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ABSTRACT

The Pacific Northwest Laboratory is conducting a four-phase progran for
measuring and evaluating the effectiveness and reliability of in-service
inspection {ISI}) performed on the primary system piping welds of commercial
tight water reactors {LWRs). Phase I of the program is complete. A survey was
made of the state of practice for ultrasonic [ST of LWR primary system piping
welds. Fracture mechanics calculations were made to establish required nonde-
structive testing sensitivities. 1In general, it was found thal fatigue flaws
Tess than 25% of wall fhickness would not grow to failure within an inspection
interval of 10 years. However, in some cases failure could occur considerably
faster. Statistical methods for predicting and measuring the effectiveness and
raliability of [SI were developed and will be applied in the “"Round Robin
Inspactions" of Phase [l. Methods were also developed for the production of
flaws typical of those found in service. Samples fabricated by these methods
will be usad in Phase II to test inspection effectiveness and reliability.
Measurements were made of the influence of flaw characteristics {i.e., rough-
ness, tightness, and orientation) on inspection reliability. These measure-
ments, as well as the predictions of a statistical model for inspection
reliability, indicate that current reporting and recording sensitivities are

inadequate,
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1.0 INTRODUCTION

In-service inspection of commercial light water reactor primary piping
systems is performed to meet the requirements of Section XI of the American
Society of Mechanical Engineers {ASML) Boiler and Pressure Vessel Code (here-
after referred to as Code} and Appendix III of Section XI (ASME 1977). Peri-
odic inspections of a sampling of pipe joints are made 1) to assure that cracks
are not growing while pipes are in service and 2) to identify generic defects
which may be present in the remainder of the system or in similar systems.

The adegquacy of ASME Section XI requirements for assuring continued oper-
ating safety has not been conclusively established. Safety analyses therefore
give Tittle credence to the abijity of in-service inspection (ISI} to detect
defects that may result in pipe failure. This and other programs sponsored by
the Nuclear Regulatory Commission {NRC) are directed at establishing the credi-
bility of ISI and identifying the requirements necessary to assure light water
reactor (LWR) operating safety.

1.1 OBJECTIVES

This document reports the first phase of a five-year program entitied
"Integration of Nondestructive Evaluation Reliability and Fracture Mechan-
ics." The primary objectives of this program are as follows:

1. Determine the reliability of ultrasonic ISI performed on commercial LWR
primary piping systems.

2. Using fracture mechanics analysis, determine the impact of nondestructive
evaluation (NDE) unreliability on system safety and determine the level
of inspection reliability required to assure a suitably low probabijity
of piping failure.

3. Evaluate the degree of reljability improvement that could be achieved

using improved and advanced NDE techniques.

4. Based on material, service, and NDE uncertainties, formulate recommended
revisions to ASME Section XI and requlatory requirements needed to assure
a suitably Tow probability of system failure.



At the direction of the NRC, the Pacific Northwest Laboratory (PNL) has
established a four-phase program to meet these objectives. Phase I, reported
here, has the principal objectives of scoping and identifying the limits of
IST reliability, estimating current levels of reliability, and making a pre-
liminary fracture mechanics analysis. Phase Il of the program has two primary
objectives: 1) measurement of NOE reliability through round-robin inspections
and 2) fracture mechanics analysis for the purpose of establishing the
required level of NDE reliability as well as the impact of current reliability
levels. Phase II[ will inciude evaluations of improved and advanced inspec-
tion technigues which will be required to achieve higher levels of inspection
reliability. The principal objective of the Phase IV program is to establish
a unified set of recommendations for modifications of existing code and regula-
tory requirements necessary to achieve a suitably high Jevel of inspection
reliability. Phase I was conducted primarily in FY-1979., Phase [I will be
complaeted during FY-1980 and 1981, Phase 111 during FY-1981 and 1982, and
Phase IV activities primarily during FY-1982 and 1983. Recommendations for
improved inspection requirements will be made throughout the program as data

become available.

Ultrasonic inspection is the principal inspection technique employed for
ISI of primary piping systems and will be the primary focus of the program;
however, other volumetric and surface inspection techniques will be considered
as necessary. Failure history (Bush 1980) has shown that flaws of major con-
cern, found in service, are located on the piping ianer surface. This study
is therefore directed toward detection, sizing, and location of these surface-

connected defects (primarily cracks) with limited concern for internal fabri-
catjon flaws., Detection is considered to be the key 2lement in the inspection

process.

1.2 TECHNICAL APPROACH

The technical approach for this program is directed toward the formula-
tion and implementation of recommendations to be made during the course of the
program. To assure acceptance of the recommendations the following action
steps will be followed:



1. TIdentify the problem areas.
2. Demonstrate the impact on inspection reliability.

3. ODefine the impact of the inspection unreliability on system safety

using fracture mechanics analysis.
4, Formulate recommendations for resolution of the problem,

6. Demonstrate the effectiveness of the recommendations and the result-
ant gain in confidence in system safety.

6. Evaluate the impact of implementing the recommendations.
7. Assist in implementation of the recommendations.

Demonstrations and evaluations will use materials and welds typical of primary
piping systems. Test conditions and variables wiil be fixed at realistic but
conservative values throughout the program. Particular attention will be given
to the source and magnitude of the various errors that contribute to inspec-

tion unreliability,

There is little constructive benefit in performing a test such as a round
rohin to demonstrate only that current practices are ineffective. Tests per-
formed under this program will demonstrate the effectiveness of minimum code
requirements, as-practiced field procedures, and improved technigues. The
tests will also identify the various sources of error and their impacts on
inspection reljability. After the sources of error are identified, it will be
possible to formulate appropriate techniques and Code requirement revisions
necessary to achieve the required inspection reliability.

1.3 REPORT ORGANIZATION

This report is divided into seven sections. The introduction and summary
are Sections 1 and 2, respectively. Section 3 describes the results of an ISI
state-of-practice survey. Section 4 deals with the fracture mechanics and cri-
tical flaw sizes for primary system piping. The statistical design and analy-
sis of the experiment are discussed and the Phase II round robin is described
in Section 5. Section 6 describes the sample cracking process developed to



create defects in test samples. The results of the Phase I measurement and
evaluation programs as well as estimates of the current levels of inspection

reliability are reported in Section 7.



2.0 SUMMARY

The Phase 1 program was conducted over the period from October 1978
through February 198C. The primary conclusion resulting from Phase 1 investi-
gations is that the current inspection requirements of the ASME Section XI Code
are inadequate for the detection and reporting of unacceptably Targe flaws.
Specific results and conclusions from each of the five tasks in Phase I ars
summarized below.

2.1 STATE-OF-PRACTIVE REVIEW (SECTION 3)

A survey was conducted to determine the state of practice of ultrasonic
IST of LWR primary system piping. This review was conducted to define the
actual procedures and practices that are applied in the field. Four utilities,
five inspection organizations, and three domestic reactor manufacturers were

interviewed.
The principal findings of this review are:

1. Test procedures are very similar and are in generai designed to meet
only minimum code requirements., Supplemental tests {(after an indi-
cation has been located) are substantially different.

2. Selection of search units is highly variable,

3. Only one organization measures and periocdically verifies the opera-
ting characteristics of their search units,

4. (Lonfidence in the ability to detect defects was highest for ferritic
piping and lowest for cast stainless steel.

5. Recording of geometrical indications during baseline preservice
inspection (PSI) or ISI is not consistent and, tnerefore, of limited
value,

6. Nominal and worst-case counterbore conditions described by the
inspectors provide an insight into the inspection difficulties pro-
duced by this condition.



A summary of the state-of-practice review is described in Section 3. The
complete review will be published as a separate document,

2.2 FRACTURE MECHANICS ANALYSIS {SECTION 4)

Fracture mechanics analyses were performed for the purpose of establish-
ing reguired NDE sensitivities. Critical flaw size estimates were made using:
ASME Code ailowable stresses and the methodology of Section XI, the dual cri-
teria of linear elastic and net section plastic collapse for bounding of the
critical crack size, and the concept of tearing instability. Crack growth
rates were estimated from available literature.

The availabie analyses of the growth and stability of flaws in large pip-
ing have led to the following results and conclusions about crack failure mode

and critical flaw size:

Failure Mode

1. Evaluations of the consequences of inner diameter {ID) surface flaws in
piping indicate that flaws will produce a Teak before they will cause a
oige break {Mayfield et al, 1980). Therefore, the definition of critical
flaw sizes on the basis of unstable crack growth and fracture toughness
considerations is of limitad usefulness for application to reactor piping

systems,

2. The failure mode of conCern is an increase in crack growth rate such that
an 1D surface flaw breaks through the pipe wall during the time span

between inspections.

3. In accordance with the leak-before-break condition, critical defects for
unstable crack growth have been found to be through-wall flaws of signifi-
cant length., For axial flaws the length is about half a pipe diameter,
and for circumferential flaws the length is about half the circumference

of the pipe.

Variation of Critical Flaw Sizes

1. Evaluations of crack growth rates show significant differences in allow-
able defect sizes both from pipe to pipe and from location tn location

within a given pipe.



2. Even under conservative assumptions (e.g9., levels of vibrational stress,
fatigue crack growth rates, and threshold K values) many welds can toler-
ate quarter-wall) defects and achieve a 40-year design life (Mayfield
et al. 1980).

