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ABSTRACT

This report provide:. some guiczlines and proc dures for the evaluation of
component supports using the princ.ples of linear e stic fracture mechanics
(LEFM) in order to assure, vy an optional analysis procedure, an acceptable
level of material toughness. This repori documerts the work perform 4 on
the Unresclved Safety Issue A-12 and it addresses the prectical application
of L5FM to component “upport designs, and ne stat.d NRC concerns regardinrg
fracture tu: qhness leterm*nation, treatment of residual stress, assumption.
on flaw size, and the caiculation of applied crack driving force. It is the
purpese of the report to cover each of these icsues and to demonstrate the
Teasabi1ity and potential benefit of LEFM to certain cases where other
evaluation metnods may be incapable of providing a means of assessing
integrity.

This report should be viewed as a working document; to be modified 2o new
informatinn or data a. . obtained from this project or other programs. It is
an. - vated that unde. thic project, the report will be revised at the end

cne work scope (Jily 198 ) since many areas discussed herein are “till
2oLive tasks.
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Section 1

INTRODUCT [ON

NRC UNRESOLVED SAFETY ISSUE A-12

Background to A-12

The Unresolved Safety lssue known as A-12 is an NRC safety issue which deals
with the potential for low fracture toughness properties of component support
materials. Ouring the construction and licensing of the North Anna nuclear
power plants Units 1 and 2, the fracture toughness of materials for the steam
generator and coolant pump supports was called in*o question. The specific
technical concern was the capability of the suppoits to maintain their
structural integrity under postulated accident conditions. As part of this
issue, a concern for lamellar tearing was also expressed and questions
regarding the potential of such a condition to exist were raised. The
immediate licensing concerns were resolved through fracture toughness testing
of two of the support . terials -- ASTM A36 and ASTM A572. The A572 toughness
was determined t. be inadequate at 80°F (27°C), resulting in a reguirement to
preheat the beams in the steam gererator sup orts to 225% (107°C) prior to
reactor coolant system pressurization above 1000 psi (6.9MPa), with the
stipulation that additional heating be aviilable should the heat from the
reactor r~-lant loop be insufficient to ma‘ntain desired support temperatures.
The Nuclear Regulatory Commission's (NRC) concern in the North Anna licensing
process led to a generic investigation known as the A-12 technical activity.

V.. Resolution

The NRC contracted the Sand : National Laboratories to examine the questions of
low fracture toughness of component supports and lamellar tearing on a generic
basis. Sand a submitted its findings in February 1979 and NUREG-0577 (1-1) was
fssued in draft form in October 1979 for comment, with the Sandia report as an
appendix. MWith the issue of this u.. ~ent, the NRC considered both issues, and
thus the Technical Activity A-12, to be generically resolved. However,
subsequent to NUREG-0577, the NRC issued two letters (2) over the signature of
the Director, Division of Licensing, which significantly amended the NUREG
dcument. These letters, dated May 19, 1980 to all power reactor licensees,
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and May 20, 1980 co all pending licensees, construction permit applicants, and
licensees of plants under con .ruction in effect, expanded the scope of the A-
12 issue to also include:

1) Reactor vessel and pressurizer supports

2) BWR designs as well as PWR

3) A1l plants, not just operating units, and

4) Stress corrosion cracking assessment of high strength

materials.

Among other items, Attachment 1 to these letters provided review procedures
2a1d criteria which differed from NUREG-0577 in that: (1) the fracture
mechanics based assessment procedure was excluded (2) an evaluation procedure
based on a consequence-of-postulated-failure analysis was added, and (3) if
the cnnsequence analysis failed to demonstrate conformance, then the NRC

sg cified course-of-acticn is to control the operational tempera‘ure by
ancillary heating. The intent of these ciianges was to minimize NRC staff
involvement in the review of licensee and applicsnt submittals. By complying
with these proposed procedures and criteria, tne A-12 issue was considered
resolved.

INDUSTRY RESPONSE AND COMMENTS

After issuing the May letters, the NRC staff received comments from utilities
and vendors on many aspects of the requirements. The Electric Power Research
Institute (EPRI), after examining the letters, and discussing the subject with
its utility advisory structure became concerned about the exclusion of a
fracture mechanics procedure in the NUREG amendment, and the expansion of scope
to include all LWR plants. Questions were also raised about the difficulties
in performing and the staff work load in reviewing assumptions and
calculational procedures required for a proper failure consequence analysis.
EPR] staff and contractors began to demonstrate the feasibility and utility of
a generic procedure, based upon well-established principles of linear elastic
fracture mechanics (LEFM), for addressing the issue of component support
integrity following a briefing of utility representatives in June 1980.

A skeletal outline of this optional procedure was presented to the NRC and

interested utility, vendor, and architect/engineering representatives at a
meeting in Bethesda, Maryland, on August 27, 1980. Following this

1-2



presentation NRC staff respondea that:

1. A fracture mechanics approach would be considered by the NRC as an
option, provided that tPR] research satisfied concerns about the
adequacy of the fracture toughness data base, stress intensity
calculations for complex support geometries, methods for
incorporating residual stresses, and definition of reference flaws.

2. The NRC would delay the final draft of the revised NUREG-0577 until
the EPR] research was available (December 1980), and would delay the
implementation date for NUREG-0577 until Decemter 1982.

The December 1980 date was determined to give ample time for EPRI and its
contractors to complete the assembly of the methodology and %o uemonstrate the
use of the fracture mechanics approach on representative support geometries.

An interim meeting to brief the NRC and interested parties on the progress of
the research was held in November 1980 in Bethesda. At that time NRC requested
that the licensees and applicants commit to the EPRI approach as an option
prior to the end of December 1980. To this end a meeting was held in Palo
Alto, California, on December 10, 1980, to describe the fracture mechanics
mcthodology in detadl  «ith special emphasis on the NRC concerns: specifically
the fracture toughness data base, stress intensity calculations for complex
geometries, residua. stresses, and reference flaw definition.

07e week later a similar presentation was given in Bethesda, Maryland, to NRT
staff and interested parties. The intent of this presentation was to
demonstrate feasibility of the fracture mechanics alternative, and this
demonstration was apparently successful, based upon NRC response (December
30, 1980, Memorandum from R. Snaider to K. Kniel). The NRC continues to be
concerned, however, about excessive staff review time and has asked that
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EPR1 submit, by January 31, 1981, a document which contains:

(1) Specific applications in which LEFM can be applied and in which it
would appear to be of the greatest benefit,

(2) Geometries in which LEFM usage is proposed, including a propuscd
solution for each ocometry,

(3) Detailed definition of residual stress for each proposed geometry:

(4) Detailed 1ist of fracture toughness data available, especially ch
listed by materials:

(5) A definition of the “reference flaw" to be used in the LEFM
analysis; and

(6) Proposed margins of safety, and the par.mcter(s) to which they
should apply.

This document attempts to address the NRC request while recognizing that, as
a research organization with constraints, the request goes beyond the bounds
in which EPRI can properly operate. The organization of this report has
been structured in such a way, however, that additional information can be
incorporated as it is developed or acquired.

SCOPE OF REPORT

The purpose of this report is to provide the bases for the optional
evaluation procedures, with appropriate guidelines and recommendations for
implementation of a fracture-mechanics-based assessment of structural
supports. The report defines the necessary elements for an LEFM analysis;
the important parameters included in the evaluation, and standardized
analvsis assumptions, method of approach and material acceptance criteria.
Although work is currently underway to address the stress corrosion



cracking (SCC) aspect high strength structural materials, this subject iy
no. discussed here, and the strategy and evaluation steps contained in this
document exclude SCC considerations. It is anticipated that SCC evaluation
procedures will be incorporated later.

As mentioned earlier, this report is intendea to be a working document so
that contributions from this and other organizations can be added as new
information and data are obtained, such as stress intensity factor so'utions
for additional geometries, residual stress states, reference flaw size data,
and fracture toughness data for other materials. The bulk of the analvtical
methodology and analysis input information is contained in the appendices.
The main body of the report provides the evaluation strategy and the step-~by-
step procedures to be followed. It cnould be stated that the evaluation
based on fracture mechanics i1s an optional method to the consequence
analysis approach. Since it is an optional method, it can be employed at
the discretion of the analyst, and that satisfying either type of evaluation
(1.e. consequence analysis or fracture mechanics analysis) will be an
acceptable disposition of nonconforming materials. Guidelires are provided
as to the type of applications where a fracture mechanics analysis will be
the most beneficial.

REFERENCES

1-1 Snaider, R.P., et.al. "Potential for Low Fracture Toughness and
Lamellar Tearing on PWR Steam Generator and Reactor Coolant Pump
Supports", U.S. Nuclear Regulatory Commission Report, NUREG-C577,
October 1979.

1-2 Lletter to all power reactor licensees (May 19, 1980), and to all
pending operating licensees, permit applicants and plants under
construction (May 20, 1980), from D.G. Eisenhut NRC Division of
Licensing.
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Section 2
STRATEGY AND METHOD OF APPROACH
GENERAL STRATEGY

An evaluation strategy is required to establish the necessary procedures that
will ensure an adequate failure prevention approach to the A-12 issue. In
applying fracture mechanics concepts to this issue, a philosophy has been
adopted which involves the use of a "reference flaw" to demonstrate an
acceptable level of toughness for the design. A reference flaw represents the
largest flaw thought to exist in 2 structure, reflecting the fabrication
procedures, quality control and preservice inspection used in the construction.
Where appropriate a reference flaw would also account for flaw growth resulting
from service loadings. Under this condition, the fracture toughness of the
material and the service-induced loads are combined in an LEFM model to
determine the critical flaw size for the structure. The acceptability of this
critical flaw size 1 judged by comparing this flaw size with the reference
flaw and including an appropriate safety factor.

A flowchart showing the integration of this information and the conditions
which lead to an acceptable design is given in Fig. 2-1. The strategy outlined
i1 Fig., 2-1 is based on preventing nonductile failure and combines the basic
approach and methodology of the ASMt Code Section 111, Appendix G (2-1) and
Appendix A of Section X1 (2-2). The approach is divided into four parts with
each part focusing on a specific step or requirement for the evaluation. The
logic and flow of the procedure are therefore reflected in the order of the
steps as described below:

o Part 1 - Definition of service loadings under postulated accident
conditions and the determination of applied stress.

o Part 11 - Determination of fraciure toughness, ch, for the
material under postulated service conditions.

e Part 11l - Determination of the minimum critical flaw size, 3.,
given th. applied stress and fracture toughness.
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v Part IV - Comparison of calculated critical flaw size with a
"reference flaw" to establish material toughness
acceptability.

The procedura) steps for each part of the evaluation are given later 'n Section
3. With the exception of definition of service loads and stresses (Part I)
each of the above analysis requirements is the subject for an appendix given in
the back of this document. A review of typical plant designs indicates that
although some geomet s are generic, loads and operating conditions are plant
specific. For this reason the examples described later should not be regarded
as reflecting any particular plants. These appendices provide quidelines and
recomnended procedures for completing the evaluation.

FRACTURE MECHANICS CONCEPTS

Introduction

In applying fracture mechanics analysis to failure prevention studies where
protection from nonductile failure under monotonically increasing loading is
the criterion, it is important to establish the possible modes by which the
structure may fail and the parameters which are important in determining the
residual strength of a structure continuing defects. The failure behavior of
structural steels can be classified into four regimes and the discipline
required to assess these regimes are:

(1) Linear Elastic Fracture Mechanics (LEFM) - The structure fails in a
brittle manner ani, on a macroscale, the load to failure occurs

within nominally elastic loading.

(2) Elastic-Plastic Fracture Mechanics (EPFM) - The structure fails 1u a
ductile manner, and significant stable crack extension by tearing may

precede ultimate failure.

(3) Local Plastic Instability - The failure event is characterized by
local large deflections and local plastic strains associated with

ultimate strength collapse at a cross section.

