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CAVIAT

This document records the present status of the LBB.NRC fracture
mechanics computer program for analysis of degraded piping. Only
circumferential through-wall cracks are considered. Because of the
developmental nature cf leak-before-break estimation procedures, neither
the NRC nor BCL assume responsibility for the accuracy of results. The
LBB.NRC methodology is expected to evolve with time as more pipe
experiments are performed, particularly with largar diameter and thicker
wall pipes as are found in FWR main coolant systems for instance.

Statements and comments made in this report are those of the authors and
other contributors. They do not represent official NRC endorsement or
policy. The latter is expressed only via the NRC's rules and
regulations.
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ABSTRACT

The fracture mechanics analysis procedure used by the NRC to evaluate
utility leak-before-break submittals is described in this report. This
methodology is an estimation technique based on J-tearing theory. This
approach is intended to provide a conservative approximation of the
applied crack driving parameter, J, for postulated through-wall leakage-
size cracks in nuclear power plant pipes. Piping integrity evaluations
can then be accomplished for various loading conditions and assumed flaw
sizes. Because the method can be used to obtain a rather rapid computer
generated approximation of the applied crack driving parameters, NRC
evaluation of applicant or licensee submittals can be accomplished in an
expeditious manner without resorting to elaborate finite element tech-
niques. The NRC program should not be considered as fixed in time. As
piping fracture mechanics technology matures, it may be refined in the .

future.
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1. INTRODUCTION

This report describes the fracture mechanics analysis procedure devel-
oped by the NRC staff and used in its review of leak-before-break sub-
mittals. The leak-before-break (LBB) approach is the application of
fracture mechanics technology to demonstrate that high energy fluid
system piping is very unlikely to experience double-ended ruptures or
their equivalent as longitudinal or diagonal splits. This means that,

,
' in the unlikely event pipe cracks develop during operation, leakage

monitoring systems and/or inservice inspections must be capable of
detecting these cracks long before they grow to a sufficient size to
cause concern for the overall integrity of the pipe (s).

The application of LBB technology requires:
,

' 1) Knowledge of the loads to which a' pipe or piping system is or
could be subjected to during operation;

I

2) Details of the geometry and materials properties of the pipe (s);
and4

3) A method for analyzing pipes with flaws; that is, a fracture
mechanics procedure.

Each of the three areas listed above is subject to inherent uncertain- r
.

ties. Therefore, any LBB analysis for licensing purposes must. include'

safety margins that adequately envelop these uncertainties. The NRCI

limitations and acceptance criteria for the application of LBB technolo-
gy are provided in Volume 3 of NUREG-1061 (Ref. 1). Also, the state-of-
the-art status of LBB technology is described in some detail in this
reference.*

The NRC fracture mechanics analytical procedure described in the follow-
ing sections of this report was developed primarily for use by the NRC.

staff in its evaluations of LBB submittals by the nuclear industry. It

is based on earlier work by Paris and Tada in NUREG/CR-3464 (Ref. 2)
with modifications by the NRC staff to account for the strain-hardening'

characteristics of typical nuclear facility piping materials. These
modifications and the rationale for them are discussed in this document.>

The reader is assumed to have a basic understanding of stress analysis,
materials technology and fracture mechanics.

,

The systems of.a nuclear facility for which LBB is generally applied are
made of ductile materials. Ductile fracture mechanics (FM) methods,

employ. analytical techniques ranging from elaborate finite-element
models (FEM) to various FM estimation procedures to simple limit-load,

analyses. FEM analyses are expensive and time consuming to perform and
the purpose of the simple models is to facilitate the performance of FM
analyses in a timely and relatively inexpensive manner.

i
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Although all FM methods are based to some extent on theory, it is
necessary to include certain idealizing assumptions related to crack
shapes, consistent geometry and crack behavior if the crack initiates
and grows as a result of increased loads. Also under most circum-
stances, it is necessary to obtain materials property data from other
than the component being evaluated.

