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EPRI PERSPECTIVE

PROJECT DESCRIPTION

One area addressed by the Nuclear Power Division's program on Reliability, Avail-
ability, and Economics of Light Water Reactors is the structural integrity of major
components. One of the most important components is the reactor pressure vessel
that contains the reactor fuel and cooling water. The American Society of Mechan-
jcal Engineers (ASME) develops criteria for acceptable structural integrity of all
pressure vessels. The Code of Federal Regulations requires all nuclear reactor ves-
sels to meet the ASME criteria. Occasionally, a nondestructive examination iden-
tifies a flaw in a reactor pressure vessel. The ASME Boiler and Pressure Vessel
code, Section XI, Appendix A, provides a procedure for evaluating such a flaw. The
procedure is used to determine whether the flaw must be repaired.

PROJECT OBJECTIVE

The ASME flaw evaluation procedure is quite time-consuming because it involves
interpolation of graphs and evaluation of equations. The purpose of this phase of
the project is to automate the evaluation procedure so that flaws can be evaluated
quickly.

PROJECT RESULTS

The FACET computer program described in this key phase report provides a tool for
performing the ASME flaw evaluation procedure. It can be applied directly by
pressure vessel manufacturers, owners, and inspectors. Similar proprietary computer
programs have been written by others; FACET can also be used as an independent check
of those programs.

Floyd Gelhaus, Project Manager
Nuclear Power Division






ABSTRACT

The fracture mechanics procedures required to evaluate indications
found during in-service inspection of reactor pressure vessels are specified
in the ASME Boiler and Pressure Vessel Code, Section XI. This report des-
cribes the computer program, FACET, which performs quickly and accurately
the flaw evaluation specified in Appendix A of Section XI. Specifically, FACET
determines the crack-tip stress intensity factor range, the corresponding crack
growth and whether the maximum crack size that could develop during the
remaining service life approaches the minimum crack size allowable. FACET is

written in FORTRAN and presently runs on an IBM 370/168 computer. Various input

and output options are available; FACET can utilize either actual materials

data or the conservative estimates which are provided in Section XI.
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SYMBOL

tol

a/f

da/dN

Ia

ix

NOMENCLATURE

DEFINITION

Crack depth

Crack depth at crack arrest

Minimum critical flaw for normal, upset, and test conditions
Maximum expected flaw size for the remaining life of the component

Minimum critical crack size for initiation of unstable fracture
for emergency and faulted conditions

Original or initial crack depth

Tolerance 1imit on crack depth in convergence criteria
Crack depth-to-length aspect ratio

Coefficient in fatigue crack growth relations

Crack growth rate on a cyclic basis

Fast neutron energy fluence

Flaw eccentricity relative to the section centerline
Stress intensity factor usually referring to KI

Stress intensity factor for Mode I loading

Arrest fracture toughness (plane strain)



SYMBOL

KIc

max
Kmean
K .
min

AKI

NDT

tol

RTnDT

NOMENCLATURE
(Continued)

DEFINITION

Static fracture toughness (plane strain)

Maximum applied KI in the stress cycle

Mean KI level in the stress cycle

Minimum applied KI in the stress cycle

Range of applied KI in the stress cycle

Crack length

Free-surface K correction factor for bending loads
Free-surface K correction factor for membrane loads
Exponent in fatigue crack growth rate relations
Number of applied cycles

Nil ductility temperature

Tolerance 1limit on cycles in convergence criteria

Crack penetration (a/t for surface flaws and 2a/t for subsurface
flaws)

Flaw shape parameter
Ratio of Kmin to Kmax

Reference nil ductility temperature



SYMBOL

ARTypT

g
max

xi

NOMENCLATURE
(Continued)

DEFINITION

Change 1in RTNDT due to irradiation
Applied stress

Univariate stress distribution
Equivalent Linear Representation of o(x)
Applied bending stress

Applied uniform stress

Maximum applied stress in cycle
Minimum applied stress in cycle
Material yield strength

Cyclic stress range

Univariate temperature distribution
Wall thickness

Global x coordinate

Global x coordinate for crack center
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SUMMARY

The nuclear power industry has utilized thorough inspection and
testing of components during manufacture, construction, and initial start-up
phase. However, the industry also recognizes the need for a continuing
in-service inspection program. In 1969, the idea for on-going surveillance
was put into practice with the Atomic Energy Commission announced licensing
regulations that included in-service inspection. Soon after, Section XI of
the ASME Boiler and Pressure Vessel Code (BPVC) appeared as the first

mandatory in-service inspection procedure for nuclear plant components.

The purpose of Section XI is to assure the mechanical integrity of
the pressure boundary of a plant for its expected service life. Prior to
the introduction of an evaluation technique into Section XI, the only action
possible if imperfections were discovered during service was to repair or
replace the component. In the case of welded pressure vessels, however,
either repair or replacement are difficult for both economic and technical
reasons. Changes and additions to Section XI now provide for a conservative
flaw evaluation procedure based on the principles of fracture mechanics.
Flaws that exceed the inspection standards can be analytically evaluated to
determine if the imperfection detected during service could grow to a
dangerous size during the remaining service 1ife of the component. Upon
satisfying the flaw acceptibility criteria, and subject to approval by the

regulatory authority, a component may be returned to service without repair.

The Flaw Analysis and Code Evaluation Technique (FACET) is a compu-
terized tool which performs the evaluation procedure specified in Appendix A

of Section XI. Specifically, FACET determines the crack-tip stress intensity
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factor range, the corresponding crack growth,and whether the maximum crack
size that could develop during the remaining service 1ife approaches the
minimum crack size allowable. The purpose of FACET is three-fold. First,
it provides a tool which can be rapidly and accurately applied to evaluate
flaw indications. Secondly, FACET can be used to analyze hypothetical flaws
to investigate the flaw behavior under various or parametric conditions
(e.g., to determine whether the end-of-life flaw is acceptable based on the
applicable criteria of Paragraph IWB-3600 of Section XI). Finally, through
applications of FACET described previously, areas where the Section XI pro-
cedure might be expanded or improved can be identified. Thus, FACET can
serve as a tool for both performing Section XI analyses and improving the
methodology. There are other computer codes developed by certain vendors,
which perform similar computations, but these are proprietary programs and

are, in general, unavailable to the industry.