2-3
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(4) Limit Load and Plastic Collapse - The structure exhausts its

redundancy through the development of multiple local plastic
instabilities until, under continued application of load, global
collapse occurs.

A schematic diagram showing the relationship between critical or failure stress
(i.e. residual structural strength), and flaw size is shown in Fig. 2-2 for the
three failure modes described above. The shape and position of the failure
locus will depend on the fracture toughness (ch) and strength properties (.Jy
and °uts) of the material, as well as the structural geometry (t) and type of
loading. LEFM is used most appropriately to describe the behavior of low
toughness/high strength materials in which the plastic zone is small relative
to the structural geometry and little ductility precedes fracture. With this
method, no account is taken of increased material resistance to brittle failure
when significant plasticity occurs. Under LEFM conditions, the most useful
parameter for characterizing the behavior of cracks is the stress intensity
factor, K, which characterizes the singular stresses near the crack tip. 1In
contrast, plastic instability, when it occurs without prior crack extension, is
dominated by the flow properties of the material. In these circumstances, the
failure condition is independent of fracture toughness and crack tip
characteristics, and cross sectioral properties are used to define the failure
conditions. Elastic-Plastic Fracture Mechanics (EPFM) analysis can be used to
predict failure behavior in the transitional regime tetween LEFM and 1imit
load, and under EPFM conditions, the crack tip singularity, the material
toughness, and net section stirength are all important parameters for Tailure
assessment. EPFM principles which incorporate a J-intecral approach or (0D
have been applied to predict simple cross-sectional failure states under
elastic-plastic conditions and well defined loading conditions.

Returning to Fig. 2-2, it can be seen that, at low values of applied stress or
large values of a/t, LEFM is a conservative method for calculating criticel
flaw size or maximum load. For this reason, LEFM has been adopted by the ASME
Code for demonstrating structural integrity, and with the addition of
conservative assumption for material properties, initial flaw size, and safety
factors, LEFM should always yield a conservative estimate for a. provided that
the computed value of 3. is greater than the flaw depth a, illustrateu in Fig.
2-2. flaw depths smaller than a, indicate a non-cons :rvative estimate for a_
when LEFM principles are applied.

2-4
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As a measure of susceptibility to brittle fracture, the relative positions of
the different failure curves can be judged by defining a non-dimensional
parameter which is the ratio of ch to the material strenoth times the square
root of thickness defined as £ in Fig. 2-2. Typically, reactor pressure vessel
steels under normal operating conditions (upper shelf behavior) have a ¢ equal
to unity. As £ decreases, the susceptibility to brittle fracture increases.

LEFM Principles

The principles of linear elastic fracture mechanics effectively link three
parame.ers: the defect size, the fracture toughness, and the applied stress;
if any tywo of these are known, the critical value of third can be quantified.
Although .he stress distribution of a cracked structure for an arbitrary mode
of loading and shape of body and crack can be quite difficult to determine,
only three c2formation modes can occur near the tip of the crack: the faces can
be pulled apart (Mode 1) or sheared perpendicular or parallel to the leading
edge of the crack (Modes Il or 111). These three loading modes are shown
schematically in Fig. 2-3a, and the character of the near-crack tip stress
distribution is illustrated in Fig. 2-3b. The crack opening mode or Mode I, in
which the load is applied normal to the crack face, is normally the most
damaging of the three modes.

The most useful parameter for describing the character of the near-crack tip
stress distribution 1s the stress intensity factor. The stress intensity
factor, K, defines the local crack tip response to global conditions and is
calculated in terms of the nominally applied stress, o , the crack length,
a, and a factor that depends on the flaw geometry, stress distribution, and
structural displacement constraints, F(a), from the relation

K= Fo /7 a. (2-1)

Assuming Mode 1 loading, fracture is predicted when the applied KI value
reaches a critical level. For plane strain conditions, this critical level
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is the fracture toughness, ch, and a requirement for safe operation is
. (2-2)

The critical value of applied stress car L~ computed in terms of flaw size
and fracture toughness from the expression

ch »
% * F /=’ (2-3)

Likewise, given the applied stress and critical toughness, the critical flaw

size can be determined implicitly from
2

K
1 Ic
B < * T\ (2-4)

A 1etailed discussion on the computation of Kl is given later in Appendix C.

In order to apply LEFM methods the analyst must have a knowledge of two of
three important parameters. The appendices to this report outiine methods
for determining fracture toughness, stress intensity factor and flaw size to
be used in the analysis.

NRC REQUIREMENTS FOR LEFM ANALYSIS

Upon consideration of the comments and proposals presented at the August 27,
1980 meeting, the NRC staff summarized the requirements for a fracture
mechanics analysis. Contained in these requirements are criteria which are
necessary ingredients that must be addressed in evaluation procedures.

These requirements fall into five areas listed below:

1) The NRC will require confirmation of correlations between CVN and
ch data.
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2)

3)

4)

5)

In developing correlations and material toughness curves, the NRC
staff will require data from several ch or ch - like tests at
appropriate temperatures for each class of material.

Residual stresses must be addressed in the fracture mechanics
analyses.

Kl solutions must be applicable to the specific geometries being
evaluated.

The NRC staff will need to examine the criteria used to define the
reference flaw size. 1f NDE is used to define this flaw size, the
staff will require a demonst.-ation by mockup or model to confirm
the reliability of the inspestion system.

DEFINITION OF LOWEST SERVICE TEMPERATURE

A definition for the lowest service temperature (LST) for a structural

support is required to determine the appropriate fracture toughness for the
support members. The use of LST in the design of components is established
in the ASME Code (2-3, 2-4) and a suitable definition of LST has been
adapted here from the Code for component supports as:

The lowest service temperature for a defined region in a component
support shall be the minimum temperature which the material may
experience when the pressure within the component being supported
exceeds 20% of the preoperational system hydrostatic test
pressure. The temperature shall be established by appropriate
calculations or experiments and be based on atmospheric ambient
conditions, insulation or enclosure provided, temperature of the
foundation and consideration of heat transfer to or from the
component through the support.

It is the intent of the evaluation procedures to determine the LST for the

nonconforming members by tnis definition or similar definition as part of
the fracture toughness assessment under Part 11.

2-9



REFERENCES

2-1

2-2

2-3

ASME Boiler and Pressure Vessel Code, Section III, Division 1
Appendices - Appendix G, "Protection Against Nonductile Failure,” 1980
Edition.

ASME Boiler and Pressure Vessel Code, Section X1, Appendix A, "Analysis
of Flaw Indications”, 1980 Edition.

ASME Boiler and Pressure Vessel Code, Section !1l, Subsection NE -
Class 1 Components, Article NB-2300, 1980 Edition.

ASME Boiler and Pressure Vessel Code, Section IV, Subsection NE - Class
MC Components, Article NE-2300, 1980 Edition.



Section 3
EVALUATION PROCEDURES

SCOPE

This section provides the step-by-step procedures for applying the fracture-
mechanics-based method to the assessment of component supports fabricated from
non-conforming materials. The procedure is based upon LEFM principles and is
subdivided into four parts: 1) definition of service loads; 2) determination
of fracture toughness; 3) critical flaw size calculation, and 4) material
acceptance criteria. Appendices in the back of this document provide the
details to perform the key aspects of the above analysis Steps 2, 3 and 4.
Although these procedures apply to the structural materials and support
geometries described in the appendices, the basic intent of the evaluation can
be expanded to other situations by collecting more information and data.
Wherever possible, guidelines and recommendations are provided in the
appendices to expand or adapt the information and procedures to plant-specific
applications. In applying these procedures, it i1s assumed that the location(s)
of the nonconforming members have been identified and that the material
specification is known.

PART 1 - DEFINITION OF SERVICE LOADS

The following subsection outlines the steps required to define the structural
loads for input into the analysis. The support must be analyzed for the
maximum postulated accident loading condition. It should be noted that loads
for LOCA and SSE are not to be combined but the worst individual load case is
to be used in the analysis. The following is an outline of the steps under
Part 1:

1) ldentify the loading conditions for the structural support to be
evaluated,

2) Determine the maximum loading condition for the structure and

identify the most highly loaded nonconforming member or members in
the support design,
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3) Determine by measurement or analysis the lowest service temperature
(LST) for =ach location identified in Step 2 above. If the LST for
regions are not known, then a value of 75%F (24°C) may be assumed,

4) For the service load and temperature conditions defined above,
calculate the stress for the regions or members which are
nonconforming within the support. All forms of loading should be
considered including mechanical loads, thermal stresses, and residual
stresses. Guidelines for the treatment of residual stresses from
welding are provided in Appendix B, The stress definition should be
sufficient to include discontinuity and local stress concentration
effects.

PART 11 - DETERMINATION OF FRACTURE TOUGHNESS

The fracture toughness, ch, is required in the computation of critical flaw
size and is based on a statistically determined bound of static initiation
critical values of KI measured as a function of temperature. The procedures
given below and in Appendix A are intended to determine the appropriate KXc
value for two situations: 1) when data from the actual product form are not
available, and 2) when data from impact tests (Charpy V-notch) are available.

Data Not Available

For the case when fracture toughness properties are not available for the
actual material, the following steps are to be followed:

1) From the material specification, establish the material composition,
heat treatment, melt practice, strength level and grade, and other
parameters which are important to the determination of material
condition.
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2) Determine the value of Kjc ot LST from the statistically-based bound
curves compiled in Appendix A. The curve selected should be for the
same material specification as the actual material, and match as
closely as possible the actual material condition as identi ied in

Step 1.

3) If a fracture toughness curve for the particular material
specification is not available in Appendix A, then use the material
classification provided in the appendix to determine the material
class or group. Tne fracture toughness to be used will be the lowest
value of K at LST cetermined from the materials in the group.

Charpy Impact Data Only

For the case when only Charpy data are available for the actual material, the
following steps may be followed in lieu of using the statistically-based bound
curves:

1) Develop a CVN versus temperature curve from the available CVN data
which satisfy the requirements given 1n Appendix A.

2) With this curve, use the CVN-Klc referencing procedure provided in
Appendix A to determine the bounding ch curve as a function of

temperature.

3) From this curve, select the value of Kio ot LST for the support
member.,

4) If only a few CVN data points are available use the guidelines in
Appendix A to establish the full CVN curve.

Material Testing

In the event that the procedures for the above situations give overly
conservative estimates for ch. results from actual tests conducted on similar
heats of the material in question may te used to define Kyee The
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valyues so determined should represent the product form and take into account
material variability, test.ng techniques, and any other variables which may

1ower K!

PART 111 - CUITICAL FLAW SIZE CALCULATION

The results from Parts | and I1 are now combined in the LEFM mode)l to calculate
the critical flaw size, 2. The procedure tor determining the minimum critical
fiaw size is as follows:

1)

2)

3)

4)

5)

6)

7)

From the results of Part |, determine the highest stress location or
locations for the nonconforming member.

Using the guidelines given in Appendix D, establish the flaw shape
and orientation to be postulated for each location to be evaluated.

Again from Part [, determine the stress profile through the thickness
of the member at the postulated flaw location.

Calculate the stress intensity factor, Kyo as 2 function of crack
depth Ly the procedures g ven in Appendix (.

The crack dépth at whizh the zalculatec n‘ exceeds the K!c value
corresponds to the critical flaw size, a.

Repeat steps 2 through 5 to calculate L for each location identified
in Step 1.

The smallest value of 2 determined by the above procedurs after all

postulated accident lopad cases have been considered 1S the minimum
critical flaw size for the structure or member.
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PART 1V -

ACCEPTANCE CRITERIA

The procedures and criteria to be used to demoistrate acceptance for
nonconforming materials arc nroposed below and are consistent with ASME (cde
Section XI (see Appendix D):

1)

2)

3)

Determine the reference flaw size, a., from the guidelines provided
in Appendix D.

The structure is acceptable for continued service if cither of the
following conditions are satisfied.

e O.Sac.

K, < ch /17 N

where K1 is the maximum applied stress intensity factor for the flaw
size s and ch is the available fracture toughness.