In reality, however, actual flaws can have complex shapes, the component
being evaluated may deform under high loads particularly in the vicinity
of the flaw (e.g., a pipe may ovalize and its wall may become thinner
near the flaw) and a growing crack may develop shear lips. These rea-
sons plus the inherent variability of material properties from specimen
to specimen lead to the conclusion that perfect correspondence between
analytical and experimental results should not be expected. On the
other hand, to be useful at all, analytical methods should be able to
predict results within an acceptable uncertainty band which can then be
accounted for by appropriate margins.

The main objective of the NRC FM analytical procedure is to obtain a
conservative approximation of the applied crack driving parameter, J,
for postulated through-wall leakage-size cracks in nuclear power
facility pipes to demonstrate their integrity under specified leading
conditions; that is, to demonstrate that they will not experience a
large rupture. A secondary objective is to have a relatively simple
analytical procedure that can be used in an expeditious manner to cross-
check results in submittals by applicants or licensees.

To meet the above objectives, the NRC FM method includes certain simpli-
fying assumptions. Some of these assumptions are the same as in the
Paris-Tada report (Ref. 2), while others were introduced by the NRC
staff based on engineering judgement. Although not theoretically
rigorous, this approach can be justified if the method of analysis
results in reasonable predictions of pipe experimental results and/or
the results are in reasonable agreement with those of more sophisticated
FM analyses.

The staff recognizes the desirability of adhering to deformation theory
to the extent practicable; however, in view of the overall analytical
uncertainties cited earlier (loads, material properties, pipe
ovalization, wall thinning, etc.), engineering judgement must still be
used in interpreting results. Thus, the NRC requires that margins of
safety be included in any LBB application for licensing purposes. This
does not mean that this or any other analytical procedure should not
continue to be refined as more experience and knowledge is gained from
future piping experiments. As the analytical technology evolves to
become more precise, margins may be reduced accordingly.

The needs for FM analyses in the licensing arena are somewhat different
from those of an experimenter. Typical piping loads in a nuclear
facility piping system are generally low enough so that even with a
modest postulated leakage size through-wall crack, the margin to

1-2
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incipient failure of the pipe is reasonably large (or is required to be
so). For licensing purposes, a determination of the loads and crack
driving parameter, J, at crack initiation (on-set of crack growth) is
more important than prediction of J at ultimate failure loads because of
the margins used for the latter. At most in its evaluations, the NRC
staff considers only short crack growth (1/4 inch or less)* provided
that valid material J-resistance (J-R) data exist for this range. By
contrast, pipe test experiments may result in significant crack growth ii

when the pipe is tested to failure. Based on experience to date, these
larger crack growths can be quite complex. Even sophisticated analyses
cannot predict this crack behavior precisely and engineering (and/or

^

metallurgical) judgement.is required to interpret the results.

! This report describes the NRC J-estimation procedure (LBB.NRC) for
assessing the stability of through-wall cracked piping systems subjected;

[
to axial loads including the affect of internal pressure plus bending
loads. The LBB.NRC method represents an alternative to numerically'

developed J-estimation schemes, such as the EPRI-technique (Ref. 3).
.

This method should be considered as state-of-the-art, as improvements in
! the technique should be expected with time. This analytical procedure

is based on the NUREG/CR-3464 (Ref. 2) procedure, but modified to
account for material strain hardening.