FACET is a modular computer program written in FORTRAN and is com-
prised of a main program with a series of subroutines and function routines.
FACET is a relatively small program using approximately 130K bytes memory,
all array addressing is performed in core. The program was developed for an
IBM 370/168 computing system, with some variables being declared as double
precision. Various input and output options are available, and FACET can
utilize either actual materials data or the conservative estimates which are

provided in Section XI.

The documentation of FACET 1is in three parts. This report (Part I)
gives the background and general description of the FACET program, including
its capabilities and restrictions. The details of problem definition and

program use are described in Part II, the User's Manual. Also contained in
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Part II is the definition of the input parameters, the input card descrip-
tion, and sample problems. Part III is the Programmer's Guide to FACET
which provides the details of the program logic, subroutine functions, and a
program source listing. Al1l documents and the program Source code are avail-
able through the Electric Power Research Institute's Electric Power Software
Center, managed by Technology Development Corporation, 155 Moffett Park

Drive, Building C, Sunnyvale, California 94086.
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1.0 INTRODUCTION

1.1 Background

The nuclear power industry has utilized thorough inspection and test-
ing of components during manufacture, construction, and initial start-up
phase. However, the industry also recognizes the need for a continuing
in-service inspection program. In 1969, the idea for on-going surveillance
was put into practice when the Atomic Energy Commission (AEC) announced
licensing regulations that included in-service inspection. Soon after,
Section XI of the ASME Boiler and Pressure Vessel Code (BPVC) (1-1) appeared

as the first mandatory in-service inspection procedure for nuclear plant

components.

The purpose of Section XI is to assure the mechanical integrity of
the pressure boundary of a plant for its expected service life. Prior to
the introduction of an evaluation technique into Section XI, the only action
possible if imperfections were discovered during service was to repair or
replace the component. In the case of welded pressure vessels, however,
either repair or replacement are difficult for both economic and technical
reasons. Because the in-service inspection requirements of Section XI are
different than the pre-service requirements of Section III of the ASME BPVC,
inspection indications were recorded during the extensive baseline ultrasonic
examination required by Section XI in an actual pressure vessel subsequent
to being Code-stamped in 1971. The locations and orientation of the flaws
were such to make detectability very difficult. The need to reassess the

adequacy of Section XI was apparent and several major changes were introduced.
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Specifically, changes and additions to Section XI now provide for a conser-
vative flaw evaluation procedure based on the principles of fracture
mechanics. Flaws that exceed the inspection standards can be analytically
evaluated to determine if the imperfection detected during service could
grow to a dangerous size during the remaining service life of the component.
Upon satisfying the flaw acceptibility criteria, and subject to approval by
the regulatory authority, a component may be returned to service without

repair.

1.2 Scope

The fracture mechanics evaluation procedures are specified in
Appendix A of Section XI where the details regarding the fatigue and static
overload calculations and the required flaw size Timits are presented. The
Flaw Analysis and Code Evaluation Technique (FACET) is a computerized tool
which performs the evaluation procedure specified in Appendix A of
Section XI. The purpose of FACET is three-fold. First, it provides a tool
which can be rapidly and accurately applied to evaluate actual flaw indica-
tions. Secondly, FACET can be used to analyze hypothetical flaws to investi-
gate the flaw behavior under various or parametric conditions (e.g., to
determine whether the end-of-life flaw is acceptable based on the applicable
criteria of Paragraph IWB-3600 of Section XI). Finally, through applications
of FACET described previously, areas where the Section XI* procedure might
be expanded or improved can be identified. Thus, FACET can serve as a tool
for both performing Section XI analyses and improving the methodology. There

are other computer programs developed by certain manufacturers, such as (1-2),

*Further referral to "Section XI" will mean Appendix A of Section XI of the
ASME Boiler and Pressure Vessel Code (1-1), unless otherwise qualified.
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which perform similar computations, but these are proprietary programs and

are, in general, unavailable to the industry.

1.3 Program Documentation

The documentation of FACET is in three parts. This report (Part I)
gives the background (Section 2.0) and general description (Section 3.0) of
the FACET program, including its capabilities and restrictions (Section 4.0).
The details of problem definition and program use are described in Part II,
the User's Manual (1-3). Also contained in Part II is the definition of the
input parameters, the input card description, and sample problems. Part
III is the Programmer's Guide to FACET which provides the details of the
program logic, subroutine functions, and a program source listing (1-4).

A11 documents and the program source code are available through the Electric
Power Research Institute's Electric Power Software Center, managed by
Technology Development Corporation, 155 Moffett Park Drive, Building C,

Sunnyvale, California 94086.
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2.0 SECTION XI FLAW EVALUATION PROCEDURE

2.1 Introduction

The flaw evaluation procedure for determining the acceptability of
flaws that exceed the allowable flaw indication standards of Paragraph
IWB-3500 is contained in Appendix A of Section XI. Appendix A is considered
non-mandatory in that the evaluation of detected flaws need not be performed
if repair is made. The procedures are intended for structures of thickness
four inches or greater, made of ferritic materials with specified minimum
yield strengths of 50 ksi or less,and with simple geometries and stress dis-
tributions. The analytical techniques specified are only recommendations
rather than requirements and may be inadequate in some cases. Furthermore,
according to the Section XI, alternative techniques may be used and the
analysis may be extended to other materials, more complex geometries, and
stress states so long as the alternative methods and analyses used are docu-
mented and shown to be adequate. One possible alternative technique which
provides analytical refinements for computing the stress intensity factor, K,
is presented in (2-1).

2.2 Linear Elastic Fracture Mechanics Concepts

The flaw evaluation is based upon the principles of linear elastic
fracture mechanics. The fracture mechanics equations effectively link three
parameters: the defect size, the fracture toughness or fatigue crack growth
rate of the material, and the applied stress, so that if any two of these are

known, the third can be quantified. Using these principles, the Section XI
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procedure assesses two potential failure events. The first is unstable
extension of the flaw causing brittle fracture. The second is the subcritical
propagation of the indication (flaw) which can occur in a stable manner under
cyclic loading caused by transient operating conditions. This fatigue mode
can continue to a point where the combination of applied stress and physi-

cal crack size causes unstable fracture.