3. Conservative analysis methods indicate a finite probability of failure at
certain locations {particularly at dissimilar metal welds) within one per-
cent or less of design life for flaw depths as small as one tenth of the

pipe wall thickness.

4. Nevertheless, the overall trend of the results suggests a relatively low
probability of failure within a 10-year inspection interval {say less than
one percent) for flaws of depths less than one fourth of the pipe wall

thickness.,

2.3 STATISTICAL DESIGN AND ANALYSIS (SECTION 5)

The principal objective of the statistical design and analysis task is the
formulation of techniques for evaluating the effectiveness of ultrasonic ISI
and for designing the test matrix to be used in the Phase II round robin

inspections.

Procedures and analysis techniques have been developed to describe and
test the effectiveness of ultrasonic ISI performed to the requirements of Sec-
Eion XI of the ASME Code. Probabilities of recording, detection or identifi-
cation, and rejection will be used., Similar probabilities for false calls in
materials without defects will also be analyzed because of the high probability
of geometrical reflectors which normally occur during [SI.

The round robin test matrix has been designed to evaluate the effective-
ness of field inspection procedures and a recommended improved procedure. The
effectiveness of minimum code requirements will also be evaluated. The tests
will be performed under conditions which simulate difficult field access condi-
tions. The effect of single-side access conditions will also be evaluated.

The size of the test matrix has been selected to provide sufficient measure-
ments to insure reasonable confidence levels for the measurements. The test



matrix requires 96 samples, 6 inspection teams, and 1470 measurements. It is
expected that the round robin tests will be initiated in January 1981 and
completed by June 1981.

2.4 SAMPLE PREPARATION {SECTICN 6)

The objective of this task is the fabricatior. of samples with flaws
(cracks) artificially induced under controlled conditions. These cracks are
intended to simulate service-induced flaws. These samples will be used to cor-
relate ultrasonic measurments with known crack properties. The cracking
methods which have been developed will also be used for fabrication of samples
to be used in the Phase II round robin tests.

A thermal fatigue process has been developed for producing realistic
cracks in the round robin test samples. This process is capable of producing
cracks of controlled length and depth. The tightress and roughness of these
cracks represent conservative values compared to those expected in service.
The thermal fatigue process is adaptable f{o complex shapes that would be
extremely difficult to fatigue by conventional techniques.

2.5 MEASUREMENT AND EVALUATION (SECTION 7)

The primary objective of the Phase ] measurement and evaluation task 1s
to identify, measure, and evaluate the impact of ‘nspection variabtes that
limit the effectiveness of ultrasonic in-service inspection of primary system
piping. Recommendations for more effective code and regulatory reguirements
will be based on these measurements and evaluations.

Measurements have been accomplished for the evaluation of the influence
of crack size, shape, orientation, roughness, and tightness. Also evaluated
were the effects of search unit selection, search unit and instrument opera-
ting characteristics, and calibration reflector on inspection sensitivity and

reliability.

The principal conclusions of the Phase 1 measurement and evaluation pro-
gram is that inspection requirements of the ASME Section XI code are inade-
quate for the deteclion and reporting of unacceptably large flaws. This lack
of sensitivity and inspection reliability stems from the following:



1. The calibration requirements of ASME Section XI are inadegquate to assure

reporting of even ideal reflectors of unacceptable size.

2. Real defects {cracks) will always exhipit lower reflected signal ampli-
tudes than ideal artificial reflectors because of the influences of crack
tightness, roughness, and orientation, FEven large cracks {greater than
50% of pipe thickness) may be "unreportable” according to Section XI
criteria.

3. Lack of search unit selection controls can resul® in highly variable test

sensitivity.

4. Lack of controls on measurements of search unit and instrument operating
characteristics may result in highly variable test results and a lack of

inspection repeatability,

These conditions, coupled witn expected variability due to the inspec-
tors, can result in ineffective in-service inspections. Estimates of current
inspection reliability are also made in Section 7 of this report. These esti-
mates predict a very low effectiveness for the 100% DAC reporting leval as
presentiy required by ASME Section XI Code but predict substantial improve-
ments for 50% and 20% DAC reporting levels., These estimates agree with the
results of an extensive round robin test on lack of penetration and lack of

fusion-type defects reported by Forii (1979).






3.0 STATE-OF-PRACTICE REVIEW OF ULTRASONIC IN-SERVICE
INSPECTION OF PRIMARY SYSTEM PIPING

Early in the program, it was recognized that there was a }ack of informa-
tion regarding the procedures practiced by organizations performing in-service
inspections of primary system piping. Research staff at the Pacific Northwest
Laboratory (PNL) felt that inspection procedures varied and that the procedures
should be documented for reference and for guidance in future research., Sev-
eral utilities, private inspection organizations, and domestic reactor manu-
facturers were interviewed. A summary of this survey is included below. The
complete review of the state of practice will be published as a separate
document.

3.1 OBJECTIVES AND DEFINITIONS

The first objective of the review is to define current ultrasonic inspec-
tion technology as practiced in the field, including procedures and practices
used for the required Code volumetric examination of primary system piping and
components in commercial LWRs, Section XI of the ASME Code defines the in-
service inspection requirements of nuclear power plant components. A second
objective is to define a combinatjon of test procedure and equipment that is
most typical of field practice and that could be used as a basis for determin-
ing the capahility and reliability of current ultrasonic inspection practices
for detecting and sizing flaws in primary system piping.

The state of practice, the technology which is commonly applied in the
field, is defined through Titerature review, surveys, and personal interviews.
The state of the art is (by ocur definition} the technology that has been proven
in use and is generally accepted by inspectors but not necessarily by code-
writing organizations. A third cateqory is advanced technology, techniques
that are under laboratory study but which have not been demonstrated in the
field.

This report discusses the information received as a result of personal
interviews with four utilities, five private inspection organizations, and
three domestic reactor manufacturers. Together these organizations encompass
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the major portion of domestic in-service inspection experience in ultrasonic
inspection at nuclear power plants. Information furnisned to the Pacific
Northwest Laboratory described ultrasonic inspection techniques, test proce-
dures specific to materials examined, eguipment and transducers, standards,
confidence limits, and such problem areas as pipe counterbore. These data will
be used to define a generic procedure and equipment combination that is most
typical of primary piping inspections., This combination of procedures and
equipment will then be used in our laboratory investigations as the basis for
determining the capabilities and limitations of ultrasonic nondestructive eval-
uation (HDE) for the detection, sizing, and location of flaws typical of ser-
vice—induced flaws. Important permutations and combinations of pracedures and
equipment will also be evaluated. Finally, advanced techniques will be evalu-

ated and compared to the state-of-practice techniques.

3.2 THE NEED TO DOCUMENT THE STATE QF PRACTICE

At the onset of this five-year program, uncertainiy existed as to what
specific techniques, procedures, eguipment, transducers, methods of signal
evaluation, etc., constituted the current state of practice for ultrasonic weld
examination at commercial nuilear power plants., It was our belief that the
current state of practice was highly variable and shouid be documented. Spe-
cific to this study, Subsection IWB-2500 of Section X[ Cateqories B-F and 3-J
of ASME Code defines those areas subject to examinations and the extent and
freguency of examinations for Class 1 pressure-retaining welds. Subsection
[WB-2500 reguires volumetric examinabtion of these nmportant Class 1 pipe welds
with ultrasonic inspection being the preferred method of examination., Fig-

ure 3.1 shows a cross section of a typical welded pipe Jjoint.

Early results from personal interviews showed that differences exist in
inspection techniques, eguipment and transducers, personnel training, stan-
dards, experience per inspection of particular material, test confidence,
experience with inner and outer diameter geometry conditions, data recording
methods, evaluation criteria, testing philosophy, and use of suppiemental non-
destructive testing techniques such as radiography.







































Those respondents that did not feel the need for a standard format stated that
the recording of geometric reflectors is essentially a Code reguirement: the

Code specifies recording of all defect-like indications which exceed the refer-
ence level. 0One respondent fell that all tests should be strip chart recorded

for a permanent record of each examination,

Opinions varied concerning the value of bas2line data gathered by differ-
ent arganizations. Respanses ranged From "“it should be valid 77 procedures and
calibration blocks ars the same® to "offen very little value, since levels of
recording and test procedure can he different" fo "do not racord qeometry

reflector for baszline."

Respondents were askesd how they evaluate 3/2 V indications when the heam
is incident on the conical section of the counterbore, Raspondents indicated
that they can get a 1/2 V examination of tne weld root for the majnrity of pri-

mary system welds.

1) Calipration, Inspection, and Flaw Evajuation

Catibration verification and inspection practices were discussed in the
survey, and a series of guestions were asked concerning flaw evaluabion and

recording methods,

Typical industry practice is to verify initial instrument calidration by
recalibrating at least every four hours andf/or at every operator change. Scan
overlap during calibration/inspection is 10% to 25%. Some skew s usually used
during calibration/inspection, but the amount is naither mandatory nor recom-
mended. Companies use a 45° skew for IGSCC inspection. The skew for ferritic

pipe inspection is usually 15° to 20°.

In-practice flaw evaluatinn and recording methods were probed with the

questions indicated in the following paragraphs.

1. What is the data recording procedure?

Most respondents record signal indications that are 50% of DAC. Several
respondents investigate and note signals 20% and 75% of DAC. One procedurs
called for the recording of indications down to 20% of the maximum indicated

amplitude.