:

A description of the LBB.NRC method is presented in Section 2. The
,

i reader may obtain an applications-oriented, working-knowledge of the
i procedure by studying Section 2. Detailed information related to the
.

development of the NRC.LBB method is provided in Appendices A through D.
Section 3 and the appendices describe some of the assumptions involved'

with the technique and, consequently, the potential limitations inherent
in the LBB.NRC method. Also included is a brief discussion of the
theoretical limitations inherent in J-tearing theory. It must always be
kept in mind that a J-estimation procedure for characterizing elastic-
plastic fracture of piping systems is only as good as the limitations
necessarily imposed on J-tearing theory.'

| The LBB.NRC method is implemented in a computer program called LBB.NRC.
' Example calculations are provided in the Appendices E, F and G with a

copy of the LBB.NRC computer' program given in Appendix H. The remaining
appendices supplement the descriptive information in Section 2. Note in
Appendix C that the NRC staff fits the true stress-true strain data in a
certain way to obtain the Ramberg-Osgood parameters. The results of any
J-estimation procedure depend on the values selected for these

| parameters. Thus, to duplicate NRC results, users of the program must
j fit the stress-strain data in the same manner.

j In summary, the NRC staff recognizes the state-of-the-art status of
piping FM analyses. Thus, the reader is advised that the procedures

1
4

* This limit is an example only and is subject to modification as more
experience is gained.

,
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described in this document may evolve with time as more pipe tests are
conducted, especially larger and thicker walled pipe tests. In the
interim, the procedure is being used by the staff in its evaluations of
licensing submittals in conjunction with adequate margins to account for1

'

uncertainties. The staff believes that the LBB.NRC procedure yields
acceptable results for the purpose intended. A typical example of the
staff analysis actually used in a licensing case is provided in Appendix
F. Also shown in this appendix are the results determined by the
organization that submitted the LBB application. They used both a
finite element procedure and a procedure based on the EPRI approach
described in Reference 3. The results of all three analyses are in
reasonable agreement at the applied loads. The NRC staff also bench-
marked its procedure against a series of pipe tests described in
Appendix A of Reference 1. As described in Appendix E, the NRC staff
subsequently revised these calculations using its current procedure for
determining the Ramberg-Osgood parameters and obtained more conservative
results. Finally, in Appendix G, illustrative results of the staff's
orocedure with large axial as well as bending loads are provided.

4

>
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2. LEAK-BEFORE-BREAK ANALYSIS

The NRC leak-before-break program for degraded piping is based on and
generally follows the procedures of NUREG/CR-3464 (Ref. 2) except for
the modifications discussed in this document. In this section linear-
elastic fracture mechanics methodology is first discussed. This
includes definition of terms and statement of geometric assumptions.
Secondly, extension of the linear-elastic methodology to elastic-plastic
conditions is described.

2.1 Geometry Assumptions (See Figure 2.1)

e Thin-wall pipe, 4 5 R/t s 16 (If the R/t is outside this range,
LBB.NRC assumes either 4 or 16 as appropriate.)

e Thin-wall crack of half angle, so

e R = mean radius

e t = wall thickness.

Although a pipe with an R/t = 4 is not really a thin-walled pipe,
typical applications of this procedure for licensing purposes are for
pipes with higher R/t ratios for which the thin-wall assumption is
reasonable in view of other uncertainties.

2.2 Applied Stresses

F and M are the applied loads at the ends of a pipe where:

e F = axial load including the effect of pressure

e M = applied moment

Nominal axial stress = at = 2 Rte

e Nominal bending stress = ob =
23R t

e e = kink angle.

2.3 Normalized Parameters

This report utilizes normalized or non-dimensional parameters which are
defined in the various sections of the report. This is done for analy-
tical convenience and to be consistent with NUREG/CR-3464 (Ref. 2). For
instance, the bending and tensile stresses are normalized by the flow
stress.

2-1
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Figure 2.1. Schematic of circumferential through-wall
cracked pipe.
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ou + oy
Flow stress = or a

ou = ultimate strength of the material
oy = yield strength of the material.

The normalized stresses are thus: j

"t "b
St*T' Sb"T *

f f

2.4 Linear-Elastic Fracture Mechanics

In the low stress rcnge, linear elastic fracture mechanics (LEFM) is
applicable. The basic LEFM equation is:

K = a /H F(a) (2.1)
where:

K is the stress intensity factor
o = nominal far field stress
a = crack length or depth

F(a) = a geometry factor (F function).