When NDE techniques are used to establish the postulated flea size
for the support, smaller defect sizes will be allowed provided that
it can be assured that the inspection system employed can reliably
detect the smaller flaw.
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Section 4

i"TLICATIONS

SCOPE

The purpose Jf tnis section is to discu.s specific appli~ations to demonstrate
the implementation ¢* the evaluation procedures presented in Section 3. Some
sample evaluations for Lypical “upport geometrias are pres: ted herein with the
analysis details to follow in App:ndix ©. These analyses wi'l scrve as
examples as to Lhe effort requireu to complete ai cvaluaticn. Before these
examples are introduced, the situa '9n® ‘equiring evaluation are considered,
and the advantages and dis»dvantages among the various evaluution options are
presented.

SITUATIONS REQUIRING EVALUATION

Evaluation of structural supports will be required in lieu of replacemenrt o
heating when a materia' has been identified as nonconforming by the toughness
acccpt nce standerds simi'ar to those proposed in the attachment to the May
1980 le*.ers. These acceptance standards providye the recuirements for NDT or
CVN data x4 give guicelines for the situation when no plart materia: data are
available. 1t a material initially fails the acceptance test and is therefore
deemed no'.conforming there are several options available w.thout the need for
evaluation o~ cor 2ctive actions as given below:

1’ If no data are available, impact tests may be performed to
gen.rate plant-specific data tu be applied 7 tne toughness
acceptance comparisons.

2) Engineering judgement may be applied in order to rationa:ize

the material properties “or the situation when the data do not
clearly satisfy or violate the acceptance standards.
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3) Demonstrate that the LST for the support is sufficient to
satisfy the requirements.

These options should be reviewed prior t~ initiating an evaluation subject to
the cost-benefit tradeoff associated with performing testing versus analysis.
If af er these considerations it is concluded that cvaluation is required
(accepting that material replacement or operaticnal temperature control

of support temperature is only to be considered as a last resort) then any one
or all of the following situations regarding noncornforming materials may need

to be addressed:

1) A1l instances where a material with the specified minimum yield
is greater than 180 ksi (1241 MPa),

2) Structural steel with available toughness de

3) Structural steel with no data.

4) Bolting material with available touyhness data, and
5) Bolting material with no data.

The areas where there potential benefits for fracturs mechanics ev.luation are
discussed next.

CONSEQUENCE ANALYSIS VERSUS FRACTURE MECHANICS

The best method to be applied to the five nonconforming cases identified above
depends on many factors, the most important being:

1) redundancy of design
Z2) location of non~anforming membur in the support

3) effective u. 'n of strength in the design (o /o y)
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From a structural point of view, a consequence analysis will have the best
chance of succrss if the structure is comprised of many members, hence forming
a highly redundant structure. The requirements for this type of analysis are
.Jmmarized in Table 4-1, an< the removal of one member will not appreciably
degrade such a system. Likewise, it may be concluded by inspection that
certain less redundant suppirt designs will fail a consequences analysis and
these situations are candidates for evaluation by fracture mechanics.

Table 4-2 provides a summary of typical support designs and the suggested
analysis method to be applied. Those supports with a high degree of redundancy
and load shedding capacity are the truss/frame design, especially the one type
with moment-resistant members, and bolted connections where large numbers of
bolts or studs are e~ployved. The applications for a flaw evaluation are the
pin-column design where three or four leg-columns are used to support steam
generators or coolant pumps.

It is recoomended that some bounding calculations be performed before embarking
on gne approach, using strength-of-materials stress estimates and simplified
fracture mechanics equations, to decide (hich approach will give the highest
probability of success.

SUMMARY OF EXAMPLE PROBLEMS

Three typical support geometries were evaluated with the procedures specified
in this document. These evaluations were for

1) » beam-to-beam welded connection typical of a space-frame
structure,

2" a pin-column support for a steam generator, and

3) a reactor coolant pump anchor stud.
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TABLE 4-1

EVALUATION BY CONSEQUENCE ANALYSIS

The foliowing are the assumptions and requirements for a consequence analysis

(4-4):

1) Assume the highest stressed nonconforming member has failed,

2) The support provided by piping and adjacent stru-tures, if connected,
may be included;

3)  Apply maximum accident loads (i.e., LOCA or SSE);

4) Under the above conditions, the calculated displacements of the
support must not:

(a) Impair the function of the component required to shutdown and
cooldown safely, and

(b) Rupture the pressure boundary severely enough to prevent safe
shutdown and cooldown.
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TABLE 4-2

SUMMARY OF SUPPORT DESIGNS

SUPPORT SYSTEM

1.

2.

3.

4.

5.

Truss/Frame Design

® Moment Resistant Members (Space-frame)

o Pinned-End Type (Pinned-Frame)

Pin-Column Design

e Structural Shape Columns

o Forged Columns (Eyebar)

o Pipe Columns

Skirt Supported

$1iding Pedestal

Bolting

4-5

MOST BENEFICIAL
APPLICATIONAL METHOD

Consequence Analysis
Consequence Analysis

and Possible Fracture
Mechanics

Fracture Mechanics

Fracture Mechanics

Fracture Mechanics

Fracture Mechanics

Most Beneficial Method
Not Yet Defined

Consequence Analysis
or Fracture Mechanics



Although Example 1 is a situation where a consequence analysis may be a better
choice for evaluation, this analysis illustrates the application of the LEFM
procedures to a welded structure including added complexity of residual stress.

Each example is aimed at demonstrating some important aspect of an LEFM
analysis rather than c..aloging support stru~ture evaluations. This effort
demonstrates the feasibility and utility of fracture mechanics based
evaluations of non-complying support structures.
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Section 5

SUMMARY AND CONCLUSTONS

After investigating the applicanility of linear elastic fracture mechanics
(LEFM) to component support designs, it 1s concluded that LEFM analysis
would be beneficial in many situations and possibly the only viable way to
demonstrate adequate integrity for cases that can not be evaluated under the
assumptions of a consequence analysis. It has been shown that for each
concern rafsed by the NRC staff, there are availuble methods and data to
perform a proper LEFM analysis.

liaving demonstrated the feasibility of the application of LEFM to supports,
it should be noted that LEFM analysis is not a cure-all procedure and that
there may be situations where the LEFM option is not the optimal procedure.
However, there are situations where applicacion of this method will be
simple and direct. FProper review of plant-specific geometries and materials
will identify those nonconforming situations where the evaluation procedures
presented herein will be the most useful. The intent of this report is to
be a working document, to be expanded as additional data are acquired.

Three examples are presented which illustrate some mportant aspect of LEFM
analysis and the evaluation procedures as applied some typical component
support designs.



APPENDIX A
DETERMINATION OF FRACTURE TOUGHNESS
INTRODUCTION

The purpose of this appendix is to outline the procedures for determining
the static fracture toughness, ch. for support materials. In applying
these procedures it is assumed that the information for the nonconforming
material is known to include the ASME, ASTM or AlIS] specification, the
chemical composition, heat treatment, and grade or strength level. This
information is essential in selecting the correct fracture tounhness curves.

This appendix provides guidance for two situations: 1) the case when the
toughness of the material is not known, f.e., no plant-specific data are
available, 2~4 2) some toughness data are available in the form of Charpy
impact tests. It 1s anticipated that the no-data system will be the most
prevelent. This case is handled by providing statistically-based bounding
curves for support materials that are freguently encountered. A compendium
of these toughness curves is provided at the end of this appendix, and this
listing will expand as new data are obtained.

The second case entails the use of a referencing procedure to correlate CVN
data to ch based on a procedure under development by a MPC/PVRC Task Group
on Reference Toughness. Since this methodclogy is the basis of the fracture
toughness curves given at the end of this appendix, the subject of
referencing fracture toughness properties, given Charpy V-Notch (CVN) data,
will be presented next.

CONCEPT OF REFERENCE FRACTURE TOUGHNESS

The fracture mechanics procedures recommended for the evaluation of suppnrts
are those of linear elastic fracture mechanics (LEFM) and are consistent
with the rules established by the ASME Boiler and Pressure Vessel Code,
Section 111 (A-1) and Section XI (A=2). The ASME procedure was first
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developed for the fracture-sa‘e design of nuclear pressure vessels and was
incorporated into the ASME Code, Section 111, Appendix G in 1972. The
design-by-analysis method allows some flexibility in deriving sulutions to
design requirements, as long as the solutions meet certain guidelines and
performancz specifications. The basic concept of the reference fracture
toughness curve was recommended in WRC Bulletin 175 (A-3) and the approach
entails the use of & lower bound fracture toughness called KIR which is
defined over a range of temperatures for a given population of steels.
Through the use of a nil ductility reference temperence ’RTNDT), a given
heat of steel can be indexed to the KIR <urve through the use of simple
tests, that is drop weight-NDT or Charpy Venotch for the material. By
Plotting fracture toughness data (KIC. Kld and Kla) as a function of T-
RTNDT’ the variability among heats of materials was believed to be reduced.
A large research effort has been sponscred by EPRI in the last seven years
to validate the KIR concept and to incorporate a statistical basis (A-4
through A-7). The most important findings are summarized in Fig. A-1.
Although none of the low temperature data seriously violated the KIR curve,
a number of important results were obtained. This figure shows a large
collection of fracture toughness measurements for over 50 heats of reactor
pressure vessel materials plotted against a temperature ordinate (T -
RTNDT). The test results included static compact, dynamic compact, and
impact bend fracture toughness test methods, together with J-R curve data
and all data were valid by the current methodology.

This brief description of the KIR concept 1s provided to give some
background to problem of providing a reference curve to toughness. However,
some important concerns regarding the KIR curve should be noted (A-9):

1)  The current KIR curve 1s based on the graphical lower bound of
static (ch). dynamic (Kld) and crack arrest (Kla) fracture
toughness.

2) By defining the KIR curve as the lower bound to all available
fracture toughness data, any new data added to the data base will
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cause KIR curve to be revised lower, or remain unchanged at best,
leaving no chance for improving the technique unless the
definition of KIR is changed.

3) The KIR approach avoids the requirement of measuring fracture
toughness on current production heats by relying on the drop
weight-NDT and Charpy V-notch tests to indicate heat-to-heat
variability. However, the referencing procedure (the use of T -
RTNDT)' was untested when the Code was introduced and the major
part of the data was obtained from a single heat of material so
that the empirical basis for the assumption that a reference
temperature (7 - RTNDT)’ could be used to relate all heats of
material to the same fracture toughness bound was untested.

4) The current KIR Curve approach 1s not statistically-based and thus
the uncertainties associated with establishing the lower bound or
the indexing parameters are not defined.

Upon examining the KIR with relation to the data, as shown in Fig. A-l, the
bound is extremely conservative in the transition temperature region when
applied to static test data. Another observation which is not obvious from
Fig. A-l, is that the unreferenced data show slightly less spread than the
referenced data of Fig. A-l. In other words, referencing by RTNDT increased
the variance of the data instead of reducing it. It was many of these
concerns which has led to the current effort to revise the KIR philosophy.

REVISED REFERENCE CURVES

Background

A PVRC/MPC Task Group has been developing methodology to address many of the
questions regarding reference toughness. ine ultir = goal of the group
will be to recommend a statistically-based bound to all toughness with an
appropriate technique to reference this new fracture toughness curve. The
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methodology development is being funded Ly EPRI with the following
objectives:

1. Develop a more precise referencing procedure
2. Incorporate a trei .nt of upper shelf fracture toughness
3. Show a statistical bound to fracture toughness

A summary of the progress to-date is given by Oldfield (A-9).