Z. What is the position accuracy-on the pipe surface?

Estimated positional accuracy on the pipe surface during inspection varied from
0.02 to 0.2 in.

3. What is the time metal path accuracy for 1/2 V, and 3/2 V inspections?

tstimates of time metal path accuracy for 1/2 V examination were as small
as 0.01 in. and as Targe as 0.125 in. Estimates of time metal path accur-
acy for 3/2 V examination ranged from 0.02 to 0.2 in.

4. Are there supplemental tests? Other angles, frequencies? Two-side evalu-

ation? Finger damping?

Standard practice is to use a 45° examination of each side of the weld.
When a flaw is suspect, companies use 60° and 70" supplemental examina-
tions. Finger damping is a common practice used to check on extraneous

signals.

5. What methods do you use to call ID geometry? 90 geometry?

For 1D geometry, inspectors use reflector position [i.2., proximity to weld
root) and the extent of indication {e.g., a 360° single reflector often indi-
cates geometry conditions). Signal shape and characteristics, plotting
methods, and refracted angle conversion charts are also used. Inspectors use
many of these techniques to determine QD geometry. Finger damping is a kay

test for 00 geometry.

6. When and how often do you call for radiography” How useful 1s

radiography?
Inspectors call for radiography if they think that the uwltrasonic test is
inadequate for making a reliable inspection. The utility usually
raquests a radiograph if a flaw is called. One resgondent calls for
radiography if other radiographs are already on file {for comparison).
Another calls for radiography if the inspector suspects IGSCC, whicn was
estimated to occur apout once per site inspection. The radiographs may
then show weld spatter or can sometimes detect [GSCC. One inspector noted

that radiography is not usually used for in-service inspection, while



otnhers indicated that radiography is used quite often. Most respondents
judged radiography to be useful in some cases, but they varied in their

estimate of its effectiveness.

7. When do you call for penetrant?

Most inspectors call for penetrant when ultrasonic inspection indicates
suspect surface anomalies or through-wail indications. One company calis
for penetrant when the weld nas only single-side access.

8. What supplemental information do you call for and what is your confidence

in_them?

A variety of supplemental information is used but not necessarily all the time:
design drawings, radiographic testing records, welding procedures, weld
specifications, weld preparation data, previous ultrasonic inspection data,
contour gauge measurements, as-built drawings, or other information may be
available. The consensus seems to be that such information can be helpful
although its reliability must be suspect, especially with older plants.

j)  Experience with Bimetallic and Trimetallic Welds

Respondents were asked about their experience with bimetallic and trime-
tallic welds. Companies indicated that the bimetallic (e.g., carbon to stain-
less) and trimetallic welds (e.g., carbon to Inconel to stainiess) produce many
indications {particularly along the fusion zone interface) that complicate
ultrasonic examination. Respondents try to use the most attenuative material
for standards, but standards vary. One respondent indicated that it is not
uncommon to experience a 720- or 30-decibel loss in signal amplitude when look-
ing through the weld zone at known artificial reflectors in the heat-affected
zone of the weld. Training with dissimilar metal weld standards is a common
practice. Test confidence in detection of flaws was estimated at 50 to 60%.

The Electric Power Research Institute is funding a research program
investigating bimetallic and trimetallic weld inspection.

3.4 STATE-OF-PRACTICE SUMMARY AND CONCLUSIONS

The ultrasonic examination procedures used for in-service inspection and
evaluation of Class 1 primary reactor coolant system welds are essentially the
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minimum requirements documented in the 1974 edition of the ASME Code, Sec-

tion XI. Special ulirasonic examination procedures for the detection of inter-
granular stress corrosion cracking and flaws in centrifugally cast stainless
steel are more variable. Major differences occur in the examination tech-
niques, the methods and procedures used for evaluating indications after detec-

tion, and the method and extent of data recording.

A major difference of opinion exists as te the need for recording geo-
metric reflectors during preservice inspection (PSI}. Some organizations do
not record geometric indications during PSI. When geometric indications are
recorded, their usefulness for 151 75 sometimes questioned because there is no
standard format for data recording. Researchers a@ PNL believe that a well-
documented PSI would substantially imprave the raliability of in-service

inspections.

A wide range of nominal and worst-case counterbore geocmetry conditions
wer2 reported, Many of these conditions are unacceptable according to Sec-
tion 111 of the ASME Code and could Tead to highly variable inspection
results., As-built information on counterbore geomatry is seldom available and
is difficult Lo debtermine by NDE methods.

Only one company performs periodic evaluations on search units used for
[S5I. Few organizations make any search unit characterization other than the
manufacturer's test report (RF waveform and freguency spectrum)., Many respon-
dents feel that axtensive search unit oar instrument characterization has no
substantial benefit. Researchers at PNL balieve thal repeatablie test results
can be obtained only with weli-characterized <earch units and instruments.

Eviluations are in progress to determine the magnitide of these test variables.

The respondents uniformly agree to a high-confidence level (greater than
90%) in their ability to detect flaws in ferritic steel piping. For flaws in
austenitic stainless steel piping the confidence estimate 15 lower--50% to 35%
for Flaws from 10% to 25% of through—wall thickness and approximately 90% for
flaws greatar than 25% of through-wall thickness. Confidence for dissimilar
matal weld joints ranges from 50% to 60% because of the high attenuation and
spurijous reflectors common to these welds. Confidencze lavels for CCSS are

highly variable with one organization expressing a r2iatively high confidence
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{due to their independent researcn) compared to others who expressed no confi-
dence. Thesa levels of confidence should not be construed to have any statis-
Lical hasis because they are personal opinions based on individual experiences,
However, these opinions do give a realistic indication of the ralative degrees

of difficulty associated with inspection of these materials.

Over tha last several years the utilities, the U.S. Nuclear Regulatory
Commissinn, the Flectric Power Research Institute, and otner private nonde--
stryctive testing organizations have been increasingly aware of the need to
impraye both gualitative and gquantitative nondestructive measurement capabili-
ties for inspection of primary piping systems al commercial nuclcar power
plants. Several of the more difficult areas of pipe weld inspection hav: heen
noted here. The review showed that there are noted differencas in the as-
practiced ultrasonic inspection methods and procedures used at commercial
nuclear power plants. Researchers at PNL b=2lieve that further documentation
of tnese practices will substantially benefit both NDE practitioners and regu-
latory personnel by providing technical information that will increase and

improve the understanding of current Code inspection practices,
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4.0 FRACTURE MECHANICS ANALYSIS

The primary objective of the fracture mechanics anaiysis in this program
is to determine the impact of inspection unreliability on sysiem safety; i.e.,
the consequences of a failure to detect unacceptably large flaws during in-
service inspection. A second, longer-term objective is the establishment of
inspection reguirements necessary to assure a suitably low failure probability
after considering the uncertainties of inspectian reliability as well as ser-
vice and material variables. Probabilistic fracture mechanig¢s calculations
will be requirad in establishing these inspection requirements. Ouplication
of effort with related projects sponsored by NRC and others has been avoided.
In particular, results of the Cold Leg Integrity Evaluation performed at
Battetle-Columbus Laboratories (Mayfield et al. 1980) have been utilized

extensively.

Fracture mechanics analyses in this task to date have been of two types.
An initial defect sensitivity study evaluated the significance of such factors
as defect size, shape, location, and orientation as well as stress state vari-
ables such as hiaxiality and stress gradients. Details of the sensitivity
study are given in Appendix A. The results of the defect sensitivity studies
reinforced the significance of ID surface flaws, which are of prime caoncern
since 1D flaws will initiate and grow at faster rates because of environmental
effects. Subsequent estimates of critical flaw sizes therefore focused on I3
surface flaws. The "critical flaw size" is the size at which a crack grows
unstably to fracture at a given load. Several alternative approaches were
used for critical flaw size estimates which were required to establish sensi-
vivity ranges for NDE. The methods and results are described below.

4.1 RESULTS OF DEFECT SENSITIVITY STUDY

Crack-tip stress intensity factors have been calculated for a set of rep-
resentative defects of interest to reactor pressure vessel and piping integ-
rity. Details of the study and results are described in Appendix A to tnis
report. Wall thicknesses of 4, 8 and 12 in. were evaluated for stress levels
from 20 to 60 Xsi both as membrane and bending stresses, Cracks of various
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geometric shapes, orientations and locations in the vessel wall were con-
sidered. The intent was to generate physically meaningfu} numbers for cor-
relation with inspection and fracture toughness data.

The present defect sensitivity study was based entirely an linear frac-
ture mechanics concepts. For materials of high fracture toughness it was
recognized that elastic-plastic fracture mechanics would be required to give a
more accurate picture of defect sensitivity. Nevertheless, the present results
are believed to show correct trends as to the relative severity of different
types of flaws,

A number of trends emerged from the calculations. From the standpoint of
geometric effects, surface defects are somewhat more severe than internal
defects and 1D surface defects are slightly more severe than defects at the
external surface. Also, for a given depth, elliptical type flaws are more
severe than circular type flaws. The stress gradient effect is important
mainly for smail defects if the defect is located within the field of peak
bending stresses. For large defects, high membrane stresses are of more con-
cern than high local bending stresses. Further trends are described in Appen-
dix A through a pictorial display of relative stress intensity factors.