For the assumed through-wall circumferential crack,

a = Re .

where e is 1/2 the total crack angle. In this report K = K , that isI
the mode I stress intensity factor.

Because there are two components of stress,

/nRe F (e) + o /nRe F (e) (2.2)K=Kt+ b * "t .

t b b

In NUREG/CR-3464 (Ref. 2), simplified formulas for F (e) and F (0) arebThe NRC program utilizes F-functions (Ref. 4)tused. based on Sander's
analysis of circumferentially cracked pipe under tension and bending.

Ft=1+A() +B() +C() for tension
t t t

(2.3)

Fb"I*A() +B() +C() for bending
b b b

.
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The coefficients of the F-functions (A , B . C , A , B , and C ) are at t t b b b
function of the R/t ratio of the pipe. A more detailed discussion of
them is provided in Appendix A.

2.5 Plastic Zone Size Correction

As the stress level increases, a plastic zone forms ahead of the crack.
The depth of this zone is usually designated as "ry". In the litera-
ture, various authors define ry by different equations. In this report,
the Irwin plastic zone correction * is used:

r=h( ) (2.4).y

This equation is consistent with NUREG/CR-3464 except that a is used in
the NUREG instead of a and the flow stress, of, is used as the limiting
stress. The term a is used so as to avoid confusion with the Ramberg-
Osgood parameter "a" to be introduced later.

Generally, e is taken as 2 for plane stress or 6 for plane strain. The
NRC program, LBB.NRC, utilizes the rationale of NUREG/CR-3464 and
derives a unique value of a which forces the solution to reach the limit
load of a cracked pipe for large K values. Discussion of this
assumption may be found in Section 3.

2.6 Derivation of a for Bending Plus Axial Loads

/nRe F (e ) (2.5)K=a /wRe, F (e ) + t eb b e t e

where se=eo + as is the effective half-crack angle corrected for
plastic zone size..

= f , is the original crack size, andeg

a0=[r is the plastic zone correction.,

* The plastic zone size is, of course, not circular as suggested here.
This is merely an Irwin correction to the plastic zone size (Ref. 5)
to estimate the reduced compliance of the pipe due to plastic
deformation near the crack tip.

2-4
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Using the normalized stresses and squaring the above equation:

2 s G(e ) = e IS F (e ) + S F (e )] (2.6)e e bb g tt e .

zRag

Note: This G(e) differs from that in NUREG/CR-3464 in that it includes
the relative stresses.

Also, from

=hK =R(e-ey (2.7)r
ey

"f
2

K

2 = G(e ) = s(s -e ) (2.8).
e e g

nRo
f

These two values of G(e ) must be equal for a given stress level. S ise p
defined as the value of Sb at fully plastic limit load conditions:

[cos + j S ) 2 sin e ]S iS = .
b p t g

The rationale presented in NUREG/CR-3464 requires that at the limit load
the straight line, labeled (2) in Figure 2.2, be tangent to the curve
labeled (1). This occurs at e = OF. At lower stress levels:

g(e)=e[SF(e)+SF(e)[
bb tt

from which e can be determined once a and eF are established (see thee
dashed curve in Figure 2.2). As shown in this figure:

G(e )p

8 = (e -e ) = G'(e )pp g

o = er - wheretheprimedenotesh,thederivativeofGwithor s
respect to e.g (

|
i 2-5
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Figure 2.2. Typical plot of G(0) versus e defining Op (at S=S )p
and Be (at arbitrary level S).
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Using:

G(e)=e[SF(e)+SI(e)[p p pb F tt p

I

G'(e ) = 2e [S Ff(e ) + S F{(e )][S F (e ) + S F (e )Ip p p p t p pb p tt F

+ [S F (e ) + S f (e )[pb p tt p

This results in:

2elSFf(e)+SF{(e)]p p p t p
e =e

[SF(e)+Sf(e)]+2e[SFg(e)+SF{(e)In F
'

pb p tt p p p p t F

1

Because so is known atd er is not known, this equation is solved by |

iteration in the LBB.NRC computer program by assuming values of er until '

a value of so is obtained to the desired accuracy.