The stress distribution of a cracked structure for an arbitrary mode
of loading and shape of body and crack can be quite difficult to determine.
However, near the tip of the crack essentially only three things can occur:
the faces can be pulled apart (Mode I) or sheared perpendicular or parallel
to the leading edge of the crack (Modes II or III). These three loading
modes are shown schematically in Fig. 2.la. 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 character of the near-crack tip stress
distribution is illustrated in Fig. 2.1b. The stress intensity factor, K,
defines the magnitude of stress distribution and is calculated in terms of
the applied, nominally uniform stress, o, the crack length, a, and a factor
that depends on the flaw geometry, stress gradients, and structural displace-

ment constraints, F(a), from the relation

K = of/ma, (o < oy), (2.1)

When the value of K reaches a critical value, Kc’ fracture will occur in an
unstable manner. Thus, the critical flaw size, a., can be determined by

rearranging Eq. (2.1) to yield

. 2
1k
ac - T O_F 3 (2.2)

which may be solved implicitly to evaluate a.
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b) Near-Crack Tip Stress Component

Figure 2.1 - Review of Linear Elastic Fracture Mechanics.
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For the assessment of a fatigue failure mode, the Section XI procedure
assumes that the flaw of present size, a ,will grow to some final size, s
under the action of cyclic loading during the lifetime of the structure. If
ag exceeds a:.s the analysis predicts a brittle fracture event. Crack growth
rate can be predicted from the stress intensity factor (2-2) for a given

load cycle in the form of
da/dN = f(K), (2.3)

where N is the number of loading cycles. The final flaw size, ag, can be
determined by integrating Eq. (2.3) using the appropriate stress distribu-
tion to calculate K, and the number of total cycles N. Values of ag can be
compared with the critical flaw size determined by Eq. (2.2) to determine if

unstable fracture can occur.

2.3 Section XI Evaluation Procedure and the FACET Program

The complete evaluation procedure is described in Article A-5000 of

Section XI. Figure 2.2 outlines the major steps which are to be followed
with appropriate references to the governing Section XI articles. The first
three blocks shown in Fig. 2.2 are tasks which must be performed before

using the FACET program. Results from these three steps are used as input
to FACET. The last four steps are functions which are performed by FACET.
Once the flaw model has been determined and the uncracked stress distribution
in the region of the crack plane is computed, the FACET code can then be

utilized to determine the following critical flaw parameters.

ag - The maximum size to which the observed flaw can grow during

the remaining service lifetime of the component



Actual Flaw
Configuration and
Flaw Modeling
(IWB-3000, A-2000)

Fatigue and Fracture
Toughness Testing if
Required
{A-4000)

1

Stress Analysis for Normal
Emergency, and Faulted
Conditions

1

Stress Intensity
Analysis
(A-3000)

l

Material Properties
(A-4000)

Functions
== Performed
By FACET

Analytical Procedures
To Determine
afs d¢» 34
(A-5000)

l

Flaw Acceptance
Criteria
(IWB-3600)

Figure 2.2 - Functional Diagram Showing ASME Section XI
Flaw Evaluation Procedure.
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aC - The minimum critical size of the observed flaw under normal

conditions

a; - The minimum critical size for initiation of non-arresting
growth (fast fracture) of the observed flaw under emergency and

faulted conditions

The flaw acceptance criteria of Paragraph IWB-3600 require that repair may

be avoided only if the following margins exist
ac < 0.1 a.> (2.4)
ag < 0.5 a;. (2.5)

Simply stated, the above criterion (IWB-3611) requires that the computed
final flaw size would have to be less than one-tenth of computed critical
size for normal conditions and one-half the critical flaw size for emergency
and faulted conditions. The former criteria, Eq. (2.4), can be technically
unsatisfying since it imposes a severe geometric limitation for thinner
vessels where ten times ag can be greater than the wall thicknesses. For
this reason, an alternative criterion (IWB-3612) has been established based

on stress intensity (or load) rather than crack size (2-3):

K(ag) < KIa/ﬁo", (2.6)
K (ag) < KIC//Z_. (2.7)

The material property KIa is the crack arrest toughness which is described

in Section 2.5.

A more detailed discussion of the Section XI procedure to calculate

stress intensity and the individual steps required to compute ag, As and a;
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follow in Section 3.0 where the functions of the FACET program will be
described. The necessary analytical steps which must be completed prior to

using FACET are described next.

2.4 Elliptical Flaw Model

Flaw modeling procedures are covered in Article A-2000 and IWB-3300
in Section XI. These procedures define the size of the analytical flaw model
that must be assumed, given the in-service inspection data. Both surface and
subsurface indications are modeled as a flat planar discontinuity with an
elliptical crack front shape. Figure 2.3 shows the geometry of these two
flaw models. The elliptically-shaped crack dimensions, a and £ are selected
to be the minimum values necessary to circumscribe the planar projection of
the volume of the NDI indication. The major axis of the ellipse is parallel
to the inner (pressure retaining) surface of the component and the projected
planar area is considered as oriented normal to the surface of the component
and to the maximum principal stress. Flaws which are initially non-planar
or whose plane does not align perpendicular to the maximum principal stress
directions are projected so as to obtain a projected flaw model solely under

Mode I pressure loading.

2.5 Definition of Material Properties and Requirements for Testing

Definition of fracture toughness properties and fatigue crack growth
rate data and the guidelines for materials testing are given in Article
A-4000. Section XI defines two temperature-dependent fracture toughness pro-

perties, KIC and KIa' K;. is based on the lower bound of static initiation

Ic
critical KI values measured from specimens tested at several temperatures.

Similarly, KIa is based on the Tower bound of crack-arrest toughness data.
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Figure 2.3 - Flaw Model Geometry for Surface and Sub-Surface Flaws.
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Both KIC and KIa values used in the analysis should be conservative and
obtained preferably from tests using the specific material and product form
analyzed. For materials that are subjected to fast neutron fluence, the
degradation of material fracture toughness due to irradiation must also be
accounted for in the tests. If actual data are available, lower bound KIC

and K 4 versus temperature curves from tests of SA-533B-1, SA-508-2, and

I
SA-508-3 steels (2-4) are provided in Section XI and reported in Fig. 2.4.
The neutron irradiation effects on material toughness can be accommodated
for by shifting the transition temperature (RTNDT) as a function of irradia-
tion using the Section XI trend curves (Fig. 2.5) for reactor vessel steels

at 550F.