4.2 OVERVIEW OF CRITICAL FLAW SIZE ESTIMATES

Critical flaw sizes have been estimated to establish required sensitivity
ranges for NBE. The critical flaw size estimates in the present research pro-
gram have been based largely on results of calculations performed at Battelle-
Columbus Laboratories {BCL). A draft repart from the BCL {Mayfield et al. 1980)
became available late in the final quarter of this study and evaiuation of the

results is continuing.

Scope of Calculations

In addition to the BCL results, a series of independent caiculations have
been conducted at PNL to supplement the results of the BCL Cold Leg Integrity
Evaluations. The calculations have been limited in scope, but provide an inde-
pendent check on the BCL work. Futhermore, these calculations provide a basis
for evaluating the conservatism present in the BCL study, which was based on
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deterministic considerations and was intended to establish margins of safety
against a large break in the cold leg piping system of a pressurized water
reactor power plant, In contrast, the present research program is to provide
results for eventual probabilistic evaluations and is directed to inspection
rather than design raquirements.

Both subcritical “law growth and unstable fracture were considered. Two
levels of dinspection sensitivity were of interest. The first level was that
needed to avoid pining system leaks from stable growth of 10 surface flaws into
through-wall flaws. The second level was to ensure that unstable crack growth
does not occur eitner for 10 surface or through wall flaws. Only subcritical
crack growth by fatigue was considered. No attempt was made to estanlish crit-
ical “law sizes on the basis of intergranular crack growth by stress corrosion

cracking, although environmental effects on fatbigue were evaiuated.

Tne PHL calculations consisted of the following specific flaw size evalu-

ations which are documented below:

—a
.

Critical fiaw sizes were estimated basad on fatigue crack growth
rates by extension of rasults generated by Combustion Engineering
£1977). The sensitivity of predictions to variation in crack growth
rate curves (dafdn versus aX) for reactor piping mater~ials was empha-
sized. Tnese calnulations were to establish the size of flaw that
couid grow to bacome a through wall Teaking flaw during a ten-yecar

inspaction interval,

2. Critical fiaw sizes were estimated based on ASME Code allowable
stresses, and the methodology of ASME Secztion XI. These calcula-
Linns wera intended to give a very conservative lower bound on the

size of flaw that could grow in an unstahle manner.

3. Critical flaw sizes were estimated based on the dual criteriz
approacn (Cha2l11 1979); Vlinear elastic fracture mechanics and net sec-
tion plastic collapse provided bounds an critical flaw sizes., These
calculations considered the question of Flaw length as opposed to
flaw depth. As such, through wall flaws were considered and flaw

langths likely to grow in an unstable manner were estimated,
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4. Critical flaw sizes ware estimated based on the recent work of Paris
and associates using the concept of tearing instability {Paris et al.
1979%a; Tada et al. 1979; Paris et al. 19?9b). The focus was on very
long and deep surface flaws which may become unstable before becom-
ing detectable as leaking Chrough-wall flaws. The main concern was
the deep 360-degree circumferential flaw.

5. Piping flexihility calculations were performed to establish some
bounds on axiail loads and moments for upset conditions. These cal-

culations are reported in Appendix B.

Ta date, ID surface defects in only ralatively large pips sizes have been con-

sidered. In general, smaller pipe sizes will present less demanding inspec-

tion reguirements. As a r. tritical defect sizes in a small pipe will rep-
resent a greater fraction of . : pipe wall than the corresponding defect for a
large pipe. Hence, flaws . ‘nterest in smaller diameter piping should be more

rasily detected,

Conclusions of Flaw Size Estimates

The available analyses of the growth and stability of flaws in large size
reactor piping have led to the fallowing results and conclusions.

Failure Mode

1. Evaluations of the consequences of [D surface flaws in piping indi-
cates a high probability that flaws will prodice a leak before they
will cause a pipe break. Therefore, the defiaition of critical flaw
sizes on the basis of unstable crack growtn and fracture toughness
considerations is of limited usefulness in establishing NDE sensi-

tivity requirements for application to reactor piping systems.

2. The failure mode of primary concern should be an increase in crack
growth rate such that an ID surface flaw breaks through the pipe wall

witnin a time span of the inspection interval {10 years).

3. In accordance with the leak-before-break condition, critical defect
sizes for unstable crack growth have been found to be through wall
flaws of significant length. For axial through-wall flaws, thz
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.

length is on the order of half a pipe diameter and for ¢ircumferen-
tial through wall flaws, the length is on the order of half the cir-
cumference of the pipe. For deep surface fiaws, unstable crack
growth probably requires very long lengths such as 360 degrees for
circumferential flaws and several diameters for axial flaws. For
such flaws, evalualtions are tentative and require further advances

and experimental verification of plastic fracture methods,

Variation in Critical Flaw Sizes

Evaluations of crack growth rates show significant differences in
allowahle defect sizes both from pipe to pipe and from location to

Tncation with a given pipe,

Fven under the conservaltive assumptions of the BCL calculations
.2.g9., levels of vibrational stress, fatigque crack growth rates ant
threshold aK levels), many welds can tolerate guarter wall defects

and achieve a 40-year design [ife.

Tonservative analysis methods indicate a finite probability of fail-
dre at certain locations (particularly at dissimilar metal welds)
within a time period of one percent or less of design Tife for flaws

with depths as small as one tenth of the pipe wali.

Veverthelass, the overall ‘trend of the resul®s suggests 4 relatively
Iow probability of fiilure by subcritical crack growth within a ten
year inspection interval {say le2ss than one percent) for flaws of

deaths Tess than 25 percent of tha pipe wall.

ASME Code Evaluations

Application of Tinear elastic fracture mechanics following the pro-
cedures of Section XI of the ASME Code leads to ¢ritical flaw degths
ot the order of one-fourth of the pipe wall thickness., These pre-
dicted Flaw sizes are roughly the same as those of fatique crack
growth catculatinns. This agreement, however, comes from a pre-
scribed reduction of fracture toughness rather than consideration of

the actual mecnanisms *=2ading to pipe faillure,



Tearing Instability Analysis

1. Elastic plastic fracture mechanics has been applied to predict condi-
tions for unstable crack growth through the concept of tearing
instability. The main concern in the present study has been circum-
ferential flaws that may grow in a relatively uniform manner through
the wall of the pipe without breaking through and causing a detect-
able leak.

2. The tearing instability analyses indicate that unstable crack growth
of circumferential flaws under displacement controlied bending loads
{e.g., restraint of thermal expansion) requires pipe lengths much
longer than relevant to reactor piping systems.

3. Under pure axial loadings of deep 360-degree circumferential flaws,
unstable flaw growth is iikely for flaw depths of about 80 percent
of the pipe wall. Such growth can be caused by axial stresses salely
from internal pressure or by displacement controlied axial loadings
for pipe lengths as short as 20 ft. Severe axial loads (aven of a
displacement controlled source) could reduce the critical flaw depth
to about 50 percent of the pipe wall. Further work is needed to
establish whether there are credible sources of axial stress of the
required type and magnitude to sustain such unstable fractures.

4.3 CRITICAL FLAWS BASED ON FATIGUE

Critical flaw sizes have been estimated based on fatigue crack growth
rates by extension of results reported by Combustion Engineering (1977). The
results were intended to supptement a much more extensive series of calcula-
tions performed by Battelle-Columbus Laboratories (BCL). The main purpose of
the PNL study was to evaluate the conservatism present in the BCL study. 1In
particular, tne BCL calculations atilized conservative crack growth curve from
recent data published by Bamford (1979).

Combustion Engineering (1977) estimated fatigue crack growth rates for
Combustion Engineering hot and cold leg piping designs for the loading tran-
sients in Table 4.1. The caiculations were for 1.7-in.-deep inside surface
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flaws. As indicated in Figure 4.1, the haseline calcuiation reported for a
1.0-in.-deep flaw gave negligible crack growth for 100 years of operation,

The Combustion Engineering results were based on the fatique crack growth

relationship

dafaN = C(ak)", (4-1)

whera: a = crack depth, inch
AK

it

stress intensity range, ksi Yin.,

o -14 . . . -
with C = 3.97 x 10 ! and n = 5.58 taken tn describe AS16 Grade 79 ferritic
stee? at a 550°F operating temperarvure. [f one assumes that to a first
approximatinn ak is proportional “o va, then

da 7. 84

gy = {constant) 5’ (4-2)
By integration,

N - Cl N C% a-i.%d (4-3)
Interpreting N as tne number of years of operation, the constants Cl and C?

can be selected to Fit the Combustion Ingineering results shown in Figure 4.1

for an nitial a = 1.0-in. flaw, for which

N = 0 years, for a = 1.0 in.,
N = 100 years, for a = 1.113 in.