Once eF is determined, then 8 is found by:

[S,F(e)+SI(e)[b p tt ps= (2.10)

(1-[e]
F

Then: s(1- - S F ('e)t

S (8 ) * (2.11)b e F (e,)b

where se is incremented in steps, so1ee 5 0F.
b versus (e -s ) b(e ) to

This relates S e
each e . Typical plots of G(e) versus e and S are showne e o
in Figures 2.3 and 2.4.

2.7 J Analyses

As the stress level increases in dccti?e piping, LEFM methods have to
evolve into elastic-plastic fracture mechanics (EPFM) methods. The
crack driving parameter in the following discussion is assumed to be J
instead of K. In the LEFM range:

2

J, = h (2.12)

2-7



G(0) = 0 S F (0) + S F (0) *S = 0.1550bb tt t

Curve S M, in kips s G(S 'O )b e b e

1 0 0 0.2403 0.00708
2 0.3370 34,048 0.2578 0.07459
3 0.6932 70,046 0.3101 0.27714
4 0.8111 81,959 0.3450 0.41217
5 S =1.0400 105,085 0 =0.6142 1.45333

p F

2.0

5

1.6 --

|

1.2 - { @

E |
5 / S=3.868 g

'

G(6) at limit load (S )p

08 -

,

|

|
|

'

O.4 -
'

'

e

I I ' '
O
O.2 i O.3 0.4 0.5 0.6 i O.7

60e e e F
6, radians

,

|
Figure 2.3. Example problems showing values of effective

crack size s I#S = 0.1550 and S ranging
e t bfrom zero to S .

p T-4572-F2.3 )
1

'
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/ e B = slope = 3.868

b =yB(1j) - S F (0)
0 = 0.2385tt

S 0 = 0.6142,

F (0) O -0, = 0.3757b p

1.2

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

|1.0 -

|
,
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Q6 -

uf
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|

|
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l

!

!

|
.

|0 -

|

|
|

- --0.1596 !

~

0 0.1 02 03 04 05

~0F 06,- 6 , radians0

Figure 2.4. S versus (O -0 ) curve for S = 0.1550b e g t

(See Figure 2.3).
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where J is the elastic component of the crack driving parameter, J. Asg
in NUREo/CR-3464 Je is normalized as follows:

3 " EJ
2

2= ne IS f (e ) + S F (e )l (2.13)" .

e 2 2 e bb e tt g
RoR

7 of

TheNRCoriginallyconsideredtwoversionsofLBB.hRC,oneinwhich3
is based on so (MOD 7) and a more conservative version in which Je is
based on se (MOD 8). (The modification numbers are arbitrary and
reflect the evolution of the program versus time.) In this report, only
MOD 8, which is used for licensing evaluations, is described. However,
the user still has the option of using MOD 7 (see line 731 of LBB.NRC in
Appendix H).

The total J has to include a plastic component, J :p

3=3+p (2.14)J=J +J or .
ee p

J is determined by using a moment-rotation relationship for a crackedp
pipe, which is discussed next. Before developing a procedure to
determine J , it is necessary to find a relationship between the appliedp
stresses and the kink angle, 4 NUREG/CR-3464 defines e as (using
Castiglianos' theorem)

A 2
e = h j h dA (2.15)

o

where:

A=2Rgeisthecrackarea
M = nR tab

b + K )2 = K| + 2K Kb t + g2,K2 * (K t

2-10
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The efore:

2 e

f dA = 2nR t 7 eF (e)de
2

e

+2 0F (e)F (e)debt b tg
1

2 2+c f 0F (e)de}

and:

f2
A

dA4= 2 anR t bo

e e

=4[a f0F(e)de+4[a f eF (e)F (e)de
2

b t
o o

I (e) + I(e) (2.16)"
b t

where Ib and It are compliance functions. The derivation of Ib and It
are given in Appendix 8 using the F functions in Appendix A.