The fatigue crack growth rate (da/dN) of the material can be charac-

terized by a Paris relation (2-2) in terms of the range of applied stress

intensity factor (AKI = Kmax - Kmin) as
da _ n
N CO AKI, (2.8)

where n is the slope of the log (da/dN) versus log (AKI) curve, and Co is a
scaling constant. The values for CO and n, although nearly independent of
stress magnitude and geometry, should be computed from test data acquired
from experiments involving actual material, taking into account material
variability, environment, cyclic loading frequency mean stress effects, and
other important variables. If such data are unavailable, an upper bound
curve for fatigue crack growth measured on SA-533B-1 and SA-508 steels which
include the effects of temperature, frequency, and pressurized water environ-

ment, is provided in Section XI and shown in Fig. 2.6.
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2.6 Stress Analysis

The variation of "uncracked" stress in the neighborhood of the flaw
location must be determined for the normal, emergency, and faulted transient
conditions. In determining these stress states, all forms of loading are
considered including pressure, thermal, discontinuity, and residual stresses.
For fracture mechanics analyses, it is important to calculate the stress in
fine enough detail as to determine the through-wall distribution. For this
reason, the stress analysis completed during the design of the component in
order to meet Section III (2-5) requirements may be inadequate, and, in such
instances, a more detailed stress analysis will have to be performed to con-

duct the flaw evaluation.
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3.0 PROGRAM DESCRIPTION

3.1 General Description

The FACET computer program is a modular code written in FORTRAN and
is comprised of a main program with a series of subroutines and function

routines. FACET is a relatively small program using approximately 130K bytes

memory, and all array addressing is performed in core. The program was deve-

foped for an IBM 370/168 computing system with some variables declared as

double precision.

3.2 Representation of the Applied Stresses

Under the present Section XI procedure, the stress intensity factor is

evaluated from two stress states: uniform pressure or membrane stress (om)
and linearly varying pressure or bending stress (ob). For the case when the
variation of stress through the component wall is nonlinear, Section XI pro-
vides a procedure to linearize (approximate) the actual stress distribution,
so that effective values of % and op, can be defined. This technique is
illustrated in Fig. 3.1 for both surface and sub-surface flaws. For the
geometry shown in Fig. 3.1, one can write the equivalent linearized stress
distribution ¢(x), in terms of the actual distribution o(x), and crack front

positions Xq and X, as

o(x,) - o(x;)
(Xz = Xl)

~

a(x) x + ¢(0). (3.1)

For the case of surface flaws (Fig. 2.3a), Xp = 0, X = @, and o(0) = o(0).
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The membrane and bending portions are simply computed by evaluation Eq. (3.1)

at x = (t/2) which yields:

Surface Flaws:

o = f‘iﬂl;—“—(ﬁ’l (t/2) + o(0), (3.2)

- _ofa) - o(0)
m a

o a(0) - o (t/2) . (3.3)

For sub-surface indications, the equivalent linearized stress dis-
tribution is determined by substituting the interior flaw positions
Xq = (x

- a) and Xo = (x. + a) into Eq. (3.1). Here X js defined as the

C C

coordinate of the center of the elliptical flaw shown in Fig. 2.3b. By

similar algebraic separation, the membrane and bending components become:

Sub-Surface Flaws:

c(xC +a) - cr(xC - a)

on = 53 (t/2 - X, ¥ a) + c(xc -a), (3.4)
. o(xC +a) - o(xC - a)
oy = a(0) - o, = - 53 (t/2). (3.5)
3.3 Calculation of the Stress Intensity Factor, KI

Article A-3000 of Section XI 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 components with
respect to the wall thickness using the equivalent linear representation

described in Section 3.2, the Mode I stress intensity factor for the flaw
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model is computed from

K, = vma/Q (Mmom + M

I b% ) >

where

a = Flaw size defined in Fig. 3.1

Q = Flaw shape parameter

Mm = Free surface correction factor for membrane stresses
Mb = Free surface correction factor for bending stresses

The parameters Q, Mm’ and Mb are given in graphical form in Figs. A-3300-1
through A-3300-5 in Article A-3000. These curves are reproduced in this
report in Figs. 3.2 through 3.6. Equational forms of Q, Mm, and Mb are
developed in the Appendix to this report using a combination of analytical
and curve fitting techniques. These equations are programmed in the FACET
program as function routines to provide a closed form expression for KI
defined by Eq. (3.6). The algorithm for calculating KI is set up so that if
KI variations exist around the crack front, the maximum value is used in

the analysis.

3.4 Selection of Material Properties

The definition of the material properties and the requirements for
testing were summarized in Section 2.5. The FACET program has the provision

of either accepting user-supplied values of KIC and/or KIa and da/dN
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Figure 3.4 - Membrane Correction Factor for Surface Flaws (From Section XI,
Fig. A-3300-3).
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parameters, or using the consevative* values given in Section XI. Similarly,
if the effect of irradiation is not available, the shift in material tough-
ness properties as a result of fast neutron fluence and copper content is
accommodated by the user specifying as input data ARTNDT given in Fig. 2.5

based on the expected end-of-life fluence level at the flaw location.

The da/dN curves provided in Section XI are given in Fig. 2.6. These

/K

nd
max) values a

curves are only conservative for a low R ratio (R = Kmin
caution should be exercised when using the curve for reactor water environ-
ment when high R values are expected. If the user elects not to use these

curves, FACET provides two input options. The user specifies either Co and
n in Eq. (2.8) or a table of da/dN versus AK points. If the table is input,

the program will use a Paris rule, Eq. (2.8), to interpolate between points

or for extrapolation outside the tabular range.

3.5 Method of Analysis

3.5.1 Determination of End-of-Life Flaw Size (a.)

The expected end-of-1life flaw size (af) is computed by a cumulative
fatigue crack growth study for normal operating conditions for the remainder
of the expected service 1ife of the component. This procedure is outlined
in A-5200 in Section XI. Normal conditions include all transients expected
to occur during testing and normal operation. Included in normal operation
are upset conditions which are anticipated to occur frequently enough as to
warrant their consideration during design. Excluded from the fatigue analy-

sis are all emergency and faulted conditions.