1l

The rasulting general relationship is

H4

=1 .
N =559 (1 - a7 "%), (4-4)

wnich 15 plotted 1n Figure 4.1 for varinus initial fiaw deptns. The resulting
projections for smaller and larger iniliz] Flaws show that the initial flaw

~

must he essentialiy through the wall {thickness of 2.5 in.} befors the pre-

dicted extent nf crack growth n the 4d-ye2ar plant Tifz is significant,
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TABLE 4.1. Reactor Toolant System Transisnts

oo ____Iransients __frequency
Heatup/Cooldown at 100°F/hr 12 pev year
Loading/Unleading 0-100%

100%-0 & "%/min 1 per day
10% full load step 1 per weeok
Leax Tesf 5 per year
Turbine or redartor trips 13 per yoar
Hydro Test 1 avery 4 years
Loss of Flow 1 per year

2.0 INCH DEEP

INITIAL
[ FLaw

1.5 INCH DEEP INTIAL FLAW

T __3ASELINE RATE FROM CENPD-168-A
FOR 1.0 INCH DEEP [NJTIAL FLAW
Lag VEAR - PLANT LiFE 3.5 INCH DEEP INITIAL FLAW
L | ] | i | I : ]
0 100 200 300 400

YEARS OF OPERATION

FIGURE 4.1. (rack Growth in Cold Leg for 18-in. Long

Axial Surface Flaw (as derived from
Figure C.4 in Combustion Engineering 1977)
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Figure 4.2 shows the fatigue crack growth curve used by Combustion Engi-
neering (1977) compared with curves as recommended in ASME Section X1 for a
ferritic alloy. Also shown is the curve used in the BCL cold leg integrity
evajuation {Mayfield et al. 1980}. It was concluded that the Combustion Engi-
neering results are unconservative for 1D surface flaws since the assumed crack
growth rates were representative of an air environment rather than water reac-
tor environment, Also shown in Figure 4.2 are the results of applying factors
of 2 and 4 on stress to the growth rate curve used in the Combustion Engineer-
ing calculation. A factor of 2.0 gives rates consistent with the ASME curye
for the water environment. The curve for a factor of 4 can be viewed as a con-
servative estimate of crack growth rates which approximates the curve used in

the BCL cold leg evaluation.

Table 4.2 gives critical flaw depth estimates based on calculated crack
growth rates. Results of Combustion Engineering {1977) were adjusted to
account for differing initial crack depths {using Equation 4-4} and different
assumed fatigue crack growth curves. An initial flaw that could grow to a
depth of one hal® the wall thickness during an inspection interval of 10 years
was taken to be unacceptable. ~law depth estimates are given for both the hot
and cold l2gs of the Combustion Engineering design., Circumferential and axial

flaws of two lengths ware considered.
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TABLE 4.2. Critical Flaw Size Estimates Based on
Fatigue Crack Growth

Allowable Flaw Depth, in.

Original Original
Length Length
_..8in.  __18in,
Cold Leg
(30 in. 10 x Circumferential Flaw 0.37 to 1.12 0.19 to 0.98
2.5 in, Wall)  Axial Flaw 0.19 to 0.96 0.17 to 0.78
Hot Leg
(47 in. 1D x Circumferential Flaw 0.15 to 1.02 0.12 to 0.91
3.75 in. Wall) Axial Flaw 0.1% to 1.05 0.10 to 0.73

NOTES: Based on flaw growth to a depth of t/2 at the end of a l0-year
inspection interval.

Flaw growth rates estimated from curves in Figure C.4 of
Combustion Engineering's (1977) report.

Tne range in flaw sizes indicates sensitivity of calculations
Lo crack growth rate curve {da/dN vs aK) used in the analysis.

Critical flaw depths range from 0.10 in. to over 1.0 in., depending pri-
marily on the degree aof conservatism appliad in selecting the fatigue crack
growth ratz curve., Tne upper bound in flaw depth corresponds rougnly to the
Section XI water curve, while the lower bDound correspands roughly to the curve
used in the BCL cold lag evaluation. A depth of about 0.50 in., might be viawed
as a realistic estimate of the flaw depth which must be detected in NDE if

through crdcxs are to he avonided.

The results presented here are intended Lo he indicative of requiraments
for ferritic piping materials. Data as summarized by Marston [1973) indicate
thal crack growth rates for stainless steels are somewhat lowar than those used
hera for ferritic materials., Thus, predicted critical flaw depths based on

fatigue crack growth rates snhould ne somewhat greater for stainless piping.

The results of Table 4.2 can be compared with resylts of the BCL cold legq
integrity evaluatinon. Both studies suggest that fiaws of depth 0.75 in. or
Tess can grow through the wall at locations of nigh stress in a time period of

less than a ten-year inspection interval. Such pradicted growth rates, how-
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evar, correspond to the selection of conservative crack growth curves., Futher-
mire, the results here indicate that estimated critical flaw sizes are very
sensitive to the particular crack growth rate data selected for the analysis.
[t is seen that range or uncertainty on crack growth rates can lead to a vari-

ation approacning 19:1 for predicted critical fiaw depths.

4.4 ASME SECTION X1 FLAW S1ZES

Critical flaw sizes corresponding to unstable crack growth based on frac-
ture toughness considerations were estimated Jising the methodology of Section
XI of the ASME Boiler and Pressure Vessel Code. Th2 intent of Section XI, as
outlined by Marston (13978}, is to ensure that the presence of a flaw dnes not
reduce the factor of safety against burst helow its nominal value of 3.0. In
this context the procedure of Section XTI accepts flaws if the maximum applied
stress intensiiy 15 less than KIC/vqﬁi

Data compiled by Server and 0ldfield (1978) indicate that the appropriate
value of KIE for ferritic piping should be at least 250 ksi ¥in, Thus,
applied stress intensity factors as calculated here by Tinear elastic fracture
mechanins were required ta he less than KICIVTG-: 75 ksi ¥in, For stainless

pining the data indicate higher allowable stress intensity factors.

Critical flaw deptns were conservatively estimated by assuming that the
piping system is stressed to the maximum level allowed by the ASME Code. For
the Combustion Engineering cold leg (30-in. IN and 2.5-in. wall) of SA-516
Grade 70 at 550°F, the design stress 5. i3 18.6 ksi. Table 4.3 gives
allowable Flaw depths as calculated for internal surface flaws based on elas—
tic stress intensity solutions reported by Becker (1379). Flaw depths are
given for a local membrane tension of BSm and a combined membrane and ten-

sion of 3S .
m

As indicated, elliptical surface flaws {aspect ratioc of 10} are more
severe than surface half-penny flaws {aspect ratio of 2), Also, membrane ten-
sion is more severe than combined membrane and bending. The results of Table
4.3 show that detection of 0.50-in.-deep flaws during ianspection would be con-
sistent with the requirements of ASME Section XI for even the worst combina-

tion of stress and flaw shape. It is probable that evaluations for more
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TARLE 4.3. Critical Flaw Size Estimates Based on ASME
Section X1 for Internal Surface Flaws

Allowable Flaw Depth, in.
Half Penny Elliptical

Membrane Tension = 3Sm 1.05 0.52
Combined Membrane s Bending 1.31 1.00
Membrane = Sm
Bending = 25
m

NOTES: For Combustion Engineering cold leg witn 30 in. I0 and 2.5 1in.
wall.

Fracture toughness of 250 ksi ¥in. and Section XI allowable of
Kic/¥Y10 = 79 ksi ¥in.

Design stress of Sy = 18.6 ksi
realistic stress levels would show that through wall cracks even for 2.5-1in.

wall piping would in many cases meet the stress intensity factor Timitations
of Section XI.

4.5 CRITICAL FLAWS BY DUAL CRITERIA APPROACH

Critical flaw sizes are estimated here using the dual criteria approach
{Chell 1379). The approach in these calculations is less conservative than
that of ASME Section XI as described above in that fracture toughness valu=s
used in the calculations are not derated by the factor of 1A410. In this sense
actual Flaw sizes for catastrophic failure are estimated rather than the flaw
size which will reduce the factor of safety against burst below the desired 3.0
vilue of the ASME code,

A common fracture toughness value KIC = 250 ksi ¥in. was used in all
avaluations by linear elastic fracture mechanics (LEFM) for both ferritic and
stainless piping. This value should be conseryvative for all the materials con-
sidered. However, this use of a common value for all materials, probably fails
to show trends due to higher toughness levels of stainless materials relative
to ferritic materials.
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[nterpretation of fracture data in terms of the failure analysis diagram
approach suggests that critical flaws can be evaluated using a dual criteria
approach Chell (1979). The dual criteria approaczh requires an evaluation in
tersns of linear elastic fracture mechanics combited with an evaluation of the
plastic coliapse or 1imit load for the c¢racked structure, TIn the following,
criticatl flaw sizes are estimated for larga-aiameter piping with flaws of tne
through-wall tyne. Part-througa flaws can be shown not to b critical, wmltess
thoy are bDoth very deep and have a very large aspect ratin. The stability of

such flaws is considered later using tne tearing instability concept,

Predicted lengths fFor through flaws for colg leg piping of various reac-
tor designs are summarized in Table 4.4, Design parameters were taken from
Eiber 2t al. (1979)., The discussion below describes the equations and methods
used to predict the critical flaw parameters. Predictions were made first for
failure due to pressure-induced stresses alone, then for these prassure
stresses combined with thermal, residual stresses, and piping flexibility
stresses,  The approximate method used fo account for thermal and residual
stresses is described in Appendix 8, along with estimatzs of piping fiexibil-

ity siresses.