The kink angle equation is normalized by:

;.h ,S=L i=h,

*f *f *f

wherec=[.
,

Then:

$ = i I (e) + i I (e)bb tt
Or

(2.U)6 = (S I (e) + S I (e))bb tt
i
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2.8 Estimate of Plastic Rotation Due to Crack

At this point, the NRC procedure begins to depart from the NUREG/CR-3464
method. Note that $ as just derived is essentially based on LEFM
methods whereas the piping materials to be analyzed can undergo plastic
deformation under high loads. The following is an engineering attempt
to estimate the plastic rotation of the cracked pipe based on the
behavior of a smooth bar tensile specimen. A typical normalized tensile
stress-strain diagram is shown in Figure 2.5.

Assuming that the material stress-strain behavior can be adequately
described by the Ramberg-Osgood equation

'

n

h=h+a(h) (2.18)
o o o

where
o = ab + ot

o = a reference stress which affects the a obtainedo

co=

a and n are material parameters.

As Eq. 2.18 does not fit a stress-strain curve over its entire range,
engineering judgement has to be used to specify a and n. The procedure
used by the NRC is described in Appendix C. Users of the LBB.NRC'

procedure should determine a and n in the same way to reproduce NRC
results. Other fits of the stress-strain data may be more appropriate
for other J-estimation analyses. This is one area subject to future
refinement.

The Ramberg-Osgood equation can be rewritten as follows: '

i
"'I "

'

n o

e={+a([e)(fo) (h) ={+a'([a](-) (2.19)a ,

o f f

,

where:

n-1

=a(f,o)o'

2-12

|
-

1

.



.. -. _ .__

1

l
F, = ( S + S,)

'

b

S+8
b t

i = (S + S,) [l + a'(S + 8 )n-i-b b t '.

'

I

i

Figure 2.5. Typical normalized stress-strain diagram for a
hardening material.
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This last equation merely adjusts the reference stress from ao to of.
It does not affect the end results.

In normalized form:

' ~

E = (S +3 )II + " (S +3 )b t b t

is the elastic component (see Figure 2.5) and theNote that Ee = Sb+St
term

(1 + a'(S +3 )b t

is a correction factor to account for strain hardening. By analogy to
the stress-strain diagram in the elastic range:

(2.21)*e " IS I (e,) + S I (e )] .

bb tt e

Notethatthislatterheisthetotal5inNUREG/CR-3464. By comparison
with experimental results of circumferential1y cracked pipes under load,
it was seen to underestimate the observed kink angle. Assuming that

and taerefore using the same correction factor,4p/4e = cp/c e

[1 + a'(S +S )"~I], to go from linear elastic to elastic-plasticb t
conditions, the NRC procedure uses:

5=5II+"'IS+3)" 1 (2.22)
e b t

where

ie is the elastic component

ip = ie '(S +S )"-I is the plastic componenta b t

i = total relative kink angle.

Eq. 2.22, although applicable for the behavior of a smooth bar tensile
specimen, is used here to provide an engineering estimate of the plastic
rotation of a cracked pipe.

2-14
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2.9 J Determination

e " "8 IS F (e ) + S F (e ) (2.23)e bb e tt e

was previously developed.

The NRC determination of 3 differs from NUREG/CR-3464 in that the totalp
stresses rather than just the bending stress are used in the integration
formula:

[ IS+(I/F)3id5 (2.24)3 = (3 s)9 b t b t p
.

p
q

This equation was developed based upon engineering judgement. The
rationale used is presented and discussed in Appendix D.