*Conservative means any assumption leading to faster calculated growth rates
and/or smaller critical crack sizes than use of reasonable alternative data
and analysis.
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The FACET program performs the fatigue analysis by rearranging and
integrating Eq. (2.8). To increase computational efficiency and prevent
costly user input errors, the integration scheme proceeds over a range in
crack size from a starting crack depth 2y to a final size ags rather than
cycle-by-cycle. Hence, the number of applied load cycles N for a given

design transient can be defined in terms of e and a, as

or

af
6N=N—/ da__-¢ (3.8)
da/dN ’ )

Since the unknown quantity is acs Eq. (3.8) is a transcendental expression
involving ag and must be solved using an iterative process. The secant

method or method of false positioning (3-1) is used to find the value of g

which satisfies Eq. (3.8) (i.e., oN = 0) where successive approximations to

the 1th value of ac is computed from

i+l

-1
af a

= al - an'(al T h-al)/ (Nt - et (3.9)

The iterative process is terminated when either

; ,
laf - ag | < CHIS (3.10)



or
[aN'] < Ny oy - (3.11)

The tolerance values 3401 and Nto] are automatically set to 10-8 inches

and 0.2 cycles, respectively.

A1l numerical integration is accomplished using one form of Simpson's

rule, (3-1)

~ (b-a)
/ f(x) dx =~ 3K (1’0 + 4f1 + 2f2 + 4f3 .

(3.12)

where k is an even number of uniform step sizes in the x domain. The inte-
gration step size (b - a)/k is automatically adjusted based on estimates of

the change of AK in the interval Aa = b - a.

3.5.2 Determination of Minimum Critical Flaw Size (a.)

The procedure to compute the minimum critical flaw size for normal
operation (aC) is specified by Article A-5200. This procedure is outlined

below:

(1) Determine the maximum end-of-1life irradiation level at the flaw

location
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(2) Using irradiated fracture toughness data, determine the crack-

arrest fracture toughness (KI ) as a function of temperature

a

(3) Calculate stress intensity factors, K;» for various geometri-

cally similar crack depths of the assumed flaw

(4) Compare the calculated stress intensity factors to the material
fracture toughness (KIa) for the appropriate temperature to

determine the critical flaw size (ac) for the transient

(5) Proceed to the next transient

The procedure to compute a. is illustrated schematically in Fig. 3.7. The
variation of KIa with temperature is used to compute a value of KIa corre-
sponding to the metal wall temperature for each transient of normal operation.
The temperature value used in this computation is the temperature which
exists at the crack tip, as determined from the through-wall temperature
distribution for each transient condition. The calculated values for the
stress intensity factor as a function of crack depth, KI(a), are utilized in

the determination of a. from

) = K. (T(a.), RT (3.13)

1attiag NDT> ART

NDT) >

which represents the intersection of the toughness distribution and the
applied KI field. The smallest value of a, determined by the above procedure
after all transients have been considered is the minimum critical flaw size
for normal operation. This minimum value of a. is checked against the flaw

acceptability criteria of Paragraph IWB-3600 (see Section 2.3).
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Figure 3.7 - Determination of a Critical Flaw Size, a.» for
Normal Conditions.
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3.5.3 Determination of Minimum Critical Flaw Size for Initiation (ail

The procedure to determine the minimum critical flaw size for initi-

ation of a non-arresting running crack caused by an emergency or faulted

transient conditions is specified by Article A-5300. As specified in A-5300,

each postulated incident should be considered for critical flaw size as

follows:

(1)

Determine the maximum end-of-1ife irradiation profile through

the thickness of the component at the observed flaw location

Determine temperature and stress profiles through the thickness
of the component at the observed flaw location as a function of

time following the postulated incident

Using the irradiated fracture toughness data, determine the

crack arrest (KI ) and crack initiation (KIC) fracture toughness

a
profiles through the thickness of the component as a function

of time following the postulated incident

Calculate stress intensity factors (using the methods outlined
in A-3000 or some other documented procedure) for various pene-
tration depths of an assumed flaw that is geometrically similar

to the ellipse or semi-ellipse that bounds the observed flaw

The crack penetration at which the calculated stress intensity
factor exceeds the KIC profile corresponds to the critical
crack size for initiation (ai) and the penetration at which the
stress intensity factor goes below the KIa curve corresponds to

the critical crack size for arrest (aa). This comparison is
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jllustrated in Fig. A-5300-1 and reproduced in Fig. 3.8 for

both an arrest and a nonarrest situation.

As shown in Fig. 3.8, the crack penetration at which the applied KI level
exceeds KIC corresponds to the critical crack size for initiation (ai), and
the penetration at which KI falls below the KIa curve corresponds to the

critical crack size for arrest (aa). Hence, a, and a, are computed from

) = K, .(T(a.), RT (3.14)

1c 113y DT> ART

NDT? >

) = K (T(aa), RT ART (3.15)

Ia NDT? NDT)’

which represent the intersection points of the applied KI curve with KIC and
KIa toughness distributions. The smallest value of a; determined from

Eq. (3.14) and for which the crack-arrest penetration (p = aa/t) is greater
than 0.75, after all postulated accidents have been considered, represents
the minimum critical initiation flaw size for emergency and faulted condi-
tions. This minimum value of a; is checked against the flaw acceptability

criteria of Paragraph IWB-3600 (see Section 2.3).
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Figure 3.8 - Determination of Critical Flaw Sizes for Postulated Conditions
(Section XI, Fig. A5300-1).
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4.0 PROGRAM CAPABILITIES AND RESTRICTIONS

4.1 Data Input Description

A summary of the data card input for the FACET program is given in
Table 4.1. Each of the eight card series labeled A through H defines a speci-
fic segment of the input data. The Title Card (Card A) gives the user an
80-character heading for the program which will be printed at the top of
each output page. The Control Card (Card B) defines the parameters which
are associated with the type of problem, the problem size, and input options.
The user or analyst has several options as to the type of analysis to be run.