Representation of the Fracture Toughness Curve

The fracture toughness dependence on temperature is well represented by a
hyperbolic tangent fit to the data (A-4). This curve-fit expression for
toughness 1s given below:

T - T0
Kiy =A+B tanh feet) (A-1)
where le is the fracture toughness (KXL Kld’ etc.), and A, B, C and T0 are

four curve-fit constants. In the context of this work, £q. A-1 will b used
to express the static fracture toughness, ch. The constants in Eq. A-l
have a physical interpretation with respect to the toughness-temperature
curve as shown in Fig. A-2, The quantity A-B represents the lower shelf
toughness and A+B the upper shelf, and the ratio of B to C is the slope of
the transition region between shelfs. The value of T0 is the mid-point
temperature of the transition region. This representation of fracture |
toughness will prove to be useful when correlating CVN test results to 1
fracture toughness. |
l

Indexing Fracture Toughness via CVN Test

After study of & number of alternative procedures by the Task Group, the
Charpy V-Notch (CVN) test was selected as the reference test, aided by
statistical regression procedures. The same tanh-fit model which has been
used to express fracture toughness as a function of temperature also works
well for CVN. When the CVN energy is transformed by taking the square root
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of the proouct of the temperature-dependent modulus (E) and the CVN energy
(Y), the resulting variable (y) is (for CVN samples with a constant cross-
section area) dimensionally the same as fracture toughness:

y = (£ 0 (A-2)

where £ is modulus of elasticity., A suitable formula for incorporating the
temperature dependence of modulus into £q. A-2 is to use the following
expression:

£ = 207200 - (57.1)T, (A-3)
where T is in °C and £ has the units of MPa,

An expression for the transformed Charpy curve:

T - To

y = Ak + Bk tanh K

(A-4)
K
Since most sets of CVN measurements do not include lower shelf data, and
study of the data base showed that the position of the lower shelf is fairly
constant from one material to another, it was found to be advantageous to
use only three variable parameters by fixing the lower shelf for the
transformed CVN curve to a low value, y = 0.730ksi+in (V.801 MPa mllz,.
This value was determined from a weighted average of lower shelf values of y
for the steels investigated (A-9). The coefficients B» Topr and C, were
found to have most of the required properties for referencing parameters,
i.e., (1) using all the data in a regression treatment, their standard
errors are minimized, and (2) their accuracy is known from the regression
treatment.

The referencing scheme developed in this way was more general than the ‘IR
procedure, which was really an adaptation of the older DWTT concept. The
quantities A and B define the position and range of the toughness
transition; the gquantities To and C correspondingly show the position and
range in the temperature scale. Reference toughness and reference
temperatures can be defined,



Kk = Fe < AR
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LT ey )
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where k and t are the reference toughness and temperature values; KIc and T
are valid fracture toughness and temperature measurements, Ak' Bk' Tok and
Ck are developed from y, T data generated by CVN tests on the same materia)
from which the K data were obtained. The quantities a, 8, Y and 8 are
scaling parameters which allow the magnitude of y to be comparable with that
of fracture toughness. By this procedure, it was possible to compile large
collections of fracture toughness data on a single plot.

To 11lustrate this point, the static fracture toughness data from the LPRI
data base (A-8) were plotted in Fig., A-3. In plotting the actual toughness
uata the reference toughness and temperature were determined from

K

k = “lc - A ) (A7)
T-T

t S‘T"g: (A‘8)

where the constants in the above equations result from the curve-fit of Eq.
A-1 to the data. To provide a means of indexing the data (or curve) present
in Fig. A-3, one possible procedure would be to determine the reference
temperature from CVN test with Eq. A-6 before entering Fig. A-3. However,
an alternate way which will result in the complete toughness curve for a
given heat of material is to provide factors which correlate the parameters
between the CVN expression (Eq. A-4) and fracture toughness (Eq. A-1). This
indeed has been done (A-9) and the following correlations result:
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A bound on the lower shelf toughness is also provided by an additional
constant in the expression

lower shelf = Ky kg Bk (A-10)

The values for all the constants are given in Table A-1 for predicting the
mean curve, and the 90%-90%, 95%-95% and 99%-99% bounds to the static
fracture toughness. The inherent units in these constants are temperature

in °C and toughness in MPa m /<,

verification of Procedure

The procedure has been tested on many heats of similar materials from which
the correlation was developed including base plate as wel) as weld metal and
weld heat effected zones. For static properties, the mean and 90%-90%
Curves shown in Fig. A-3 were constructed from the CVN tests data and show
good agreement with the actual ch data. Similarly from the same data base,
equally good representation is observed wit™ fracture toughness data
generated from dynamic and dynamic bend tests shown in Figs. A-4 and A-5.

In addition to reactor pressure vessels, the procedure has been tried on
structural steels where the yield strengths ranged from 36 ksi (248 MPa m
to 140 ksi (965 MPa m™ ) and remarkedly good agreement has been observed.
Work to demonstrate the validity of the method is ongoing business with the
Task Group. A 1ist of materials where the referenciny procedure has been
successfully applied is given in Table A-2.

f\\
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Constant

K7

Table A-1

CONSTANTS FOR FRACTURE TOUGHNESS PREDICTION FROM CVN TEST

Mean Curve

48.3924
41.3439
38.0082
36.2050
-0.8108

1.0753

Static Fracture Toughness*

907 - 90%
Bound

48.3924
22.3145
37.8396
30.2050
-0.7194

1.1170
-8.5551

the probabilicy distribution is curtailed.

95% - 95%
Bound

48.3924
17.8278
37.8240
30.2050
-0.7239
1.1191
-11.1637

% - 99%
Bound

48.3924
9.8196
37.7927
30.2050
-0.7324
1.17232
-15.9112**

* Bounds given represent the probability of occurance with a stated confidence level.

**This coefficient gives an excessively conservative prediction since the lower tail of



iy

REFERENCE FRACTURE TOUGHNESS

OYNANIC BEND
1 98X- 98X tolerance bound.

" L . __ REFERENCE TEMPERATURE
-14 -18 -6 -2 2

o -

18 14

o

Figure A-4 Dynaric Bend Data Referenced bv CVN Test. A Separate Bound For Lower Shelf Has Poen Defined.



El-v

REFERENCE FRACTURE TOUGHNESS

-1C
DOYNANIC FRACTURE TOUGHNESS
1 98XI-981 tolerance bound.
-2 e 1 P i a REFERENCE TEMPERATURE | ! . L .
-14 -18 -6 -2 2 6 18 14

Figure A-5 Dynamic Toughness Data Referenced by CVN Test. Separate Bound For Lower Shelf Has Been Defined.



TABLE A-2
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MATERIALS FOR WHICH THE REFERENCING PROCEDURE HAVE BEEN TESTED |

MATERIAL

SA5334-2
SA5336-1
SA508-1
SA508-2
SAS08-3
SA3028
SA515-70
SA516-70
SA537-1
SAS37-2
SA105GR. 11
SA299
A543.1
SPV-50
A36

AS40

n=l1d

NUMBER OF HEATS
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APPLICATION OF REFERENCING PROCEDURE

Requirements on the Charpy Curve

Since the referencing pr.cedure requires the CVN energy as a function of
temperature, criteria for an acceptable number of test point over a suitable
range of temperature needs to be established. The necessary criteria to
ensure that the CVYN curve is well suited for application is currently being
developed by the PVRC/MPC Task Group. Although no specific criteria have
been written, the following are some guidelines and recommendations:

1) A minimum number of 8 to 12 CVN test points have been
observed to yield good correlations

2) The data should be distributed over several temperatures to
include a minimum of 2 to 3 tests conducted on the upper
shelf 2 on the lower shelf and the remaining within the
transition region.

3) 1f data on upper shelf are lacking but racture appearance
(% shear) data for the specimens testea within the
transition region are available, the upper shelf energy may
be inferred by extrapolation to 100% with the guidelines
given in (A-6).

4) In 211 cases where data are inadequate to construct a
complete Charpy curve, engineering judgement must be
exercised tu include reviewing data from the data base to
make estimates of actual behavior as well as information in
the literature.

| The set of 8 to 12 CVN energy measurements seems practical, however if only
| @ few points or no data are available, then guidance is provided later on

the use of bounding curves.
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Summary of Procedure

Once the CVN results have been established, the following are the steps
required to generate the fracture toughness curve:

1) Convert the CVN impact energy to the units of fracture
toughness with £Eq. A-3 and Eq. A-4.

2) Determine the constants A , B ’ T and L by fitting the
hyperbolic tangent model (Eq. A~ 4) to the now transformed
CVN curve, y(T).

3) Given the constants Ak' Bk' To and Ck. calculate the
K

coefficients for the fracture toughness curve, A, B, T0 and
C with Eq. A-9 and Table A-2. For consistancy with the
toughness requirements specified in NUREG-05%77, the
constants for the 90%-90% curve (or lower) from Table A-2
should be used, when computing these coefficients.

4) From the expression for static fracture toughness, calculate
the available ch level at T equal to LST.

USE OF LOWER BOUND CURVES (NO-DATA CASE)

scope

More often than not, the situation will be that a set impact data for the
actual material is either too small or not available at all, and a raticnal
way to implement the referencing procedures cannot be achieved. For this
sftuation, a compilation of static fracture toughness curves for support
materials where data have been reported in the literature. These curves are
given at the end of this appendix, and have been generated primarily by
apply the referencing procedure to sets of CVN data. The curves given
herein reflect the worst material for the sample of material collected.
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Inherent in the use of these curves is the assumption that the sample size
and the statistical treatment of the data is sufficient to allow the use of
the curve to represent an estimate of ch for a material where limited data
is available.

The curves give the mean prediction and the 90%-90%, 95%-95% and 99%-99%
bounds. These curves should be considered as being preliminary in that some
may only represent the worst heat of a few heats and more data have been
collected but not yet incorporated in the analysis. In most cases, the
curves presented are only those heats where both CVN and ch data both exist
so that the referencing procedure could be tested. It is anticipated that
existing curves will be improved and new ones added as more of the
information collected is analyzed.

Classification of Structural Steels

A division of wrought products used in supports is given in NUREG-0577.
This classification of wrought grades into groups is given in Table A-3.
Many of the structural steels are included in Table A-3 however some
materials used in components supports are not classified in the table.
Indicated in the table are those materials where data have heen collected,
and also the materials where the CVN-K
tested.

lc referencing procedure has been

Although the NRC staff has indicated that not all materials within a given
group had to be pedigreed and that the fracture toughness established for a
group classification would suffice, there exist some problems with the
categories. One concern is that a simple ASTM product specification may be
inadequate to specific the toughness for an alloy when several alloys or
strength levels can satisfy a single ASTM specification. Other concerns
with the classification exist and the table is under review in order to
determine a revised grouping scheme. For this reason, when using Table A-3,
engineering judgement should be used when attempting to classify your actual
material to other materials for which data are availabl..
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Table A-3

Classification of Wrougnt Grades ‘nto Groups

Plain carbon: A-7, A-53, A-106, A-201, A-212. A-283, A-284, A-285,
-306, A-307, A-501, A-515*

Carbon-manganese: A-36*, A-105%, A-516*, A 57/*,

High-strength low-alloy: A-441, A-572, A-588, A-618

Low alloy (not gquenched & tempered): A-302% A-322, A-353, A-387

Quenched & tempered: A-193, A-194, A-325, A-354, A-4€1, A-490, A- A-508%,

A-514, 551. 5533 AS37 A-540*, A_ﬁil
A-563, A-574.

Note: Data have been collected for the underlined materials.

*Data available and CVN-K;. referencing procedure has been successfully
tested,
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Summary of Fracture Toughness Curves

The following graphs given the fracture toughness, curves to pe used when no
data are available. When using these curves, it is recommended that the 90%-
90% bound or lower be used which is consistant with current NUREG proposed
requirements for toughness acceptance.
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APPENDIX B
TREATMENT OF RESIDUAL STRESSES
INTRODUCTION

In any evaluation of components Lased on fracture mechanics principles, it is
necessary to properly account for the presence of recidual stresses where no
effective method to reduce residual stresses (1.e. post-weld heat treatment) is
used. Section 2 of the main report discussed the background to failure
behavior and LEFM concepts. At the extremes of fracture behavior, that is at
low stress where failure would occur by brittle fracture under normal’y slastic
corditions, and at high stres. where the failure mode is one of plastic
collapse with a material that is behaving in a fully plastic manner, the
influence of residual stresses on the initiation of fracture ‘s clear. In the
firsy case, the LEFM regime, which is assummed applicable herein, t.e effects
of residual stresses can properly be accounted for by using the methods of
elastic superposition. The total applied stress intensity factor is the sum of
that obtained for service loading and that obtained from similar calculation
methods using the appropriate distribution of residual stress. Since elastic
superposition is used for this process account of negative or compressive
stresses is made by generating negative K values which may be subtracted from
the positive K values from service loading. In this manner, proper account of
tensile and compressive portions of the residual stress field can be made.