In Eq. 2.24 Sq is the applied St and

e

+ Y t) + cos oSFJ " SI" .g

is derived in NUREG/CR-3464 (Ref. 2). The LBB.NRC computer programF
(JAppendix H) first integrates St from zero to Sq and then with Sa
constant, it integrates Sb frcm zero to Sp (see Figures in Appendix 0).

p integration formula.In NUREG/CR-3464, St is absent in the J

in the 3 integration is to account for theThe reason for including St p
plastic contribution of axial stresses, especially if they are
comparatively large. Note that for axial loads only, the NUREG/CR-3464
procedure would be inadequate.

Crack opening areas calculated by the LBB.NRC program use the equation
given on page 77 of NUREG/CR-3464 without the effect of strain-hardening
but using the effective crack angle, e :e

2
wog R I (e ) Ub (3 + cose,)t e

ICrack opening area = C0A = ISt+ 4
'

E

.

The leakage rate constant (gpm/in2) is user specified in the LBB.NRC
program and can be set to be as conservative as desired based on

'

experimental data. The leakage rate is calculated in the L88.NRC
program by multiplying the leakage rate constant and the crack-opening
area.

2-15
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Because of pressure differences between BWRs and PWRs, different values
of this constant are appropriate for the respective analyses. Based on
available leakgge rate data, conservative leakage rate constants of 250
and 125 gpm/ind are selected for PWRs and BWRs, respectively. Because
the crack opening area is also conservatively estimated without strain-
hardening, this introduces further conservatism in the leakage rate cal-
culation. However, leakage through an actual crack is a ccT. plex
thermal-hydraulic phenomenon. The estimation of leakage rates is
subject to improvement with experimental and analytical developments.
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3. ~. DISCUSSION

The'LBB.NRC method as described in Section 2 and elaborated on and-
illustrated.in the appendices to this document is a modification of the j

.

technique presented in Reference 2. The significant modifications made ,

.

are to dnclude the strain-hardening effect of materials typically used )'

in nuclear power punt piping and to expand the Reference 2 procedure to :

permit relatively 1|arge tensile loads to be combined with bending loads.
Ic LBB.NRC is-intended'to be~an engineering approach to solving a cracked

pipe problem without having to resort to finite element or finite'

difference tiethods when the pipe 1i- subjected to tensile plus bending
| loads. To. meet this objective, certain simplifying assumptions must be
,

made. Some'of these are the same as in Reference 2; others are unique
to.the LBB.NRC procedure. Many of these assumptions are based on
engineering' judgement.and are not consistent with deformation plasticity

,- theory. Their adceptability depends solely on how well the procedure- '

.
predicts cracked piping behavior,and/or'how well the results agree with'

: i those of more sophisticated analyses. For licensing purposes, the
procedure used should be conservative; that is, it should predict crack
growth 1and p.ipe failure before these events actually occur in a pipe'

test.
,

Bassed on cracked pipe experiments, crack behavior is not always con-
sistent with idealized theory. Cracked pipes generally ovalize under

i load; wall thinning may occur in the vicinity of the crack; or material
property discontinuities may be present such as at weld locations andF
crack propagation may be somewhat erratic prior to gross pipe failure.
In fact, as discussed in Section 1 of this document, even the loads and

,

; -material properties in a real piping system may include uncertainties.
Because these factors cannot be accounted for with precision, a conser-*

N vative estimation procedure based on experience and judgement will suf-
' fice. For licensing purposes, margins must be included in an overall

evaluation of'a, pipe ~or piping system with postulated cracks to envelop
the various uncertainties.

P N,
Neve'rtheless, a discussion of the assumptions'used in any analytical
procedure isjin order so that as more experience is gained, the'proce--

dure may be refined ai)d perhaps allow for a decrease in the prescribed
margins. With this in mind, three of.the assumptions used in the,

LBB.NRC procedure (labeled i through iii), are discussed in the
following paragraphs, noting that some of them are also included in the
parent document (Ref..,~2).