The options are listed below:
(1) Data check only

(2) Evaluation of KI as a function of crack depth for the user-

specified transient stress distributions only
(3) Cumulative fatigue analysis to determine ag only

(4) Cumulative fatigue analysis to determine e and static toughness

calculation to determine a. and a;
(5) Static toughness calculation to determine a, and a; only

The details regarding the initial flaw dimensions and positions are
given in the Geometry Card (Card C). The material properties are defined
using the Material Data Card (Card Series D). The conservative bounds on
fracture toughness and crack growth rate data are built into the program and

will be used if actual properties are not specified. For this case, only
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TABLE 4.1
CARD INPUT DESCRIPTION FOR FACET

CARD SuB
SERIES ID SERIES CARD DESCRIPTION

A -- Title Card

B -- Control Card

C -- Geometry Card

D -- Material Data
D1 Material Data Card
D2 Crack Growth Rate Data
D3 Fracture Toughness Data

E -- Stress Distribution Data
El Stress Data Title Card
E2 Tabular Stress Data

F -- Temperature Distribution Data
F1 Temperature Data Title Card
F2 Tabular Temperature Data

G -- Transient Data
Gl Transient Condition and Title
G2 Transient Steps, Temperature, and Stress

Definition

H - Job Termination Card
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Card D1 is needed. If the user has available actual material data which
meets the requirements of A-4000, Card Series D2 is used to input fracture

toughness data versus temperature in tabular form.

The stress distribution, temperature distribution, and transient data
follow next in Card Series E, F, and G. The stress and temperature data are
specified in sets; each set is a table of points of stress or temperature
versus through-wall position. Each data set has its own Title Heading Card.
The transient data cards define the type of transient condition (normal/upset,
test, emergency, or faulted), the number of constant amplitude load steps,
and the number of expected transient occurrences in the remaining service
life. These inputs are defined on Card Gl. Next, the indices which define
the temperature and stress distributions,and the number of cycles for each

load step are specified on Card G2.

The last card (Card H) is the Job Termination Card which defines the
completion of the input data to the problem. Additional problems can be

stacked behind the first run for multiple job execution.

4.2 Problem Execution and Output

FACET reads, executes, and prints each problem before proceeding onto
the next problem. A1l input data is first checked and printed before the
problem is actually solved. During the analytical portion, important inter-
mediate results are printed immediately after they have been calculated. Any
mistakes discovered during data input or problem solution will result in the
printing of a message. FACET provides two types of output messages, warning,
and error. The warning message system alerts the user of possible mistakes

without terminating problem execution. The general areas where warning
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messages apply are

(1) Input and certain problem parameters which violate the intended

scope of the Section XI evaluation procedure
(2) Potential inaccuracies of calculated quantities

Certain mistakes discovered before or during the analytical portion will
result in an error message and problem termination. Error messages and

termination of execution occur for
(1) A1l user input errors

(2) Entrance of certain parameters into a domain where the Code

procedure is inapplicable

After the error message is printed, the program will skip to the next pro-

blem in the data set.

4.3 Problem Size Limits

The present limits on the primary input parameters which affect the
problem size are summarized in Table 4.2. The limits shown in Table 4.2
were chosen during the development of the program, hence, they are somewhat
arbitrary. Since FACET has a small core memory requirement, these limits

can be increased easily, if warranted.
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TABLE 4.2
PRESENT LIMITS ON PROBLEM SIZE IN FACET

VARIABLE

NAME DESCRIPTION

NSIG Number of Stress Distributions

NSPTS Number of Point Values Per Stress Distri-
bution

NTEMP Number of Temperature Distributions

NTPTS Number of Point Values Per Temperature
Distribution

NTRAN Number of Transients

NSTEPS Number of Loading Steps Per Transient

NKPTS Number of KI Values Computed in K Analysis

NDADN Number of da/dN Versus AK Points

NKIA Number of KIa Versus Temperature Points

NKIC Number of K, Versus Temperature Points

Ic

LIMIT

40
20

40
20

40
10

30
20
20
20
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5.0 SIMPLE EXAMPLE PROBLEM

A simple fatigue analysis problem of a part-through elliptical sur-
face crack in a large pressure vessel subjected to only pressure cycles is
presented to demonstrate the capabilities of FACET. The purpose of this
example problem is to compute the final flaw size . The flaw is assumed
to be located in a stress region where both membrane (Acm = 10 ksi) and
bending (Acb = 8 ksi) exist. The detected flaw depth is 0.10" in an
8-inch vessel wall, and the crack aspect ratio is a/2c = 1/6. The material
yield strength is 50 ksi, and the Code da/dN behavior for reactor water
environment is assumed. The problem is to determine the final flaw size

after 50 x 103 cycles.

As part of the analysis, the variation in AK as a function of crack
depth is computed. These results are plotted in Fig. 5.1. The increase in
crack depth as a function of applied cycles is shown in Fig. 5.2. For illu-
strative purposes, the fatigue analysis was extended beyond 50 x 103 cycles.
The final flaw depth at 50 x 103 cycles is computed to be ag = 0.674 1inches.
Additional sample problems which demonstrate other program features are pro-

vided in the User's Manual (1-3).
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SUMMARY AND CONCLUSIONS

(1) A computer program called FACET has been developed which per-
forms all the calculations required for Section XI, Appendix A

of the ASME Boiler and Pressure Vessel Code.

(2) Closed form relations for computing the flaw shape parameter Q,
and the free surface correction factors in tension and bending,

Mm and Mb have been developed and are programmed in FACET.