Methods of determining the stress intensity factors due to residual stress as a
function of crack dimension are provided in Appendix C anc applications are
given in (B-1, B-2). For stresses below global yield, elastic superposition
properly accounts for the effect of residual stresses. In some cases, the sole
driving force for fracture is from the residual stress dist~ibution (such as in
the case of fractures initiated in beam-to-column connections during shop
fabrication).

The magnitude and the distribution of residual stresses must be determined to

assess the effect of these stress 5 in a linear elastic fracture mechanics
methodology. Further it is necessary to determine typical residual stress
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distributions for specific weld geometry configurations. 1In this appendix we
propose generic distributions for three specific geometries from a review of
published 1iterature on measured and calculated residual stress distributions.

These are:

1. Butt weld in a plate geometry
2. Butt weld in 2 pipe geometry
. Fillet weld.

For each of these typical details we have determined a- upper bound magnitude
and distribution which can be used to determine stress intensity factors for a
crack growing thr  ~ the residual stress distribution.

GENERAL METHOD OF APPROACH

The evaluation of welded structures involves an integrity assessment where
flaws are postulated in the weld metal and/or heat affected zone material.
Thus, it 1s necessary to propose, for the above weld geometries, bounding
residual stress distributions which encompass the complete weldment. From the
information we have collected on defect distributions in welded structures, it
is clear that the approupriate reference flaws can be either surface defecte
lying in weld metal or heat affected zone or buried defects contained in these
regions. It is necessary to develop a generic residual stress distribution
that will aliow any orientation and defect type to be analyzed. The peak value
and the rate of change of residual stress as it decreases from the peak tive
been characterized. This has been done for both the longitudinal (parallel to
the weld) and transverse stress directions (perpendicular to the weld) to
account for all potential defect orientations. Finally, as the flaw grows
through the material, the through thickness residual stress distribution will
be required to characterize fully the potential for failure.

These determinations have been made and conservative bounding cases are
outlined in the sections to follow. Although the majority weld details
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of interest can be addressed by these cases, it may be necessary to evaluate
particular weld details in depth, using measured or calculated residual stress
distributions.

DETERMINATION OF PEAK RESIDUAL STRESS VALUE AND ITS LOCATION

As a general rule, for weld residual stress distributions, the region which is
hot last ends up in tension, while those regions which were deposited first end
up in compression. A typical distribution for a double V-preparation butt weld
in a flat plate is shown in Fig. B-1 (B-3). In this case the pieces that are
hot iast are the outside weld passes and these generally are in tension
balanced by compression thrui:gh the center of the weld deposit (for electroslag
deposits which are made with cooling shoes on the outside of the weld this
distribution is reversed with compression at the edge of the weld and balancing
tension at the center).

A larye number of experimental investigations have yielded information relating
to peak residual stresses in weld metal. In most cases the peak value of
elastic residual stress approximates the yield strength of the as-deposited
weld metal. (B-4 through B-7) In high strength weld deposits tnere is
insufficient volume shrinkage in typical weld sections to provide peak residual
stresses up to the yield strength. In most of these cases the peak residual
stress level approximates half the yield stress. Specific data on these
materials are included in (B-7). These data relate to steels of 80,000 psi
(552 MPa m'z) yield strength and above. Generally, the structural steels and
corresponding weldments of interest here have relatively low yield strength
values, generally less than 60 ksi (414 MPa m'z), although some may have yield
strengths above this value.

The question remains then, how to set an upper bound to the peak residual
stress level which may exist in weld metal and to define its extent. It is
proposed from reviewing the literature that the peak residual stress, level be
conservatively taken as the yield strength of the weld metal (or base plate) in
the as-deposited condition for yield strength up to 60 ksi (414 MPa m'z). For
materials of greater yield strength a constant peak value of 60 ksi

(414 MPa m'z) will be used as shown in Fig. B-2. This peak value which is
material dependent will be termed o R for the remainder of this analysis.
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Figure 8-2 Estimated Value of Peak Tensile Residual Stress as a Function of
Material Strength
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It 15 also proposed that the stress level remain constant for the width of
the as-deposited weld metal.

Although it is clear that the peak residual stress in the axial direction
(f.e., parallel to the weid) can be equal to the weld metal yield strength,
much lower values are measured for transverse residual stresses. In that
direction (i.e., transver.e to the weld) the shrinkage is less and peak
residual stress levels in structural steels (up to about an inch and a half
in thickness) have been measured as half the yield strength. Obviously, in
very thick sections, where the width of the weld may be 3 or 4 inches (7.6
to 10.2 ¢m), residual stress measurements will show values approaching the
yield strength of the weld metal in the transverse direction as well. We
have outlined \n the sections that follow our proposals for typical residual
stress distributions (which are conservative approximations to the actua)
residual stress distribution) for specific weld detail geometries. In each
cadse we have used the peak residual s'ress level equivalent to 1) the yield
strength for longitudii .| stresses anu 2) half the yield strength for
transverse stresses. The main di®ference between the three specific
examples i1s the rate at which the residual stress changes .ith distance from
the fusion line.

RESIDUAL STRESS DISTRIBUTIONS

The generic residual stress distributions for the typical weld geometries
are developed by determining the change (decrease) in magnitude of the peak
stress along the surface in two directions, and through the thickness. To
account for the change along the surface, literature sources were reviewed
(B-3 through B-25) and conservative rates of change have been estimated
which impose tensile stresses extending over conservatively long distances
from the weld. These distributions will result in conservative estimates of
fracture potential when incorporated into the LEFM methodology.

Similarly, the through-wall changes in residual stress were resea.ic. and
conservative stress profiies will be assumed. Hence, stresses in the
longitudinal and transierse directions as well as through-thickness
distributions are proposed horein with boun.ing peak values and rates of
change.
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Residual Stress Model For Flate Butt weld

A typical schematic representation for the surface residual stresses
produced in a butt weld are illustrated in Fig. B-la and B-1b. A similar
distribution will occur for the double (two-sided) butt weld n a plate as
11lustrated in Fig. B-3a. These distributions are also appropriate for
flange-to-flang: welds and web-to-web welds in beam connections. A general
method for cetermining residual stresses requires the location of a flaw in
the plate (e.g. middle, end, etc.), iocation of flaw (crack) tip through the
thickness and the orientation of the flaw (axial ¢r transverse to the plate
and weld axis). The method outlined below will also be used fer other
geometries although the figures named in this section are specific to the
double-V butt geometry.

1) The residual stress of interest (as for service stresses) will be
that normal to the flaw. For flaws parallel to the weld the
transverse stress distributions (Fig. £-3c for surface and Fig, b~
de for subsurface stresses) are proposed. For flaws perpendicular
to the weld the longitudinal stress distributions shown in Fig. B~
3b for surface and B-3d for subsurface flaws should be used. In
Fig. B-3b we have

2) For shallow surface flaws the location relative to weld centerline
s established. The stress as & function of 5. for the
appropriate flaw orientation {paralle! or perpéndicu]ar to weld)
is obtained. As outlined in Fig. B-1b the peak value for
transverse stress will be a function of location relative to the
plate end. The distribution shown in Fig. B-3¢ is the maximum
value at mid-plate. Other locations, particularly near the plate
end will have substantially lower stresses (possibly compressive).
Also, the peak values, rate of decay and compressive regions are
located after data from references (8-4, B-5) and have been chosen
as conservative. To maintain conservative estimates of residual
stre.s we have in some cases ignored equilibrium considerations,
(e.g. Fig. B-3d.).
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3) For buried flaws (at depth «30% wall) and part through-wall flaws
with deptn greater than 30% of the wall, account must be taken of
beneficial effects ot through thickness distributions. These are
shown in Figs. B-3d and B-3e. These stresses are given in terms
of the peak which was in effect at that surface location
(cRS). For example for a flaw perpendicular to the weld located
at 3/2 T from the weld centeriine the maximum surface stress (Fig.
B-3b) is taken as (oR +0) /2 = oR/Z. If that flaw tip is located
at the midsurface the applied stress is 2/3 of the surface value
or 2/3( oR/2) s cR/3. In a similar manner the stress at any
subsurface location can be determined, by finding the surface
stress and appropriate through thickness effect.

Residual Stress Mode) For Pipe Butt weld

A schematic of the joint geometry of interest is chown in Fig. B-4a. The
procedure is the same as described for the double butt weld in a plate. For
a surface flaw the proper residual stress distribution is chosen relative to
the defect orientation. Note that the stresses are given as a function of
(a material property taken from Fig. B-2) for this geometry in a manner
similar to that outlined for the plate butt weld. As well, subsurface flaws
must be carefully considered by determining the maximum surface stress
relative to the location and factoring in the through thickness decay, if
any. Note that the residual stress distribution is modeled conservatively
as axisymmetric. Stresses are identified as hoop (equivalent to plate
longitudinal) and axial (equivalent to plate transverse) stresses to be
compatible with traditional descriptions.

Residual Stress Model for Fillet Weld

The fillet weld geometry shown in Fig. B-5a is a slightly more complicated
geometry. An additional step is required from those geometries outlined
above, that is the distinction between base plate, weld metal or gusset
plate is made. The procedure is outlined below.
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1. The location and orientation of flaw must first be determined.
Parallel and perpendicular are references relative to the weld.
The graphs which are used for surface flaws (depth less than 10%)
are specified in Table B-1. A scale factor is given to
incorporate the effect of transverse ant parallel distributions.

2.  For subsurface flaws determine the surface residual stress at the
flaw location and factor that magnitude (QRS) by the appropriate
through wall stress factor. The through-wall distributions to be
used for this are given in Table B-2.

Example Residual Stress Determination

An example is provided here for a weld toe crack in the base plate. Assume
a toe crack parallel to the weld. Use one-half (scale factor for parallel
flaws) the values of Fig. B-5c (surface distribution for base plate defects)
to determine the appropriate surface residual stress T Here the surface
residual stress, %5 is equal to 1/2 (uR/Z) = cR/4. Then using Fig. B5f
determine the through-thickness factor (e.q. Y ps /¢ for a flaw at depth
L). Thus the total residual stress would conservatively be 1/2 pg 1/72(
=h/4) = OR/B for a fiaw in that location.

SUMMARY

A methodology for handling residual stress distributions in three wypieal
geometric details has been developed. The methodology, to be used in
Conjunction with a fracture mechanics evaluaticn, will provide stress
intensity factors due to residual stress (o e u.ed in elastic
superposition. The methodology develorzd requires only a knowledge of the
material yield stress, flaw locatir. and orientation. The values for peak
stress and rate of change of stress over the length and depth have been
chosen to be conservative based on experimental data from the literature.



Table B-1

Figure References for Filled Weld with Surfac: Flaws

Figure Scale
Flaw Location Orientation References Factor*
Weld Perpendicular Fig.B-5b 1.0
Paralle! Fig.B-5b L}
Base Plate Perpendicular Fig.B-5¢ 1.0
Parallel Fig.B-5¢ i
Gusset Plate Perpendicular Fig.B-5d 1.0
Farallel Fig.B-5d i

* Scale factor on stress maanitude to be applied.
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Table B-2

Fiqure References for Filled Welds with Subsurface Flaw:

Flaw Location

Weld Metal

Base Plate

Gusset Plate
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Figure Reference

Fio. B-5f

Fig. B-5e

Fig. B-5¢

Scale Factor

1.0

1.0

1.0
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APPENDIX C
DETERMINATION OF STRESS INTENSITY FACTOR

INTRODUCTION

Linear elastic fracture mechanics analyses require the calculation of crack
tip stress intensity factors to quantify the conditions for unstable
fracture. In analyzing component supports, some situations may be simple cr
straightforward whereas others may involve intiicate geometries or complex
loading conditions which lead to nonlinear stress gradients. Although many
closed form or approximate solutions exist for K, often it is required to
use numerical techniques to calculate K accurately.