Axial Flaw — LEFM

Newman (1975} reviews solutions for axial through cracks in cylindrical

pressure vessels and presents the Folias {1965) salution in the following form:

.'-(I = Sn e F(xt), T <, ¢ 10 (4-5)
where
2¢ = crack length
Sn = pR/t
D = pressure
R,t = radius and wall thickness
r, = c/VRt
: ; (1+0.52 1, +1.27 22 — 0.074 2)1/?
()lt = . t » t - [ t .
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The function F{x,) accounts for the effects of shell curvature on stress

.
intensity factor.
Numerical evaluations for critical Tengths of axial flaws in cold leg pip~
ing are indicated as items 7 and 8 in Table 4.4. For pressure loading only
{neglecting thermal and residual stresses), the predicted critical lengths are
on the order of 15 in. CLonsideration of thermal and residual stresses by the
method of Appendix B reduces the critical flaw lengths by only about 2 in. It

should be noted that a conservative value of K. . = 250 ksi \?ﬁ; has Deen used

IC

in the calculations, whereas some data suggest K.. values as much as two

IC
times greater than this value may be appropriate. Use of such higher values
for KIP

length (i.,e., from 15 to 60 in.).

would result in a four-fold increase in predicted critical flaw

Axial “law - Net Sectlon (ollapse

Whije theoretical solulions for net section plastic collapse for axial
flaws in cylinders have bean given by Erdogan et al. (1976}, predictions here
are based on empirical correlations. Such correlations of pipe tests are given
for eaxample by Esselman ot al, {1976} and are based on data from Battelle-
Columbus Laboratories (Keifner et al., 1973} and General Electric {Reynolds
1967). Results are presented as the ratio of failure stress o = p(Rft) to
fiow stress as 1 function of the parameter » = c/Jﬁfi Burst test results from
defected stean generator tubas at PNL (Alzheimer at al. 1979) have also been
applied and the predictions genarally agree witn data from larger pipe. An

empirical equation fit to the PNL results is given by Alzheimer et al. as
o/3, = {1 - aft) + a/t a-0.746 {cf/RL) (4-5h)
whare 3 15 the flaw depth with aft = 1.0 corresponding to a through-wall flaw.
Predicted critical lengths for nat section collapse of axial through-wall

flaws are listed as item 9 in Tahle 4.4. Predictions aof net section cogl-

tapse for axial flaws should not be governed by thermal, residuyal or piping
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TABLE 4.4.

DESTGN PARAMETERS

AND MATERIAL STRENGIAS

RESULTS FOR AXIAL
FLAWS

RESULTS FOR ©IRCUMFEREN-
AR E)

-

]

o

10;

1

Yield Strength, psi
Ultimate Strength, psi
Flow Stress, psi

wWalil Thickness, t, in.
Radius, ®, in.

i

z o= p 3 Rit), pse

LEPM without therma® and residual stress,
2c, .

LEFM with thermal :nc residual stress,
2o, in.

ket Section Dollapse, with and wrthoat

thernal and residueal streasn, 2o, in,
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Critical Lengths of Through-Wall Flaws in Cold Leg as Predicted by
Dual Criteria Approach
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flexibility stresses and thus only results for pressure stresses are given.
The values given were based on the design curve of Esselman et al. (1976);
evaluations based on the empirical Fquation (4-6) gave predicted flaw lengths

which in certain cases were somewhat shorter.

The predicted critical flaw lengths were on the order of 16 to 22 in.,
which corresponded to about 1/2 to 3/4 of the pipe diameter. These predicted
lengths were slightly longer than those predicted on the basis of linear elas-

tic fracture mechanics,

Eirggmferentia] Flaws — LEFM

The solution used for evaluation of elastic stress intensity factors for
circunferential through flaws was one due to Gilman {1968} as reported by Eiber
et al. (1979). The solution nas the form

- 5
_ PR Moy -
K1 = we .»21— fo(a) + > f2 \B)J (4-7)

where
Zc = crack Tlength
Za = crack angle = cfa, radians
M = bending moment on pipe cross section,

The functions f, and f,, given in graphical form by Eiber et al., are egual

to 1.0 for small crack'ang}es and attain values on the order of three for a
180-degree flaw.

Predicted lengths of critical flaws neglecting residual, thermal and pip-
ing flexibility stress are listed as item (11} ia Tahle 4.4. Predicted flaw
langths are on the order of 50 to 60 in, and extend around more than onehalf

of the pipe circumference.

Residual and thermal stresses along with bending moments due to piping
flexibility were accounted for using the results of Appendix B, Predicted

critical flaw lengths were reduced by a factor of about three. A small part
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af this change came from a reduction in fracture toughness to account for resi-
dual stresses and those thermal stresses dus to thrnugh-wall temperature gradi-
ents. The major factor, however, was the additional stress duye to a hending
moment included to account for thermal expansion effects in the piping system.
This amounted to an axial bending stress of 17,50G psi sunerimposed on tne uni-
form 7000 to 8000 psi pressure induced axial stress (pr/Z2t). Preaicted lengths
of critical circunferential “laws (item 12 of Tabl= 4.4, iaclude the effect of

thermal and residual stresses.

Circumferential “laws - Net Section Collapse

The axial l1oad and bending moment to cause fully plastic deformation of a
circumferentially cracked pipe can be readily cal-ulatad by considering
stresses in the vemaining 1 ment of the cracked section. Kanninen 2t al.
{1375) nave analyzed circum{= cncially cracked pip2s for through-wall cracks
and ralated the moment and axial Toad capacities of the pipe to the lengtn of

the crack. These results can b2 2xpressed as

2 . ) X
Moo= 2 N R7t (7 sin B8 - sin z) (9-3)

2 (1 - Q) - af2

©w
i

_ 4 R/2E + iﬂiiﬁl
Q= — PR/Z x

<

where

o, = flow stress

2a = crack angle

8 = angle locating neutral axis in bending
axial = axial load exclusive of axial 1oad inposed by internal pressure

A = uncracked cross sectional area of pipe {2nRt)

Mb = bending moment on pipe cCross section
This sat of eguations can be solved by trial and error for the crack angle 2a
corresponding to a given set of loadings Ip, paxiai’ and Mb)' It should
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be noted that tne analysis includes the bending moment on the net section from
the pressure induced axial load (pR/Z2t) which is eccentric ralative to the

neutral axis in bending for the cracked section.

Table 4.4 lists under item 13 calculated critical flaw lengths and angles
for net section collapse for the case where only internal pressure inad-
ing is present. Flaw lengths are in the 40- to 50-in. range, These lengths

correspond to through flaws extending over about one-half the circumference.

The critical flaw lengths are reduced by external bending moments due tn
thermal =2xpansinn effeacts. Table 4.4 lists as item 14 the calculated criti-
cal flaw lengths for a bending moment in the pipe sufficient to give an axial
bending stress of 17,500 psi. Imposition of this bending moment results in
reduction in c¢critical flaw lenqgth by about 40 percent, with the critical flaw
extending around approximately 1/4 of the pipe circumference.

4.6 TEARING INSTABILITY ANALYSES

In this section, the possibility of unstable crack growth by ductile tear-
ing is evaluated using the concept of tearing instability. Baoth axial and ¢ir-
cumferential flaws are considered. The main concern is witn deep surface
flaws. In particular, the possibility that unstable growth of these flaws may
occur before they grow by fatigue in a stable manner to become a leaking

through-wall flaw is evaluated.

Recent fracture mechanics studies by Paris and his associates have devei-
oped the concept of tearing instability {Paris et al. 1979a, 1979b; Tada et al.
1979). The method of analysis is applicable to high-toughness materials, and
states that three criteria for unstable crack propagation by ductile tearing

must Hhe met as follows:
1) The flawed structure is in a state of net section yield.

2) The crack tip deformation must be sufficient to satisfy the elasticplas-
tic toughness parameter JIC for the initiation of crack extension.

3} The slope of the J versus crack extension curve of the material {as char-
acterized by the Paris material tearing modulus) must Le less than the
increase of the applied value of J with respect to crack length.
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Analyses of a number of simple structural configurations have been
reporied in the literature, along with conditions for unstabie crack growth by
ductile tearing. A significant trend of these resuits is that the above cri-
teria do not predict a ¢ritical crack size {(depth and length), per se, but
rather dictates minimum structural dimensions {e.y., pipe Tength) needed for

unstable tearing.

In the discussion that follows, three solutions that are relevant to pip-
ing flaws are presented and evaluated. In addition, data for plastic fracture

properties (JIC and tearing modulus) for piping materials are reviewed.

Plastic Fracture Prgperties

The material parameters of interest are the {flow stress, o the plas-

tic toughness parameter, .J and the tearing modulus, T which is a

Ic? mat’

measure of the slope of the crack growth resistance curve (J Versus

aa}. Piping materials are classified here broadiy as eithEra?El;?%ic steels
ar stainless steels, and typical properties for each have been reviewed.