(3) The program and related documentation are generally available.
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APPENDIX A
EQUATIONS TO COMPUTE Ky USING RECOMMENDED CODE PROCEDURE

A.l INTRODUCTION

As introduced in Section 3.3, the calculation of the Mode I stress
intensity factor, KI’ is accomplished using the procedures of Article A-3000.
General background information to Article A-3000 is provided in (A-1). The

equational form for K; is given by Eq. (3.1) and is rewritten below as

K; = Vra/Q (Mo + Mop), (A.1)
where
a = Flaw size
Q = Flaw shape parameter
Mm = Free surface correction factor for membrane stresses
Mb = Free surface correction factor for bending stresses

The parameters Q, Mm’ and Mb are given in graphical form in Figs. A-3300-1
through A-3300-5 in Article A-3000, which are reproduced in Figs. 3.2 through
3.6 in Section 3.0. To express completely KI in a functional form, equa-
tions for the determination of Q, Mm’ and Mb in terms of simple quantities
are needed. Contained in this Appendix are equational forms for Q, Mm’ and
Mb and a description of the technique used to formulate them. These equa-
tions are programmed in the FACET program as function routines and allow a

direct calculation of K; in Eq. (A.1).
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A.2 THE FLAW SHAPE PARAMETER, Q

A.2.1 General Description

The effect of the ratio of crack depth to Tength for elliptical-shaped
flaws is accounted for by the flaw shape parameter, Q. The elastic analysis
of flat elliptical flaws originated with Green and Sneddon (A-2). For the
case of part-through cracks in plates, Irwin (A-3) suggests that the flaw
shape parameter, taking into account a plasticity correction factor to the

crack size, can be characterized by

2

Q = E°-0.212 (o/oy)z

(A.2a)

s

K2 = 1-4 (a/))?, (A.2b)

where o/cy is the ratio of the gross tensile stress to yield strength. The
tensile stress o is defined by the Code as the sum of the resolved membrane

and bending components as

o = o, *op . (A.2c)

The plastic correction term (i.e., the second term in Eq. (A.2a)) is equiva-
lent to the assumption that the crack length is longer than the measured or
actual crack depth by the length of the plastic zone directly ahead of the

crack. By using this plastic correction term in the computations of AK for
fatigue, crack growth calculations will be conservative since no account is

made for the crack to unload and, subsequently, to reload elastically under
cyclic conditions (i.e., non-monotonic conditions within a loading range of
approximately twice the yield strength). Hence, for fatigue calculations in

which elastic shakedown occurs, a case could be made for defining Gy as the
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sum of absolute compressive and tensile yield strengths. Section XI pre-
sents Eq. (A.2) in graphical form (Fig. A-3300-1) for a range of a/{ and
(o

mt cb)/cy values as reproduced in Fig. 3.2.

A.2.2 Numerical Determination of Q

To compute Q from Eq. (A.2), the elliptic integral, Ek’ can be
evaluated using an infinite series given by Dwight (A-4). After some mani-

pulation, this series can be expressed as

2 2n
= m- (2n = 2)!'m
Be =1L g ! EE: (ZMZ””‘ITBn-l)ﬂz’ (A.3a)
n=2
where
mo- Lo (=) (A.3b)
1+ (1 -k")

By retaining the first six terms in Eq. (A.3a), the maximum error in Ek is
0.1%, which occurs when m is equal to unity. Substitution of Eq. (A.4) and
Eq. (A.3b) into Eqgs. (A.2a) and (A.2b), respectively, yields the desired

numerical expression for Q and m:

2
2 2 4 6 2 2
. wfo,ont o, om (5 o8, (712 10
N, m)z[é Yt e T ome ! (128) o (256) m ]
- 0.212(0/0,)% (A.4a)
L - 2(a/1) (A.4b)

1+ 2(a/2) -
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A.3 FREE SURFACE CORRECTION FACTORS

A.3.1 General Description

Theoretical solutions exist for the variation in K around an embedded
flaw; however, when the crack becomes deep with respect to the thickness of
the plate, the free surface tends to elevate the actual stress intensity
factor to levels greater than the infinite plate solutions (KIe). Investi-
gators have approached the finite body problem by developing multiplying
factors which will "correct" the infinite problem to account for finite
width effects. For example, for the case of a surface flaw in a finite
plate of thickness, t, under tension, Irwin (A-5) estimated the effect of

the two free surfaces to be Mm =1.1, or

Kiy = 1.1K (A.5)

I Ie®

This expression correlates reasonably well with experiments and more recent
analyses of nearly semicircular flaws only for ratios of a/t < 0.5. Many
investigators have resorted to using numerical analysis for computing K for
cracks in finite bodies. Wilhelm (A-6) presents the results of several
recent surface crack analyses in the form of "correction factors" for various
values of a/t. Section XI gives these correction factors in graphical form
in Figs. A-3300-2 through A-3300-5, which are reproduced in Figs. 3.3 through

3.6 of this report.

A.3.2 Curve Fitting of M_ and Mb for Surface Flaws

The original source of Mm and Mb for surface flaws was given in
Figs. A-3000-3 and A-3000-5 is based on the analysis of Smith (A-7) and

reproduced by Wilhelm (A-6). The variation in M, around the crack front
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(B = 00, 900) is partially included in the curves. To obtain functional
forms for Mm and Mb’ the data given in Figs. 3.3 through 3.6 were curve
fitted using a multi-variable least squares method. For surface flaws, the
curve-fitting process was simplified by using two intermediate functions for
K or infinitely long flaws (a/% = 0) tabulated by Tada, et. al. (A-8). For
the uniform pressure and bending applied stress fields, these functions, in

terms of a/t and ¢ = (wa/2t), are

, 0.857 + 0.265(a/t)

4
F (a/t) = 0.265 (1 - a/t) ’ (A.6)
m (1 - a/t)3/2
1 TR
F(art) - [(1/¢) Tan ?]6 0.923 + oéé29¢(1 sin ) . (a.7)

The accuracy of Eqs. (A.6) and (A.7) is reported by (A.6) to be better than
1% for Fm and better than 0.5% for Fb for any a/t. Equations (A.6) and (A.7)
were than used as multiplying factors in the general functional relations
evaluated by the curve-fit program. The dependence of the correction factors
Mm and Mb on a/2 was evaluated by fitting data points from the Code graphs:
approximately 106 points for M (Fig. 3.4) and 118 points for My (Fig. 3.6).
Curves for determining Mb on the major and minor crack fronts of the ellipse
(B = 90° and 00, repectively) were fit. After several trials with the curve-

fit process, the following expressions for the correction factors were obtained.
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Surface Fiaw in Tension (B = 0 or Point Ptq)

where

for 0 <a/f

where

=
1}

. A1 + F {[AZ + A3(a/£) + A4(a/t)(a/£)]

(arf)3 [As(a/t) + Ala/t)? + A(art)? A8(a/t)4]

+
+ Ag(a/t)(a/z)‘/z} (A.8a)
= -0.05314636 A5 = 2.998569
= 1.071457 A6 = -5.357526
= -0.2136716 A7 = 6.75775
- = 4,369957 A8 = -2.545777
A9 = =-6.520983

< 0.25, and for 0.25 < a/f < 0.5

=
it

n = AL * Fuhy + As(al0) + Ay(ast) (a/f)

+ (/)3 [A;(am + Agla/t)? + A(a/t)® 4 Aé(a/t)a']
+ Agla/t) (a/f)* (A.8b)
= 0.8399496 A; = _12.33186

0.01988405 6 ~1.645873

>
"



Ay = 0.7782449 Ay = 5.047168
Ay = _23.0444 Ay = -3.640808
Ay = 28.01397

and the Timits on a/t are shown in Fig. 3.4.