This appendix provides some recommended procedures for calculating K for
both simple and complicated geometries, and presents guidelines for adapting
known solutions to plant-specific applications. When beginning, it is
recommended that the following methods of analysis be reviewed and tne
simplest approach tried first:

1) Application of known solutions from the literature,

2) Applying the recommended procedures given in the ASME Code,
Section X1, Appendix A,

3) Use of numerical methods.

If the calculation of K can be aided by the use of the computer, existing
computer programs and methods are presented. At the conclusion of the
appendix, a compilation of useful K-solutions applicable to typical support
geometries is provided with the concept that this section will be updated as
more solutions are developed or acquired. Before the potential sources or
methods for obtaining K-solutions are discussed, some general guidelines are
presented firsi.

PRELIMINARY CONSIDFRATIONS AND GUIDELINES

Important Parameters

As introduced earlier in this report, a common way of expressing K in
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terms of applied stress and flaw depth is:

K = F(a)orme , (C-1)
where g is the nominally applied stress,

u is the nondimensional flaw size, a/t,

a is the characteristic dimention of the flaw,

t is the thickness of the body, and
F(«) 1s a function that accounts for the geometry and type of
loading.

The key element in calculating K from Eq. C-1 is the determination of the
function F(2) since the information on geometry and lcading form is
contained in this function. When applying a known solution to a problem
where either geometry and/or loading are not exact for the case at hand, it
is important to recognize the limitations of adapting an existing solution.
Although it is difficult to generalize, 1t can be stated that geometry
effects can be neglected when the crack can be considered small relative to
the dimensions of the body. Such a situation may involve the trcatment of
finite dimensions or budy curvature. When variations in loading type are
considered, such a statement may not be true especially if loca) stress
concentration effects are present, In fact, a simplifying assumption
regarding applied stress distributions may only be possible if the cracks
are large relative to the local dimensions of the stress riser, so that the
nominal stress conditions on the crack face prevail.

Given the case that the 1ncal varying stresses in the vicinity of the
postulated crack were determined from a model were the geometry and boundary
conditions were accurately represented, the K variation can usuelly be
reasonably estimated or bound with the simple techniques described herein.
The following subsections deal with situations commonly encountered in
approximating K with available solutions.

Representation by a Flat Plate Geometry

There are many solutions for K (or F(x)) where the crack has been modeled in
én infinite, semi-finite, or finite planar geometry. These flat plate
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solutions have been used by many analysts to approximate oth:r geometries
(see later the ASME Code procedure). One increasing characteristic of
finite plate solutions is that in many instances they yield conservative
values of K because the compliance is greater for the flat plate case than
for the actual geometry which leads to larger crack opening displacement for
the flat plate for a given loading, and hence higher applied K. This would
be true whether the reduced compliance is due to constraint by adjacent
structure, or by body curvature, however such conditions can usually be
determined by inspection only if the flaws are partially through the
thickness. If through-wall cracks are to be assumed, then curvature for
example, will elevate K above the f'at plate value, and therefore a
nonconservative situation will resu't if fldt geonetries are assumed.
Obviously, if the crack length is small a/ VRT < 1/2, then curvature
effects can be neglected.

Elliptical versus Infinitely Long Cracks

A three-dimensional problem can be simplified to a two-dimensional geometry
by modeling an elliptically shape crack as an infinitely long crack where
the crack aspect ratio, a/i, is zero. The use of this two-dimensional
approach is conservative since the applied K for the long crack is greater
at the maximum crack depth than the elliptical flaw. Although this
assumption greatly reduces the geometric complexity of the problem, such an
approach is only possible if there is sufficient lattitude to demonstrate
‘law acceptability under this conservative assumption. It should be noted
that it only takes a flaw aspect ratio of 1/10 at which the elliptical flaw
and the infinitely long flaw yield approximately the same results for K at
any given flaw depth.

Treatment of Local Stress Gradients

A common problem encountered is the treatment of a local stress gradient,
o(x) where the function F(a) is only known for uniform loading, or a linear
varying loading condition. As an example consider the case of a crack
originating from a notch under nominally applied uniform tension as depicted
in Fig. C-l. Two possible models for computing K are shown in
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Figure C-1 - Single Edge Notched Plate Containing a Crack Under
Nomiral Tension.



Fig. C-2. As a first approximation, the approach shown in Fig. C-2a, where
the crack 1s modeled as the notch depth plus flaw depth, should provide a
conservative estimate for K, lacking any detailed stress distribution
information regarding the magnitude of the stress concentration and
distribution of stress. Any knowledge of the local stress, o(x), will
@llow analyst to improve the model to the one shown in Fig. C-2b, where the
body width is taken as t-R, and o(x) is the local varying stress field due
to the presence of the notch in the plate. The solution for K would now
have to be determined numerically by techniques described later in this
appendix, or the stress distribution o(x) can be linearized to allow the
superposition of F(a) from tension on bending cases. A procedure to
linearize a nonlinear varying stress distribution is given in Section XI of
the ASME Code ((-1) and is described later. This Code procedure will always
give a conservative estimate of Kk as long as a{x) is concave upwards as
depicted in Fig. C-2b.

Many times the stress variation nay not be known because the stress analysis
mydel was not refined enough Lo resolve accurately (x). Given that the
s.ress concentration factor K can be estimated from a handbook such as
(C=2), the distribution of st ress away from the iocal stress riser can be
approxinated by the stress drop-off from a hole in a plate under uniaxial
tension. Such an expression takes the form of

(C-2)

Q
1

o(n;, = 0{1 + (Kt - 1) [1/4 (';{%)2 + 3/4 (T‘%“)J]

where R and x are as shown in Fig. C-1. ELquation C-2 is simply away of
representing the applied stress and no? « techrique computing K, therefore
it is a simplification to the stress analysis to determine o (x).
LITERATURE SOLUTIONS

Some applications of fracture mechanics are straightforward, and closed-form
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expressions can provide accurate or bounding K values for plant-specific
cases. For these situations, useful stress intensity factor solutions and
mode! ing shortcuts can be obtained by searching out articles in the
literature, especially those references whch are applied in nature. A list
-f several important sources of K-solutions including papers as well as
reference texts and handbooks is pri.ided at the end of this appendix (C-3
through C-8). These documents will provide a good starting point for
obtaining established solutions. In addition to those references listed,
leading fracture mechanics journals, such as International Journal of
Fracture Mechanics, Engineering Fracture Mechanics, and the putlications of
the American Society for Testing and Materials--Spacial Techrica®
Publications series (STP), and the fracture division of the American Society
of Mechanical Engi.eers Pressure Vessels and Piping Division should also be
reviewed.

ASME CODE SECTION XI, APPENDIX A PRUCECURE

Background

he flaw evaluation analysis specified by Apperdix A of the ASME Code,
Section X1 (C-1; provides a procedure for calculating Kl for two flaw
geometries: an elliptical surface crack and a buried elliptical crack. The
flaw mode! geometries are shown in Fig. C-3 and the solution for stress
intensity factor for these models comes from literature solutions for
elliptical cracks in flat plates under linearly varying stress fields. The
procedure for computing KI by the Code approach as well as the complete flaw
evaluation analysis has been computerized in a program calied FACET (C-9).
The background to the Code procedure and the source of the solutions and
exanple anaiysis are presented in (L-10, C-11). The analysis requirements
for computing K are described next.

Representation of the Applied Stresses

Under the present Section XI procedure, the stress intensity factor 1s
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evaluated from two stress states: uniform pressure or membrane stress ( ¢
and linearly varying pressure or bending stress ( o ).

For the case when

"

the variation of stress through the component wall is nonlinear, Section X!

provides a procedure to linearize (approximate) the actual stress
and cb can be defined. This

distribution, so that effective values of

technique is 1llustrated in Fig. C-4 for botﬁ surface and subsurface flaws.

For calculating K, this linearization procedure will be conservative when
the actual stress distribution is concave upwards as shown in Fig. C-A,

When the actual stress variation is concave downwards, this technique may be
noncc.servative and the analyst must exercise engineering Judgnent to assure
that within the crack locus, the linearized stress exceeds the actual stress

for all crack depths computed by this method.

For the geometry shown in Fig. C-4, one can write the equivalent linearized

stress distributior & (x), in terms of the ac*tual distribution a(x), and

\ and x2 as

olxg) = a(xg)

crack front positions x

g (x) #
(xp = x1)

For the case of surface flaws (Fig. C-3a), Xy

evaluation Eq. C-3 at x = (t/2) which yields:

Surface Flaws:

s 0, %

C-9

¢ (0)

= a, and
a (0) = o(0). The membrone and bending portions are simply computed by

(C-3)

(C-4)

(C-5)
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For subsu-face indications, the equivalent linearized stress distribution is
determined by substituting the interior flaw positions S (xc - &) and X,

= (xc + a) into Eq. C-3. Here X 1s defined as the coordinate of the center
of the elliptical flaw shown in Fig. C-3b. By similar algebraic separation,
the membrane and bending components become:

Subsurface Flaws:

olxec +8) - alxe - a)
om = - (t/2 - xc + a) + clxe - a), (C+8)
a

. Xe *+ a) - :(Ji - 2)
b * 5(0) - op = - o o (t/2) (C-7)
23

Calculation of the Stress Intensity Factor, K

1

Article A-3000 of Section X! presents a recommended procedure for
determining the stress intensity factor (KI)' Once the applied stresses at
the flaw location are resolved into membrane and bending compoments with
respect to the wall thickness is calculated from the Mode | stress intensity
factor for the flaw

Kp = 78/ (M om + My op), (C-8)
where
a = Flaw size
Q = Flaw shape parameter
M = Free surface correction factor for membrane stresses
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M = Free surface correction factor for bending stress

b
om * Applied membrane stress
op * Applied bending stress

The parameters Q, Mm. and Mb are given in graphical form in Section XI.
These curves are reproduced in this report in Figs. C<5 thraugh C-9,
Equational forms of Q, Mm’ and Mb were developed in (C-9) for use in the
FACET program from a combination of unalytical and curve fitting techniques.
These equ®.10ns are given (C-9) for use instead of the graphical form. A
simple but accurate expression for Q is pro'ided below (C-10).

Q = 1 +4.593 (a/ )05 4 0.212 (olcy)z (C-9)

where © 1s the total applied stress Ot Oy » and cy is the yield
strength.

NUMERICAL METHODS

Influence Function Method

The influence function (1F) method is a numerical technique that allows for
the calculation of K for nonlinear varying stress distribution to be
performed very quickly and efficiently. The influence function or weight
function method was developed by Bueckner (C-11) and Rice (C-12) for two-
dimensional problems. The approach was expanded to three-diemensiona)
problens by Besuner (C-13) and Cruse (C-14). The influence function (h) is
a function of crack position (x), specified displacement boundary conditions
(u) and geometry (k). Tune calculation of K for the general class of two-
dimensional problems in Mode ' is

K = ,[L h(x,u,k) azz(x) dx, (C-10)
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where L is the crack line and gzz(l) 1s the "uncracked" stress distributicn
normal to the crack face. Once the influence function, h, has been
formulate. for a given crack configuration, ‘.ne stress intensity factor for
any applied stress field determined for the “uncracked" geometry can be
computed by simple numerical integration of £q. C-10.

The essential features in the formulation of IF method are based on the
following fundamentals:

(1) The application of elastic superposition allows the use of the
"uncracked" stress distributions in the K analysis.

(2) The influence function itself is invariant with stress and
provides the vehicle to calculate the effect of the crack in
redistributing any stress field.

