sy * ASME Code Allowable Design Intensity

(4) IWB-3514.3 allowadble flaw standards shall be used
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TABLE 5. PIPE PROPERTIES AT 500 F FOR NET-SECTION
COLLAPSE ANALYSIS

Material

Material “Type 304 CFBm Stainless
Properties Stainless Steel Pipe Steel Pipe
Oys ksi 20.9 19.9

s kst 71.2 67.0

Sm, ksi 18.81 17.91

O¢s ksi 52.95 49.97
of/Sm 2.82 2.79
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NOMINAL BENDING STRESS/FLOW STRESS
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.6
.5 g
.4
- |
.3
Oa p
105
ok B
1% ] 1 L L 1 1 i 1 0
Bk S % B B B )
CRACK LENGTH/PIPE CIRCUMFERENCE
FIGURE 18. NET-SECTION COLLAPSE ANALYSIS FOR CIRCUMFERENTIALLY

CRACKED PIPE IN PURE BENDING IN TERMS OF S_ WHERE
2.8 Sm = FLOW STRESS (OVALIZATION CORRECTIBN OF n/4
USED)
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VALUES IN IWB 3640 TABLE 1 FOR STRESS OF 1.0 Sm
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3640 values have a maximum depth of 75 percent of the thickness, and the d/t
ratio is constant for crack (engths greiter than half the pipe circumference.

The safety faztors on stress were calculated as a function of
circumferential crack length for a stress level of 1.0 Sm in IWB 3640 Table I,
see Figure 21. This safety factor was very close to 2.0 for crack lengths
greater than 30 percent of the pipe circumference. For shorter crack lengths,
the safety factor increased due to the 0.75 d/t limit in the IWB 3640 tables.
Since there was so little difference in the safety factor for long crack
lengths, the subsequent safety faci~rs calculated were only for circumfer-
antial surface cracks compledily around the circumference.

The safety factors on stress 1@ els are shown in Figure 22. These
are all for 360 degree circumferential crack lengths. The normal operation
(including test and upset) conditions correspone to IWB 3640 Table I, and the
emergency and faulted condition curve correspords to Table II. The first
observation is that the safety factor is not constant with stress. At normal
con<itions the safety factor varied from 2.6 to 1.9 as the stress increased
from 0.6 to 1.4 Sm. These are slightly lower than the 2.77 values cited for
IWB 3640, For stress levels below 0.6 Sm' the safety factors would continue
to increase.

At emergency and faulted conditions the safety factors are much
lower, and at stresses above 2.8 sm. there is no safety factor. At a stress of
2.9 Sy the safety fctor is 1.0.

Safety Factors on Flaw Size

The safety factors on flaw size were calculated using the values in
Table 5 and the relationship shown i7n Figure 18. Here the procedure involved
selecting a stress level and fla» geometry from IWB 3640 Tables I and II.
Then the d/t can b2 Jetermined from Figure 18 for the same stress level. The
safely factor is the (d/t) from Figure 18 to the (d/t) from the IWB 3640
tatles.

Ths ‘nitial calculations examined the change in the safety factor
on the flaw depth to thickness ratfo as a function of crack length. This was
done for & stress Jevel of 1.0 Sm. and is shown in Figure 23. Here leak-
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Sm IN IWB 3640 TABLE |
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*LBB is leak-before-break predicted on basis of circumferential crack length.



before-break is predicted on a basis of circumferential crack length, where
the critical through-wall crack length at a stress of 1.0 Sm is equal to 0.38
times the circumference, see 1.0 Sm curve in Figure 19. Secondly, the minimum
safety factor is for very long cracks, but there is very little difference
from 0.4 < 2c/nD < 1.0. Subsequent calculations therefore, only considered
circumferential cracks completely around the circumference.

The safety factors on flaw depth-to-thickness ratio are shown in
Figure 24 for normal conditions and emergency conditions. For normal condi-
tions the safety factor on d/t increases from 1.3 to 5 as stress increased
from 0.6 to 1.4 Sm. These are quite good safety factors, especially for
stress from 1.0 to 1.4 Sm.