Surface Flaw in Bending (B = 0 or Point Ptl)

=
n

R {[BZ ¢ By/l) ¢ By e/t

+ (a/ﬁ)l/3 [?5 + B6(a/t) + B7(a/t)2 + Bg(a/t)3 + Bg(a/t)%]
+ By(a/t)(a/d)* (A.9)
where

B1 = 0.1976165 86 = 3.70567

82 = 0.8328891 B7 = -2.3859%41

B3 = 0.1524948 B8 = 2.171827

B4 = 3.144613 B9 = 0.6973028

85 = =0.1941165 B10 _ =7.650728

for 0 <a/f<0.5 and 0 <a/t <0.5 as shown in Fig. 3.6.

Surface Flaw in Bending (g8 = 90° or Point Pt,)

My = ¢, + C2(a/[) + C3(a/t) (A.10)
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where

C1 = 0.6143659
¢, = 1.112532
C3 = =0.07249826

for 0.2 < a/f < 0.3 and 0 < a/t <0.5.

A.3.3 Curve Fitting of MT,and M,. for Sub-Surface Flaws

The curves for Mm as a function of relative flaw depth (2a/t) and
eccentricity (2e/t) as given in Fig. A-3300-2 were taken from Wilhelm (A-6),
who reported the results of Kobayashi, Ziv, and Hall (A:g). The original
source for M, as given in Fig. A-3300-4 is Shah and Kobayashi (A-10).

Although not stated in the Code or in (A:Q), the curves for Mm and Mb are

for a flaw shape of a/f = 0 (i.e., "tunnel crack geometry"). Kobayashi, et.
al., (A-9) gives another multiplying factor on Mm to obtain Mm for other
values of a/f, however, this factor is always less than unity so that the
curves in Section XI are conservative when used for other flaw shapes within
the 1imits of the approximate solution. For bending, (A-10) indicates a small

increase (10%) in Mb as a/f increases from zero to one-half.

Sub-Surface Flaw in Tension (Points Pt

1-and Pt,)
For the embedded flaw in tension, the equations formulated in (A-9)
were programmed directly in FACET. With a slight modification this equation

is presented below.

M. = [91 + Dy(2a/t)% + D3(2a/t)* + Dy(2a/t)6 + Dg(2a/t)8

+ Dg(2a/t)20 / (1 - 2e/t - 2a/t)%] (A.11)
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where
D1=1
Dy = 0.5948
D3 = 1.9502(e/a)? + 0.7861(e/a) + 0.4812
Dy = 3.1913(e/a)4 + 1.6026(e/a)3 + 1.8806(e/a)2 + 0.4207(e/a) + 0.3963
D = 6.8010(e/a)® + 3.6902(e/a)? + 2.7301(e/a)* + 1.4472(e/a)>
+ 1.8104(e/a)2 + 0.3199(e/a) + 0.3354
Dg = 0.303

The Dg term in Eq. (A.11) was added to the approximate solution presented in
(A-9) to account for the incomplete series and allow My to become singular as
the crack approaches the free surface. The value of M, at Point Pt is computed
from Eq. (A.11) by substituting a negative value of e/a in the equations for

the coefficients, and setting Dg = 0.

Sub-Surface Flaw in Bending (Point Pt;)

The curve fitting of the data for sub-surface flaws for bending was
adequately handled using an incomplete cubic of two variables, 2e/t and 2a/t.
Both angular positions on the crack front (i.e., points Pty and Pty) were

fit. These results for bending correction factor are given below.

=
]

b E1 + [EZ(Ze/t) + E3(2e/t)2 + E4(2e/t)(2a/t)

+

E5(2a/t)(2e/t)° + Eg(2a/t) + E7(2a/t)2

(A.12)

+

2 1 1
wglze/t)2a/t)? + [T )
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where
E, ~= 0.8408685 Eg = 0.1294097
E, = 1.509002 Ee = 0.8841685
E; = -0.603778 E, = ~-0.07410377
E, = -0.7731469 Eg = 0.04428577
Eg = -0.8338377

for 0.1 < 2a/t < 0.7 and 0 £ 2e/t < 0.7 as shown in Fig. 3.5.

Sub-Surface Flaw in Bending (Point Pt,)

My = Fp o+ Fp(2e/t) + Fylze/t)? + Fy(2e/t)(2a/t)

+ Fg(2a/t)(2e/t)? + Fel2art) + Fp(2a/t)?
+ Fgl2e/t)(2a/t)° (A.13)
where
F, = -0.004378676 Fe = 0.3805255
F, = 1.052083 Fe = -0.44208
Fy = -0.05479575 F, = -0.1208818
Fy = -0.08603191 Fg = 0.03725713

for 0.1 < 2a/t < 0.7 and 0 < 2e/t < 0.7 as shown in Fig. 3.5.
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A.4 ACCURACY OF EQUATIONS AND NUMERICAL RESULTS

The maximum numerical error in calculating Q using Eq. (A.5) was
0.23%. The maximum errors in the calculation of M_ and Mb from Eqs. (A.8)
through (A.13) are typically less than 4% with average errors being approxi-
mately one-half the maximum level. These curve-fitting errors are based on
the percentage differences between the equational values and the tabular data

points used by the curve-fit program to formulate the expressions.

It should be noted that the maximum number of significant digits for
Mm and Mb is three, since, at best, only three significant digits can be
ascertained from the graphs. The eight digits shown in the coefficients of
Egs. (A.8) through (A.13) are presented only to indicate precisely the equa-

tions used in the function routines of FACET.