The principle of superposition reduces the K solution of an arbitrary and
perhaps difficult crack probl.m to the solution of the stress analysis
problem but without the crack and the problem of a crack body wit) an
applied pressure that cancels the uncracked stress field to establish the
fraction free boundary conditions along the crack face. This principle is
illustrated in Fig. C-10. The general crack problem of (a) is considered to
be the sum of two other problems (b) and (c) and, therefore,

la) . () Ly le), (C-11)

Problem (b) is the same as problem (&), but without the crack. The stress
field o(x) 11lustrated in (b) is simply the stress along the line of the
crack locus in (a). Problem (¢) is the solution to the original crack
geometry of (a), but with loads on the .rack face only of equal and opposite
value to those illustrated in (b). Since K is the intensity of the
singularity of stresses at the crack tip then vt = () because the
singularity is not present in problem (b'. Hence, the principle of
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superposition reduces the K solution of a general problem to that of the
determination of the uncracked stress, o(x), at the crack surface in Fig.
(-10, and a crack problem with crack face pressures which cancel the (%)
distribution. The IF methed is used to solve the latter problem, that of
the pressurized crack. The major advantage of the IF method is the markedly
reduced amount of stress analysis with cracks.

Many influence functions for specific crack geometries have been formulated,
and these functions have been incorporated into a computer program called
BIGIF. The BIGIF program was developed by EPRI through their sponsored
research, and the program is fully supported and available through the EPR]

Software Center. Complete program description and user's manual (C=15) are
also available.

Other Numerical Methods

Other methods exist for determinihg K for specific crack geometries but
applying such techniques will involve significant more effort and computer
time to achieve a solution. The finite element method is a technique which
is frequently used to solve complex stress analysis problems, and access to
general purpose finite element codes can be obtained through computer
service companies.

It should be stated that there are essentially two techniques which can be
used to calculate K by the finite element method; these are either an energy-
based technique (C-16, C-17), or the use of near-tip solution employing
Crack-tip elements (C-18, C-19). Another method which has been used is the
boundary integral equations technique and some useful guidelines for using
this method are presented in (C-20, C-21). The application of such methods
will be very costly, probably of ''e order of a consequence analysis, and it
1s recommended that the other approaches mentioned above be tried first
before an analysis is attempted where the cracked geometry is idealized in
the model.

€-20



SUMMARY OF SOLUTIONS

Scope

. This section provides a summary of K solutions for geometries that have
direct application to cciponent support designs. The solutions for K
compiled herein were either obtained or developed from one of the methods
previously discussed, and where appropriate, the source of the solution or
method use to obtained a solution is sited. It is anticipated that this
section will be expanded as more solutions are gbtained.

Circumferential Cracks in Bolts

The solution for stress intensii, factor for a circumferential crack of
depth, a, in a round bar of diameter, D, is given in (C-3). For the case of |
uniform stress, the expression for ¥ is

Kl = o F ra (C-12a)

where Fp * (172)(e/8) Y2 [1 4 0.50cm) + 0, 3780em)2  (rat2b)
- 0.363(c/b)° + 0.731(c/b)*

and b 1s the nominal outer radius, D/2, ¢ is the remaining uncracked
ligament radius, b-a, and 0 is the nominally applied stress based on the
nominal bolt area. The accuracy of Eq. C-12 is reported to be better than |
1%, For the case when the bolt is subjected to bending loads, the stress 4
intonsity factor can be computed by

Ky = o Fp vv2 (C-132) |
where  F = 0.375(c/b)">/? {1 + 0.5(c/b) + 0.375(c/b)? (C-13b) |
+ 0.3125(c/b)® + 0.2734(c/b)* 0.537(c/b)5]

c-21 | |
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and b 1s the nominally applied bending stress equal to 4M/ b3, The
accuracy of Eq. C-13 is reported to be better than 1%.

The totally applied K due to combined tension and bending loads can be
obtained by summing the results from Eqs. C-12 and C-13. The application of
Eq. C-12 and Eq. C-13 to bolting should be conservative when the flaw depth,
a, is assumed be the sum of the thread depth plus postulated crack depth.

It should also be noted that representation of an elliptical crack by a
fully circumferential crack model will add to the conservation of
calculating K by this model. A more accurate approach would involve the
determination of the local stress distribution due to the K. associated with

t
the bolt thread and calculating K by the influence function method.

C-22



REFERENCES

Cc-1

(-2

C-7

-0

¢-11

c-12

c-13

c-14

ASME Boiler and Pressure Vessel Code, Section XI, "Rules for In-
Service Inspection of Nuclear Power Plan. Components", 1960
tEdition.

Peterson, R.E., Stress Concentration Factors, Wiley and Sons,
1974,

Paris, P.C., and Sih, G.C., “Stress Analysis of Cracks", Fracture
Toughness Testing, ASTM STP 381 (196%).

Tada, H., et.al, The Stress Analysis of Cracks Handbook, Del
Research Co. (19737,

$ih, G.C., Handbook of Stress Intensity Factors for Researchers
and Engineers, Vol. 1, Lehigh University (1973).

Newman, J.C., Jr., and Raju, 1.S., "Analysis of Surface Cracks in
Finite Plates Under Tension and Bending", NASA Technical Paper
1578, NASA Langley Research Center, December 1979,

Barsom, J.M., Rolfe, S.T., Fracture and Fatigue Control in
Structures, Applications of Fracture Mechanics, Prentice fal)

?nott, J.F., Fundamentals of Fracture Mechanics, Wiley and Sons
1973).

Cipolla, R.C., "Computational Methc. to Perform the Flaw
Evaluation Procedure as Specified in the ASM{ Code, Section XI,
Appendix A, Part 1: General Description and Background", EPRI RP
700«1, Key i.ase Report NP-1181, September 1979,

Marston, T.U. (ed.), "Flaw Evaluation Procedures = Background and
Application of ASME Section XI Apoendix A*, ASME Task Group on
Flaw Evaluation, EPRI NP-719-SR (August 1978).

Bueckner, H.F., Methods of Analysis and Solutions of Cracked
Problems, Chapcer V, Ed. by G.C. Sih, Noordhoff (19/2).

Rice, J.R., "Some Remarks on Elastic Crack-Tip Stress Fields,"
International Journal of Solids and Strrctures, Vol. 8, pp 751-758
(1972).

Besuner, P.M., "Fracture Mechanics and Residual Fatigue Life
Analysis of Complex Stress Fields," EPRI 217-1, Technical Report 2
(July 1975).

Cruse, T.A. and Besuner, P.M., "Residual Life Prediction for
Surface Cracks in Complex Structural Details, “ AIAA Journal of

Aircraft, Vol. 12, No. 4, pp. 369-375 (Apri) 19757,

C-15

Cipolla, R.%., Besuner, P.M., and Peters, D.C., "BIGIF: Fracture
Mechanics Code for Structures - User's Guide (Manual 2)" EPRI RP
700-1, NP-838, August 1978.

C-23



REFERENCES cont'd

c-16

c-17

c-18

(-19

C-20

¢-21

Hayes, D.J. "A Practical Application of Bueckner's Formulation for
Determining Stress Intensity Factors for Cracked Bodies" Int. J.
Fracture Mechanics, Vol. 8 (1972)

Parks, D.M. "A Stiffness Derivative Finite [lement Technique for
Determination of Crack Stress Intensity Factors" Int. J. Fractire
Vol. 10 (1974)

Henshell, R.D. and Shaw, K.G. “Crack Tip Finite Elements are
Unnecessary" Int. J. Numerical Methods Engineering Vol., 9 (1975)

Barsoum, R.S. "Application of Quadratic lsoparametric Finite
%lem:?ts in Linear Fracture Mechanics" Int. J. Fracture Vol. 10
197

Heliot, J., Labbens, R. and Pellissier-Tanon, A. “Application of
the Boundary Integral Equation Methud to Three Dimensional Crack
Problems" Century 2 Pressure Vessels and viping Conference, San
Francisco ASME (1980)

Besuner, P.M, "“The Application of the Boundary Integral Equation
Method to the Solution of Engineering Stress Analysis and Fracture
Mechanics Problems" EPRI RP 217-1, Technical Report No. 3, May
1975,

C-24



APPENDIX D
POSTULATED FLAW SIZE AND ACCEPTANCE CRITERIA

INTRODUCT ION

The purpose of Appendix D is to establish the nostulated or "reference" flaw
size, a., to be assumed in the analysis, and to give the background and basis
for the definition of the “"reference flaw". There will be two ways a reference
flaw size can be established 1) by selecting a bounding flaw size based on a
statistical analysis of initial flaw size data of similar fabrication
procedures, and 2) by defining a flaw size based inspection. If a, is Lo be
established by inspections, then a demonstration of the reliability of the
inspection system to detect that flaw size will be required.

This appendix presents quidelines and recommendations on selecting a value a,
fiom a bounding review of flaw size data. The guidelines given herein are
preliminary, since this project task has not been compieted. Also presented in
this appendix of an appropriate safety factors specified in the ASME Code and
the selecting of an appropriate safety factor to be applied to the final
results for acceptance which is cunsistant with the current Code.

POSTULATED FLAW S1Z€

Welded Structures

The ASME Code Appendix G (D-1) provides the rules for establishing the size and
shape of the flaw to be postulated in the beltline region of a welded pressure
vessel. The defect to be used in an Appendix G analysis is to be a sharp
surface connected flaw, normal to the direction of maximum stress. For section
thicknesses 4 to 12 inches (10.2 to 30.5 cm), the reference flaw is to have a
depth of 25% of the section thickness, and a surface length of 1 1/2 times the
section thickness. For the casc when the section thickness is greater than 12
inches (30.5 cm), the roference flaw size determined for the 12-inch (30.5 em)
section will be assumed.

D-1



A problem arises if sections smaller than 4 inches (10.2 cn) are encountered
with the Appendix G procedure since the flaw size to be assumed is held at 1-
inch (2.54 cm). To adopt Appendix G procedures for support designs will become
to prohibitive for thin sections common of structural shapes. Flaw size data are
currently being reviewed to establish a rationa) way to determine a bounding
value tor a/t. Unpublished flaw data on T-1 steel weldments contain flaw
depths associated with comnon weld imperfections including slag, porcrity, weld
metal cracks and heat affected zone cracks. At this time, the information on
slag defects has been completed and these data suggest 90%-90% nondimensional
flaw size of a/t = 0.16. This histogram of slay defects is shown in Fig. D=1.
The mean slag defect size is a/t = 0.03, A log-normal distribution seems to
fit the data reasonably well.

Forged/Machinec Surfaces

For as-forged surfaces or surfaces which have been machined (not welded), the
flaw size that would result from such practice will be much less than that for
a welded structure. Little data have been collected on this type of
fabrication so that the recommendations provided in this appendix are based on
the following engineering considerations:

1) Forged and/or machined parts are inspected after fabrication.

2) Cold work hardened layers caused by machining abuses should be very
small,

3) The depth of surface defects due to forging and machining practices
is independent of section thickness.

The recommendations given herein are preliminary and it is anticipated that

further research will provide more data so that a, for forged members will have
a rational basis.
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Reference Flaw Size Procedures

The following are preliminary procedures for determining the reference flaw
size a..

1)  The flaw to be assumed will be elliptical in shape and treated as a
sharp crack, The flaw will be surface connected and located on the
maximum stress plane.

2) The flaw depth will be established per Table D-1 for the appropriate
fabrication practice used.

3) The length of the flaw, s, will be 1 1/2 times the section thickness
or @ length which produces a crack aspect ratio, a/¢ , to 1/6,
whichever is less.

4) A subsurface flaw should be assumed, if it is believed that the
subsurface defect woLld be worse than a surface flaw.