Table 4.5 summarizes the elastic-plastic fracture parameters which were used
in flaw evaluations. The temperatures of interest were in the 500 to 600°F

range,

Bamford and Bush (1979) present applicable data for stainless steel cast-
ings, forgings and plate at 600°F. Their data indicate tearing modulus val-
yes ranging from 225 to 612 {dimensionless) depending in large measure on test

method., By definition, tearing modulus is

E dJ faA_ah
Toat =7 & (4-9)
gl

where the flow stress and elastic modulis for stainless steels are takan as

34,350 psi and 25 x 106 psi, respectively. The Banford and Bush data also

s 2
indicata J.. values ranging from 1500 to 2737 in.-Ib/in.”, For analyses

IC

reported helow, values of JIF and 7 for stainless steel piping have been

mat
v, .
conservatively taken to be 1500 in.-1bfin.” and 200, respectively.
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TABLE 4.5. Plastic Fracture Properties Used in
Flaw Evaluations (550 F)

Ferritic  Stainless
Flow Stress, psi 42,600 34,600_
Elastic Modulus, psi 28 x 10° 25 x 10°
Ipes in.-1b/in.? 500 1,500
T ? 100 200
J o, in.-1b/in, "
ma X

(for a = 0.50 in. of extension) <10, 000 <20,000

Data for the ferritic steels at temperatures near 550°F are lacking.
Wilson (1979) reports results at room temperature for A516 which shows J -
values in the range 570 to 855 in—]b!inz, and a tearing modulus of about 160.
Andrews and Shih (1979} and Server (1979} report data for A533 ferritic steel
at2200 and 350°F. At 200°F JIC was in the range of 1500 to 2500 in,-1b{
in%, and T . was in the rangg of 125 to 250. At 350°F, Jre was in the
range of 650 to 1900 in-1b/in~, and T was in the range of 100 to 170. This
data indicates a decrease in the toughness parameters with increasing tempera-
ture. 1In the analyses below J[n and T

C mat
been taken to have the values 500 in-1b/in  and 100, respectively.

for ferritic steel piping have

Deep Axial Surface Flaw

Paris et al. (197%a) have derived the conditions for a tearing instabil-
ity for a deep axial surface flaw of depth = a, and length = 2¢c in a wall sec-
tion of thickness = t. The loading was internal pressure. The remaining
ligament was taken to be yielded, but the nominal stress in the uncracked

structure was helow yield. A deep flaw in this context was one for which a/ft
> 1/2.

The general criterion for tearing instability lead to the condition

4c
T 2 Tnat (4-10)
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for unstable extension of the flaw through the wall, 1t should be noted that
the stability is not dependent on flaw depth but rather on the length of the
flaw. The predicted critical lzngth of a deep surface flaw that can exper-
ience a ductile tearing instability is then

2¢ = (4/2) T, (4-11)

Ustng the tearing modulus valaes of Table 4.5 and a nominal wall thick-
ness of 2.5 inch for the cold leg, critical flaw lengths for unstable growth
of the deep surface flaw through the wall are:

125 in., (4 diameters), ferritic steel
250 in. {8 Jiameters), stainless steal

™G
i
!

(4-12)

For deep axial surface flaws these results predict that fFlaws will not break
through the wall in an unstable manner uniess the flaws are quite Jong rela-
tive to the pipe diameter. It is thus implied that deep surface cracks will
tend to breax through and become leaking through-wall cracks only by growing
stably by a mechanism such as fatigue.

Circumferential rTaw in Bending

Tada et al. {1979) have considered learing instabilities in piping under
displacement controlied bending leads, for the case of circumferential flaws.
Details of the analysis are not discussed here. [t is shown in Tada et al.
that:

< 0.65 v 0.25 (4-13)
applizd R 5 01

where
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L = length of pipe

R = mean radius of pipe

J = value of J integral for applied bending loading
a = flow stress

0
F = e2lastic modulus

The constants in this ineguality were selected to bound T for all cir-

applisd
cumferential flaws, both of a purely surface type and through-wall type, as

well as surface flaws which have broken tnrough only a partion of a pipe cir-

cumference.

The tearing modulus analysis predicts a minimum length of pipe required
for unstable propagation of a circumferential crack for the applied displace-
ment controlled bending loads. Using the fracture properties of Table 4.5, the
critical pipe length for ferritic and stainless steel for various pipe diame-

ters is given in Table 4.5,

Table 4.6 indicat=s that unstable ductile fracture can occur in pipes of
shorter length as the pipe diameter hecomes smaller. For the larger diame-
ters, very long lengths of pipe are required to supply the stored elastic
energy at a sufficient rate to support ductile fracture. Since the regquired
piping lengths exceed those used in reactor systems, such piping systems have
heen termed “"fracture proof" in Tada et al. (1979).

TABLE 4.5, Critical Pipe Lengths for Pipes Witn
Circumferential Flaw Loaded by
Displacement Controlled Bending Loads

Minimun Pipe Lengths for Unstable

Pipe Diametar, Ductile Tearing Fracture, ft
in. _ Ferritic Steel stainfess Steel

45 280 560

30 190 370

20 120 240

10 59 114

5 27 51
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Circumferential Flaw in Tension

The conditions for a tearing instability in a straight Tength of pipe in
tension are derived below following the methods of Paris (Tada et al, 1979}).
A pipe 1s given an imposed axial displacement, such as due to restraint of free
thermal expansion, which places the pipe in a state of tension. A part-
through 360-degree circumferential flaw of uniform depth around the
circumference is assumed to be present in the pipe. The foliowing definitions
are made:

L = length of pipe
t = wall thickness
a = flaw depth

PL = limit lead for flawed cross section
R = radius of pipe

o, = flow stress

E = elastic modulus

A = ?7Ra = area of fiaw
A

= impnsed axial displacement.

It is implied that the net section of the flawed pipe is yielded so tnat
the net stress equals the material flow stress. The mechanical work to deform

the pipe is as follows:

U= Ustastic * UpTaStiC (4-14)
where

Unpaetic = ® 70 R (6 = &) {LEL) (4-15)

Utastic = 27 % RUE = a) [e = (= a) o, (L/EE)) (4-15)



s that

, |
U= 20k (t - a) 8 - n R (- 0% (LE) (4-17)
The avplied J value is
J = du/da = - {dujda) (da/da). 14-13)

Differentiating and combining terms gives tha following result for the app!liad
J value

= 3 — ("1 a3 f] — ,-__1 Y
Jaoplied = %o [a (, LIE) (1 aftﬂ _ {4-19)

By definition, the applied value of the tearing parameter T is:

2. ,
Tapplied = (Elag") {dd/da) (4-20)

which in this case is simply

- f4.21"
Tapp]ied = L/t 14-21)

The three conditions for unstable ductile crack growth or tearing that
must be satisfied simultanecusly are:

{1) appiied net stress » flow stress

applied 2 JIC

(3} tearing instability, T

1
(2) crack initiation, J

applied 2 Tmateria!
These three criteria have been evaluated for the fallowing range of parameters

of interest fo reactor piping:
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Jie = 500, 1000, 2000 in-1b/in’
_ 50, 100, 200

mat
Iy = 35,000, 50,000 psi
T, = applied axial stress to unflawed pipe section

(10,000, 20,000, 30,000 psi)
E =26 x 10° psi
L = 10, 20, 50, 100 fest
t - 0.5, 1.0, 2.5 4.0 inch

"

Under criterion {1} the net section of the pipe must experience net sec—

tion yield so that

alt > (1 ~ s /o) (4-22)

Table 4.7 lists minimum flaw depths for net section yield for a range of axial

stesses,

For evaluation of the crack initiation criterion (2) one may express the

Fixed elongation of the pipe as

and then express the ¢rack initiation criterion as

2
alt 2 E Jjfe,” L+ {1 -0 fs) (4-24)

ta
{

a 0

This gives the mininum crack depth to initiate the ductile fracture process.

It is seen that the allowable flaw depth decreases as the pipe langth and
applied stress increases. Table 4.7 gives minimum crack depths. Pipes of
lengths characteristic of reactor designs with a displacement controlled stress
2f 10 k31 could see the initiatinn of stablz ductile fractur2 for surface flaws
of about 75% of the wall, However, for unstable extension of such flaws the

tearing instability criteria must also be satisfiad.
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For tearing instability as defined by Zriterion {3) to occur, the pipe
material’ Table 4.7

indicates that unstable fracture can occur for thinner wall gipes as short as

langth must be sufficient to satisfy the equation Lft > T

two feet, provided that the flow is of sufficient depth and axial piping Inads

are sufficiently great.

For a ductile tearing instability to occur, all tinree of the criteria as
evaluatad in Tahle 4,7 must be satisfied. The critical flaw deptns of
Table 4.8 are intended to give representative predictions for a typical 20-ft
length of reactor piping with a deep circumferential flaw under axial tensile
loading. Results for both ferritic steels {J.. > 500 in.—1b/in.” and
Tmat > 100} and stainless steels (JIC > 1500 intalb/in.2 and Tmat > 200)
are indicated. The range in wall thickness (0.5 to 4.0 in.} is intended to
span pipe diameters from 6 to 30 in. and greater. No attempt was made to iden-
tify the two applied axial stress levels of 10,000 and 20,000 psi with particu-
Jar loading sources. The levels could be considered bounds on the combined
effects of pressure, restraint of thermal expansion, seismic loading, water

stugging, etc.

The results of Table 4.8 indicate that smaller pipe sizes may have a
greater probability of unstable ductile fracture, since critical pipe lengths
are shorter for these sizes. The resulis labeled "no instability" in Table 4.8
are thoss for which the assumed 720-ft pipe length is insufficient to support a
predicted tearing instability. The critical flaw depths range from 54 to 85%
of the wall, These depths are for a displacement controlled situation where
both ends of the pipe are fixed so that the total axial extension of the pipe

does not change as the crack grows.