At emergency and faulted conditions, however, the safety factors
are 1.1 to 0 as stress increases from 1.2 to 2.8 Sm' The safety factor is
approximately 1.0 at a stress of 2.0 Sm. At 2.8 Sm or higher stresses, the
stresses are equal to or larger than flow stress, so no flaws can be toler-
ated, hence the zero safety factor. As with the safety factors on stress
level, the safety factors on d/t at emergency and faulted conditions are Tower
than desired.

Considerations of Worst Case Conditions

Two effects could cause the above calculated safety factors to
decrease. First, limited data on thick-walled circumferential surface
cracked Type 304 stainless steel pipe showed the actual failure stresses were
14 percent below the net-section collapse stress. As noted in a prior section
in this paper, this effect is believed to be due to constraint effects from
the surface crack on reducing the toughness. This would affect the safety
factors at normal as well as at emergency conditions.

Secondly, limited existing data has shown that sustained loads can
reduce the maximum load in pipe fracture experiments, as well as in laboratory
specimens. The limited supporting technical data are discussed below.

Experimental Data on Sustained Loads

Sustained load effects have been evaluated for axially crack pipe

for the gas and oil industries at BattelIe(lo). Flaw growth during hydro-
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static testing was the practical concern here(ll). In one series of experi-
ments(lo) 36-inch diameter by 0.390-inch API 5LX60 pipe with axial cracks was
held at pressure levels below the failure pressure under monotonic pres-
surization to failure. The reduction of the failure pressure with time
reachad a low plateau, see Figure 25. This lower plateau varied from 7.9 to
9.5 percent of the monotonically increasing failure pressure. These experi-
ments, however, were on carbcn steel pipe at ambient temperature. Additional
studies by Tsuru and Garwood(lz) examined time dependent ductile tearing
failure in three-point-bend-bar carbon steel specimens at room temperature.
These results showed that the maximum load decreased by 15 percent. Finally,
there are unpublished studies at JAERI which have evaluated the effect of slow
strain rates and water at 98 C on the JR curve of Type 304 stainless steel. At
low strain rates JIc was found to decrease by a factor of ten, and dJ/da
decreased by a factor of three. At 550 F local crack tip creep fracture
interaction may be significant; however, no studies have been conducted to
date. Consequently, a potential reduction in maximum loads of 15 percent
below the net-section collapse stress was used in the following calculations.
Only the normal operating condition values would be effected by sustained load
effects.

Worst Case Safety Factors

The effect of a 14 percent decrease on stress due to thick-wall pipe
constraint, and a 15 percent decrease in stresses due to constraint on the
calculated safety factors are shown in Figures 26 and 27. For the safety
factors on stress in Figure 26, the worst case condition at normal operating
conditions is when both sustained load and thick-wall pipe constraint is
assumed. Here the safety factors vary from 1.8 to 1.4 as the stress changes
from 0.6 to 1.4 Sm. Tabie 6 summarizes the range of safety factors on stress
levels as well as on flaw depth.

At emergency and faulted conditions, the thick-walled pipe correc-
tion decreased the safety factor on stress to a range of 1.1 to 0.8 for stress
levels from 1.2 to 2.8 Sm. The safety factors for stress levels above 2.8 Sm
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FIGURE 26. SAFETY FACTORS ON STRESS LEVEL FOR WORST CASE CONDITIONS

* SUSTAINED LOAD CURVE IS FOR BOTH THICK-WALLED PIPE
AND SUSTAINED LOAD CORRECTIONS
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TABLE 6. SUMMARY OF CALCULATED SAFETY FACTORS

SAFETY FACTOR

CRITERIA NORMAL OPER. EMERGENCY

vse

N(Sm) N(d/t) N(Sm) N(d/t)

IWB 3640 2./’8 - 1.39 ——
Net Section 1.9-2.6 1.3-4.9 B-1.3 B-1.1
Collapse

Thick Wall 1.6-2.2 1.2-4.2 B-1.1 8-0.9
Correction

Sustained Load 1.3-1.8 1.1-3.8 —-— —_—



are zero since these stresses are above flow stress and cracks of any size
would cause failure.