ACCEPTANCE CRITERIA

Although a flaw acceptance criterion for defects in supports does not exist, a
set of conditions can be established which reflect the intent of the ASME Code,
specifically the criteria used in Appendix G of Section II! (D=1) and Appendix
A of Section XI (D-2) specified in IWB-3600. In the approach advocated in this
report, a reference flaw size is used to establish an acceptable level of
toughness. The final factor to be applied at the end of the evaluation should
reflect the uncertainty in the analysis as well as the type of event and the
probability of occurrence of such events. All these factors are reflected in
the judgements used to establish the existing margins in Code.

The Code requires a check on either flaw size, or applied Kk (or load) to

establish whether a flaw can remain in a component.  nenling on the desired
safety factor, (f), the two conditions can be written as:
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TABLE D-1

PRELIMINARY RTCOMMENDATIONS ON POSTULATED FLAW SIZE

SECTION
THICKNESS FLAW
FABRICATION RANGE DEPTH
Welded 1" to 4" t/8
4" to 12" t/5
}lzl‘ 2.400
Forged/Machined N/A 0.030"
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d 2f,, (D-1)

or le >f _, (D-2)

e p
I
where a. is the critical flaw size, ag is the final flaw size, and f and f
are the safety factors to be satisfied. It should be noted that f and fp in

general are not the same and may have different values and still provide the
same assurince against failure.

A summary of the margins provided by Code analyses is given in Table D-2. In
Appendix G of Section Il the safety margin is contained in the calculation of
Kl where fp s between 1 to 2. Ir the analysis a postulated flaw size which is
25% of the wall thickness is assumcd. These requirements are for normal
operating conditicns for pressure retaining components, and no definitive rules
are recommended f. emergency of faulted conditions that the principles of
Appendix G may be applied where applicable with any postulated loadings, defect
sizes, and fracture toughness which can te Justified for the situation
involved. In Appendix A of Section XI, actual defects sizes as measured by the
inspection system, and under normal conditions the acceptance criteria cre
focused on assuring at least a factor of safety of three against vessel rupture
(i.e., fn > 3), and for accident conditions, this factor is reduced to 7.
In the evaluation procedure outlined herein, elements of both Appendix G and
Appendix A are present. For the situation for using a reference flaw approach
assuring adequate toughness under accident loading conditions, the Appendix A
criteria for emergency and faulted conditions. Applying this to our case:

a. < a./2 (D-3)
Ki < Ko/ 2 (D-4)

where Kl is the maximum applied Kl for the flaw size A

D-6



Appendix G
Section 111

Appendix A
Section XI

TABLF D-2

SUMMARY OF CODE SAFETY FACTORS

Normal Operation

10

1

Emergency/Faulted
f f f
it A it -
to 2 - i
"TU 2 Vz.

*Reference Flaw Equal to 25% of Wall Thickness 1s Postulated
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APPENDIX E

EXAMPLE PROBLEMS
INTRODUCTION

As illustrated examples, three sample evaluations are performed to
demonstrate the procedural steps, the nature of the assumptions, and
calculations which will be required in a frac* re mechanics assessoent.
These problems are provided only as examples, however they do accurately
reflect the geometries and possible loadings commonty encountered in
Ccomponent supports. The three examples presented in this appendix are:

1) Welded I-beam connection
2) Pin-column support for steam generator
3) Reactor coolant pump anchor stud.

It is anticipated that these examples will be expanded and others possibly
added during the course of the project.

WELDED T-BEAM CONNECTION

Qescrigtion

This example deals with the analysis of a welded !-beam connection. A
typical weld detail for the intersection of two l-beams to form a T-
connection is shown in Fig. E<l, This geometry is typical of a beam lattice
to support pipe whip restraint members. At the location 1llustrated in Fig.
E-1, the connection is between a Widx342 beam and a built-up beam, with
another W14 beam acting as a brace. Although this geometry and the analysis
which follows is not for a component support but for a pipe support
structure, the analysis and loadings should stil] be representative of a
frame support composed of moment-resisting members. The beams were supplied
to an ASTM A36 specification and the connection was fabricated with £7018
electrodes with no post-weld heat treatment.

£-1
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A stress analysis was performed to determine the local axial and bending
moments at this connection, and these loads were used to determine the loca)
axial and bending stresses. These bending moment distributions for two
postulated loading cases are shown in Figs. £-2 and £-3, These applied
loads give rise to a maximum stress of 10 ksi (68.9 MPa m'z) at this
location. Kesidual stresses due to welding were also included. Rather than
use the generic procedures outlirnd in Appendix B, the references given in
Appendix B were reviewed and a residual stress profile was estimated from
the expected distribution for two butt-welded plates. This distribution is
shown in Fig. E-4. The peak weld re“.dual,‘ﬂw. 15 taken to be the yield
strength of the material, 36 ksi (248 MPam'(). and the distribution was
assumed to be cosine ir shape.

Calculation of Siress Intensity Factors

Three crack models were postulated: (1) an edge crack in the top flange,
(2) a semicircular crack in the top flange centered on the web, and (3) an
edge crack at the end of the top flange. A schematic diagram representation
of these postulated cracks is given in Fig. F-5. The influence function
method was used to calculate K (see Appen'ix C). An edge crack in the top
surface of the flange as shown in Fig. E-5a represints a worst case flaw
with respect to the applied loads. The effect of residual stresses is small
since the distribution along the weld would be in equilibrium. The
semicircular r ack is used to assess the total K situation when residua)
weld stresses as shown in Fig. E-4 are present. For the edge crack
originating on the top flange, the bending stress about the weak plane is
conservatively added to define the univariate stress along the crack plane.
The applied stress intensity factor is shown in Fig. E<6. To assess the
effect of residual stress due to welding, the calculated K for a semi-
Circular crack was determined. This K distribution is shown in Fig. £-7.
Due to local residual stress, thc ¥ value increases then decreases and a
peak K level of 46 ksi An (51 MPaml/Z) was calculated.

Determination of Critical Flaw Size

The fracture toughness of the A-36 material was estimated from the curves

£-3
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provided in Appendix A. In this example, the plate properties are assumed
to be 1imiting and the toughness at 75°F (24°C) is taken to be 75 ksi /n
(SOMPaml/Z). This ch value 1s the 90%-90% bound value given in the graph
for A-36 in Appendix A.

For the long crack at the top of the flange (Fig. £-6), the critical crack
depth 1s approximately equal to the flange thickness or 2.4 inches (6.1 cm).
For the semicircular crack, the applied K never exceeds kl within the
flange thickness. Clearly for these cases, the value of a. is large
relative to the thickness of concern.

FIN=COLUMN SUPPORT

Descripiton

The geometry of a pin-column steam generator support is shown in Fig. E-8.
This geometry is also typical of coolant pump support. The support design
includes a pipe-column which has a clevis at each end, and the pipe-clevis
arrangement is attached to trunnions with pins. An evaluation is performed
on the clevis where a crack is postulated at the maximum stress plane on the
inside surface of the hole.

The clevis wes supplied to an ASTM A 540 Bel specification, and has a yield
strength of 125 ksi (862 MPa m™ ) and an ultimat~ tensile strength of 140
ksi (965 MPa m 2). A chemical analysis of the material indicated the alloy
supplied was 4340 steel.

Stesss Analysis

Under normal plant operating conditions, the columns are under compressive
loading due to the dead weight. For a postulated faulted condition, the
design is to resist an over turning moment which can generate a peak axial
load of 2100 kips (9341 MPa). To determine the stress distribution at the
postulated flaw location, a finite element model of the clevis was developed
as shown in Fig. E-9 and the resulting stress distribution is given in Fig.
£-10.
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Under these loading conditions the inner surface of the 1 “le becomes
plastic, and the finite element model allowed the material to yield
according to the stress-strain typical of 4340. |he yielding was contained
to a region which was about 1/2 inches (..27 cm.) in depth from the hole
surface.

Determination of Critical Flaw Size

Rather than using the elastic situation, the elastic-plastic stress
distribution was used ‘~ calculate the stress intensity factor. This
approach will allow for a more realistic estimate consistant with a K=
calculation based on strain. The influence function method (see Appendix C)
was used to calculate Kl for a semicircular crack as shown in Fig. E-11.

The resulting K distribution is shown in Fig. £-10,

The fracture toughness for the material was assumed to be the 90%-90% bound
taken from the curves provided in Appenuix A for the case when no data for
the actual material are available. The value of1kéc at an assumed
temperature of 75° (24°C) is L” ksi AR (90 MPam'/ ) From Fig. E<10 the
flaw size at which KI'ch is 0.5 inches (1.42 cm). A reference flaw size,
ar. of 0.28 inches (0.71 cm) would demonstrate an acceptable condition given
that a factor of two on flaw size is adopted. The same value for a will
result from the criterion based on load since k, at a=0.28 inches (0.71 cm)

is equas to K]c//?T

I

PUMP ANCHOR STUDS

Description

In this example ine anchor studs for a reactor coolant pump are evaluated to
demonstrate the important steps required for applying the procedures to
bolting. The studs are assumed to be nominally 2 1/4 inches (5.72 cm) in
diameter with BUN2A threads. The studs were purchased to an ASTM A 540 B23
Class 2 specification and the material supplied was 4340 alloy. The yield
strength of th2 material is 150 ksi (1034 MPam'z) and the tensile strength
is 175 kst (1207 MPam'z). A summary of the bolt dimensions 1s given in
Table E-1.

Under accident loads, the bolted design is such that the over-turning moment
will produce 2 maximum siress in the studs of 100 ksi (690 MPam'Z) based on
the nominal area. The loaui‘ng will produce primarily a uniform axial stress
and any bending effects are neglected.
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TABLE E-1

Summary of Stud Geometry

Bolt/Thread Description:

Major Diameter

Minor Diameter

Area Ratio (Major/Minor)

Thread Depth

E-16

2 174" - BUNZA

2,2401" + 0.0075"

2.0942"

1.154

e.077*

R e I —



Determination of Fracture Toughness

The static fracture toughness of the waterial was determined when no
toughness data are available for the actual material. From the
statistically based lower bound curves provided at the end of Appendix A,
the 90%-90% tolerance bound value for k,  for AS40 is given as 82 ksi vin
(90 MPa ml/z). This toughness level was determined fcr an assumed lowest
service temperature of 75° (24°C).

Calculation of Critical Flaw Size

The critical flaw size is calculated for the situation when

K,K; = 82 ksi vin (90MPa n' /%) .

B |
The applied stress intensity factor as a function of crack depth was
computed for the case of a complete circumferential crack. The K-solution
provided in Appendix C (Eq. C-12) was used to calculate KI for an applied
stress of 100 ksi (690 MPam'z), ana these results ar2 plotted in Fig. E-12.
The critcal crack depth (thread depth plus flaw depth) is calculated to be
0,155 inches (0.394 cm) for a toughness of 82 ksivin (90MP: mllz). This
calculation indicates that a flaw approximately equal to the thread depth or
0.078 inches (0.198 c¢m) would be critical under the assumed loads. The
reference flaw which would indicate acceptance would be half that value
according to £q. D=3 or 0.039 inches (0.099 cm). The acceptance criterion
based on load can be investigated by entering the curve in Fig. E-12 at a K
leve! equal to Kxc/¢2 or 58 ksi vin (64 MPa ml/d). The reference flaw size
to give acceptability would be 0.010 inches (0.025 ecm), so clearly under the
conditions assumed in this analysis, the cri.  1on based on flaw size s
less restrictive.

!

However these computed crack depths are indicative of the conservative model
for calculating Kl where the thread depth is considered to be part of the
crack, and the crack is assumed to be completely circumferential. When the
analysis for K was repeated for the case of an elliptical crack with a/i=
1/3 and including the stress concentration effect of the thread modeled, a
more realistic estimate for K is achieved. These results are shown in Fig.
£-13 and were generated by using the influence method (see Appendix C).
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AN

In the analysis where the local thread conditions were modeled, a stress
concentration factor of 3.5 for the thread was assumed. The critical crack
depth becomes 0.35" - 0.077" or 0.273 inches (0,693 cm) if the uniform
stress model is assumed, and a larger critical flaw size can be ¢2monstrated
if the analysis is refined to include the stress gradient.
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