The other limiting condition is one of a pipe under purely pressure load-
ing where the ends of the pipe can move freely as the crack grows. 1t is s5ig-
nificant to note that the critical flaw depths for such pure pressure induced
failure are on the order of 80% of the wall. A full circumferential flaw of
this depth will reduce the net pipe cross section to the point that the net
section stress will exceed the ultimate strength level of the pipe.
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TABLE 4.7. Critical Flaw Depths and Critical Pipe Lengths for lUnstable
Tearing of Deep 360-Oegree Circumferential Flaw in Pipe
Loaded in Axial Tension

CRITERIA (1) — NET SECTION YILLD

Tnet ¥ op . Minitum Flaw Depth, aft
Flow Stress, psi T = 10 ksT o =770 ks 0g = 30 kul
35,000 0.71 0.43 0.14
53,000 i1.80 0.60 0.30

CRITERIA (2) - CRACK INITIATION

dapplied 2 JIC

tag = 35,000 psi) "oughness Pipe Minimum £ liw Qepth, o/t ~
Jic, n.-ibjin.4 length, ft S - 10 Ksi 5s = 20 ksi ca = 30 ksi

a0 T L =10 DR O T TD.73

71 0.7 .47 0.12

50 G0 0.44 .16

00 G.7P 0.44 0,15

1901 Lo 1o .49 0.61 0.32

25 G.A0 0.497 0.23

50 0.75 0.26 G.13

Lo 5.7 .45 0.16

2000 L= t0 0.9¢ 0,78 0.45

U (.89 .51 0.32

a0 iy 0.50 0.1

150 .75 G683 0.14

CRITERIA (2] - CRACK INITIATION
Sapplied 2 d1¢

{25 = 50,000 psi) Tougrness Cipe co . Minimam Flaw Depin, Bft
dic, din.-Thfin.” Length, ft mg = iU ksi aq = 20«51 ca = ) ke

500 CIo 0.8% J.64 078

2l .52 0.6 0.oAp

50 .3 .61 0.4:

100 0,40 3.0 .47

Lo L=l 5.5 0.69 0,44

RN .24 J.64 .44

B() 0,47 0.62 0.47

ot 0.3l .61 .11

2009 ] 0.97 q.77 0.57

0 1.2 3,69 .49

50 .83 0.61 0.43

100 0,37 5.67 0.47

CRITERLA (3} - TEARING [NSTABILITY

T iisd » Tmaterial learing o weditical Pipe Lengths, ft
spRirEd e Modalus T3 G €I TR € 2.3 Te. . €= 3.0 7
50 2.1 4.7 14 16,7
100 4.1 5.2 0.8 33.3
200 g4 15.7 3..7 B&./



TABLE 4.3, Critical Flaw Depths for 20 Foot Length Pipe
by Ductile Tearing for Deep 360 Degree Circum-
ferential Flaw Loaded in Axial Tension

FERRITIC STEEL: Jic = 500 in.-1b/in.2 and Tpaterial = 100

Wall Thickness, Flaw Depth, ajt
. in, 0a = 10,000 ps] 5 = 20,000 ps]
0.5 (.78 J.55
1.0 0.78 0.5%
2.5 0.78 J.55
4.0 1.0 {no instability) 1.0 (no instability)

STAINLESS STEEL: Jyr = 1500 in.-1b/in.? and Tpateria] = 290

Wall Thickness, Flaw Depth, aft _
in. 0g_= 10,000 psi _oca = 20,000 psi
0.5 0.85 0.54
1.0 0.85 0.54
2.5 1.0 {no instability) 1.0 (no instability)
4.0 1.0 (no instability} 1.0 {no instability)
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5.0 STATISTICAL DESIGN AND ANALYSIS

This discussion details the statistical methods and procedures used to
evajuate the effectiveness of in-service inspection of primary system piping.
A primary objective of this program is to determine the effectiveness of in-
seryice ultrasonic inspection. The objectives of statistical analysis here are
to gquide experimental design, maximize cost effectiveness of measurement pro-
grams, and provide the analysis necessary for evaluating inspection effective-
ness, Section 5.1 defines the measures of inspection effectiveness to be used

in the program,.

There is currently no existing data base for evaluating the effectiveness
of in-service inspection primary system piping. In the Phase II program, a
round robin inspection will provide this data. Section 5.2 of tnis report
describes the tests and analyses to be performed. The round robin will include
four materials and six test teams. The inspection effectiveness will be evalu-
ated for minimum code requirements, as-practiced field procedures, and an
inproved procedure., Inspections will be made under laboratory and simulaled
field conditions with flaws located on both the near and far side of the weld.
The round robin inspection will be initiated in December, 1980 and be com-
a3leted by June, 1981. Additional round robin tests will be performed i 19381

on dissimilar metal welds and other selected materials not yet defined.

5.1 MEASURES OF INSPECTION EFFECTIVENESS

Because an ultrasonic inspection is such a complicated process, no single
measurement can adequately describe inspection effectiveness, This discussion
describes three sets of measurements that allow inspaction resulis to be viewed
from several perspectives. The measurements includz 1) probability estimates,
2) false call rates, and 3} measures of association., We hope that tnis combin-
ation of measurements will provide a compliete description of inspeztion
affactiveness,

Probability Estimates

The first set of measurements is a collection of probabilities that
describe the Code procedure's ability to classify cracks correctly. The most
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important probability in this set is the Probability of Rejection, which is the

probability that a particular crack will produce a rejectable indication. A
rejectable indication is a crack indication whose dimensions are unacceptably

large {(that is, whose dimensions (depth, length} are in a specified rejectahle
range, R}, Because of the organization of the Cade procedure, a particular
crack can only produce a rejectable indication if the following hierarchy of
events has occurred.

El At least one recordable indication must have been produced by
the crack.

At Teast one of the above recordable indications must have
been classified as a crack indication.

E, The dimensions of one of the crack indications must be in the
rejectable range, R.

These three events can be used to define three probabilities.

RP  (Recording Probability) = Pr(El) = probability of at least one
recordable indication being produced by the crack.

POD (Probability of Detection) = Pr(Ez) = probability of at least
ong crack indication being produced by the crack.

POR (Probability of Rejection) = Pr(E3) = probability of at least
cne rejectable indication being produced by the crack.

The above probabilities are assumed to be functions of the true crack
depth {d) and are written with depth as an argument (RP{d}, POD(d}, POR(d)}).
In reality, all the above probabilities are functions of many more variables
than just crack depth. These additional variables (such as material type,
crack shape, crack location, and weld preparation should be considered implicit
arguments in these functions., Two probabilities, the Recording Probability and
Probability of Rejection, are related to two important continuous variables,
Db-response and crack indication size, respectively.

Since an indication only becomes recordable when the dB-response is above
50% DAC, a crack can only produce a recordable inaication if the maximum dB-
response from that crack is greater than -6 d8 (5C% DAC). That is,
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RP{d} = Pr{r > -6 dB) (5-1)
where r is the maximum dB-response from the crack,
A similar relationship exists between POR(d) and the dimensions of the

largest crack indication produced by the crack. If s represents the dimen-
sions of the largest crack indication from a certain crack, then

POR(d) = Pr{seR) POD(d) (5-2)

The above formulas suggest that an efficient way to estimate RP(d) and
POR{d) may be to determine the distributions of r and s and then use this
information to calculate the desired probabilities. Because of these simpie
relationships, the distributions of dB-response and crack sizing error are also

useful in characterizing inspection effectiveness.

False Call Rates

The second set of measurements describes the inspection procedure's false
call rates. Three rates can be defined for uncracked material that are ana-

logs to the probabilities previously defined for cracked material.

FRR {False Recording Rate} = The expected number of recordable

indications that occur in a unit length of uncracked material,

FOR (False Detection Rate) = The expected number of crack indica-

tions per unit length of uncracked material.

ROFR {Rate of False Rejections) = The expected number of rejectable

indications per unit length of uncracked material,

The three probabilities and three false call rates describe inspection
effectiveness well, but they can be very expensive to measure {particularly
the probabilities). Twenty to thirty inspections must be performed in order
to obtain reasonably accurate estimates for the probabilities. During these
inspections, no variables that influence these probabilities can be allowed to
vary haphazardly. [t is sometimes very difficult to perform inspections that
do not violate this restriction. Consequently, it is useful to have measures
of inspection effectiveness that can pe estimated from dne or two inspections.

The following set of measurements is capable of this.
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Measures of Association

We call the third set of measurements measures of association because

these quantities measure the amount of association between an inspection and
the true state of the weld. Al) of these measures of association rely on a
vector representation that is capable of descrining a weld cross section numer-
icaliy. Figure 5.1 provides an exampla of this representation. The circum-
ference of the weld cross section is divided into units of 10°. FEacn 10° unit
of mat=rial is associated with a component in the vector, and the i'th compo-
nent of this vector, Vi describes the state of this 10° unit of material.

The component Vs is set equal to the maximum crack depth occurring in the

i'th unit of material. [If this unit of material is not cracked, v, o= g.

This vector representation can be used to present the results of an
inspection as well as the true state of the weld. The inspection resul®s can
be characterized by two types of vectors: recordable indication vectors and
crack indication vectors. A recordable indiction vector represents the loca-
tions of all recordable indications obtained during the inspection, while a
crack indication vector describes the locations of all indications that were

~lassified as cracks.

An inspection's effectiveness in des¢cribing the true state of a weld can
then be wmeasured in terms of how close the crack indication vecltor corresponds
to its associated true-state vector. Measuring the closeness {or association)
between two vectors is a very common mathematical problem with a choice of many
different procedures. Here we consider two of the most common measures of
assocfation:

1. The correlation coefficient

2. A X2 contingency table statistic,

Let the vecltor u = (ul’UQ""un) represent the true stale vector and
v = (vl,vz,...vn) a c;ack indication vector. Both the correlation
coefficient and the X* contingency table statistic compare the closeness of
component u, to that of Vi The interpretation of the two quantities would

be most natural if it could be assumed that each of the ordered pairs
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