Safety factors on flaw depth to pipe thickness ratic are shown in
Figure 27. At normal operating conditions, combined thick pipe anc sustained
load correction, the worst case safety factors vary from 1.1 ty 3.0. At
emergency and faulted conditions, the worst case safety factors vary from 0.9
to 0. The safety factor of zero applied for stress levels above 2.4 Sm.
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DISCUSSION

The safety factors at emergency and faulted conditions appear to be
of greatest concern; however, there are several factors which make the real
life situation better than shown in the calculations previously presented.
These points are discussed below.

(1)

(2)

(3)

(4)

(5)

Stresses seldom get above 2.4 Sm’ and in fact, the code limits
the maximum stress to the lower of either 3.0 Sm or 2.0 Sy. A
vaiue of 2.0 Sy for the austenitic piping of concern in IWB
3640 is equal to a stress of approximately 2.72 Sm.

The stresses in emergency and faulted condit.ons are short in
duration, so that unloading would occur during the fracture
event. This would promote leak-before-brcak behavior for
ductile materials. This is a significant effect. In a past
program conducted for EPRI at 8atte11e,(2) the safety factor
for a single transient dynamic load was a factor of two over
the static analysis for crack initiation.

Dynamic loads are perhaps too conservatively calculated since
plasticity is not accounted for. This effect is even larger
when plasticity at the crack is considered in the dynamic
calculations; however, such calculations are difficult to
make.

Dynamic loading increases the material's flow stress and
toughness; however, from existing experimental data, these
beneficial effects on the failure loads are relatively small.
Actual pipe thickness and strengths will generally be greater
than code minimum values.

However, there are also several points that may make the calculated
safety factors appear non-conservative. These are:

(1)

Sustained load effects at 550 F may be more significant than
the 15 percent load decrease used. The higher temperature
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would increase the crack tip creep interaction with ductile
tearing.

(2) Thick pipe with IGSCC surface cracks extending into the weld
metal may have lower failure stresses than the 14 percent
reduction used.

(3) Cracks in the HAZ of centrifugally cast stainless steel pipe
may be in a region of thermal degradation of the material as
well as inducing constraint in heavy-wall pipe. Thermal aging
in base metal of CF8m pipe have received little attention, and
the degradation from combined welding and long term thermal
aging from service temperatures, to our knowledge, has not
been investigated to date.

A final point of issue is whether safety factors on flaw size should
be inc~rporated into a code allowable defect tolerance criteria. On one hand
it is extremely important to ensure that the NDE technique accurately sizes
the flaw dimensions of concern. Techniques that are not sufficiently accurate
on defect sizing, obviously are of concern especially if the accuracy of the
technique is not accounted for in the code analysis of the Jdefect acceptance.
In accounting for the accuracy of the NDE technique, the potential error needs
to be known in terms of either depth-to-thickness ratio, or if the accuracy
depends on absolute flaw depth dimensions. For instance, for the case of
circumferentially cracked austenitic pipes in bencng, the safety factor on
flaw depth can be easily determined <ing 360 degree crack length. Figure 28
shows the 360 degree crack depth-to-thickness ratio versus normalized stress,
as a function of the safety factor on flaw depth (Nd/t)‘ The lower level of
d/t = 0.125 corresponds to IWB 3514.3 limits.

If the accuracy of the NDE technique was a function of the pipe
thickness, then a different relation on allowable d/t would exist. Figure 29
shows such a relation, based on the assumption that the NDE accuracy is 0.1
times the pipe thickness. Here the maximum allowable stress at the IWB 3514.3
limit corresponds to that using a safety factor of 1.9 on depth-to-thickness
ratio.
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THICKNESS RATIO




Arguements for not including safety factors on flaw depth-to-
thickness are that the accuracy of the technique varies with different tech-
niques and is material sensitive. Furthermore, future imorovements in NDE
techniques could significantly improve upon the accuracy of current tech-

niques, requiring continuous updating of the code allowable flaw dimensions.

Hence, engineering prudence would suggest that safety factors on stress level

would be appropriate for a code criteria as long as the accuracy of the NDE

method is accounted in the flaw dimensions of the code analysis.




CONCLUSIONS

The safety factors on the end-of-life flaw sizes in the IWB 3640
criteria for continued temporary operation was reviewed in detai’. It was
found that the safety factors on stress were not constant and varied with
applied stress when pipe ovalization is accounted for. At normal conditions,
the safety factors, although less than desired, were still close to or above
2.0.

The safety factors on stress for emergency and faulted conditions
were significantly below the 1.39 value cited for IWB 3640 due to ovalization
and the method of calculating the flow stress. The corresponding safety
factors on flaw depth to pipe thickness ratio, hence, were also low at emer-
gency and faulted conditions. These calculations imply that the values in IWB
3640 Table II should be reconsidered. Although the calculated safety factors
were low, in reality the transient dynamic leading conditions would tend to
promote leak-before-break behavior, hence the real safety factors will be
much larger.

The use of safety factors on flaw depth for code application is
complicated by the variability of different techniques used, sensitivity of
the methods for different materials, and improvements of future NDE methods.
Engineering prudence shouid be used in allowing for the accuracy of the NDE
methbd used, and the subsequent flaw size used in engineering assessments.
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IMPLICIT SAFETY MARGINS
IN THE ASME CODE ACCEPTANCE CRITERIA
FUR FLAWS IN AUSTENITIC PIPING

S. Ranganath
General Electric Company

San Jose alifornia

Introguction

The Main Committee of the ASME Code [1] recently approvea evalustion
procedures andg acceptance criteria tor flaws 1n sustemitic piping. Ihese
revisions will appear in the Winter 1983 Addenca to Section XI ot the ASME
(‘oce. The allowable flaw sizes were specified i1n IWB-364-1 as & function of

applied stress and loadiug category (e.g., normal and upset, emergency and

faulted conaitions). The allowable flaw sizes were intended to provide a

minimum saiety marginm of 2.77 tor normal ang upset conditioms and 1.39 tor
emergency and faulted conaitions, Recently, concerns [2] have been expressed
on whether the Code allowable tlaw sizes do indeed provide the intended safety
margins. The purpose of this 1s to demonstrate the technical basis for the

acceptance criteria and confirm the Code margins by considering selected

examples,

The use of the limit load comcept to predict the loaa capability of austemitic
piping has been justified by comparing the predictea tailure loag with
experimental data as well as plastic fracture predictions based on the

material J~R curve [3]. Using this method, the crit cal load correspondiny to

plastic instability can be calcu.ated for a given combination of tlaw depth

and length. lhe allowable stress can then be determined by epplying the

appropriste safety tactors. For a circumferential crack of lenyth I and depth




@ (Figure 1) subjected to primary membrane stress P-. the bending stress P

b
corresponaing to limat load 1s given by the tollowing equations:

Case 1: Neutral axis located such that g + p (7

(n ~a d/t) - (P /o, )n
.
2

Neutral aa:

located such tnat B (assume crack takes

compression)

tiow stress of the material
pipe thickness,
balf the crack angle, and

detines the location of the neutral axis as shown in Figure 1.

[nese equations assume thin shell approximation which is reasonable tor most

piping contigurations,
In determining the allowablez flaw, the tollowing assumptions are made:

the flow stress 1s assumed to equal to 35m where Sm is the ASME Code
stress i1ntensity 1« b ) . 1s close to

casured da 1d t inimum properties,




(11) Im computing the stress levels corresponding to limit load it is sssumed
that for normal conditions the membrane stress P. - s_/z. This is
reasonable in pipes which are sized such that the hoop stress is close
to S.. Parswetric studies have shown that for a given P. + ’b value,

the allowable flavw sizes are not significantly affected by the assumed

membrane stress.

(11i) The safety tactor of 2.77 for mormal conaitions is applied on the total
stress P_ + P .
® b

(iv) The procedure described abo ¢ determinss the allowable stress for a
given flaw size. This was  nverted to determine the ellowable flaw size

for a given stress level using linear interpolatiom.

Table 1 shows the Code allowable size tor circumferential tlaws, The s