(1) Utilizing the concept of an effective crack size to estimate the
' increased pipe compliance due to the presence of crack tip

4

i plasticity. Related to this assumption is the necessity of
defining s as given by Eq. 2.10.

'

scussed in Reference 2, the so-called plastic zone size correctionAs
method is often used to account for the effect of local yielding. Thej

method was developed for evaluating the material fracture toughness in
small scale yielding conditions wnere the yielding near the crack tip

3-1
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is well contained within the surrounding elastic field. Both the
NUREG/CR-3464 and LBB.HRC procedures are based on the premise that this
concept can be extended to large specimens; i.e., pipes with through-
wall cracks. Thus, the NRC suggested limit on crack growth for
licensing applications of LBB as stated on Page 1-3, should bound the
uncertainties as,scciated with the plastic zone assureption to a range
acceptable for engineering purposes.

The above approach is based on the acceptance of a limit-load corres- -

ponding to a limiting value of stress beyond which fully plastic condi-
tions are assumed. Based on numerous experiments, this limiting stress,
referred to as the flow stress, has been found to be approximately the
average of the yield and ultimate strengths of a material. Although the
use of an elastic solution adjusted for , mall scale yielding for cracked
piping applications does not seem to be theoretically justified, Paris
and Tada in NUREG/CR-3464 suggest that the crack size adjustment, r , be
consideredasanindexrepresentingthecomplianceofthecrackedb5dy
at each level of loading. As the plastic zone spreads across the net
ligament ahead of the crack, the ccmpliance increases and, at the limit
load or fully plastic state, general yielding of the body may be
referred to as the compliance instability. The NUREG/CR-3464 and the
LBB.NRC techniques interpolate between the elastic and fully plastic
states. The applied loads produce a plastic zone size adjustment which ,

increases the effective crack size until instability is reached at the
limit load. This is done via the Eqs. 2.5 through 2.10 in this document
and illustrated in Figures 2.2 and 2.3. This is an engineering approach
to a complex problem and results in the elastic component tf l as given
by Ec 2.23. An alternate approach, proposed by Brust is under
consideration (see Appendix E).

(ii) Determination of the plastic component of J by integration of the
load-displacement relationship where the displacement in this
case is the kink angle, c, due to the presence of the crack.

A problem with this assumption is the determination of the kink angle
versus the loads applied to a cracked pipe between the elastic and fully
plastic states. Here a great deal of engineering judgement has to be
used and the final validity of the assumption has to be determined by
the comparison of analytical results with those from cracked piping
experiments or with those of more sophisticated analyses such as finite

'element procedures. Paris and Tada in NUREG/CR-3464 propose a method
for estimating the moment versus kink angle between elastic and fully
plastic conditions. Additional complexity is incorporated in the
LBB.NRC procedure by the introduction of axial plus bending loads and
the kink angle adjustment to account for the strain hardening of typical
materials used in nuclear power facilities. The NRC staff approach to
resolving this problem is described in Section 2 and Appendices C and D
of this document. Both the Paris /Tada and the staff approaches assume
that the pipe geometry is maintained; i.e., potential ovalization and
wall thinning are ignored. Here again, if crack growth is limited for
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licensing applications, these factors are not believed to be significant
and an engineering estimate of J can be obtained for the purpose
intended.

(iii) Thin wall pipe - Both the NUREG/CR-3464 and the LB8.NRC
procedures assume that thin-wall equations can be used to
calculate piping stresses.

For typical applications, this approach is sufficient; that is, a pipe
can be characterized by its R/t ratio. However, LBB analyses are being
applied to pipes ranging in wall thickness from one-half inches or less
to over 4 inches with diameters ranging from about 4 inches to 48
inches. It is quite possible, in fact probable, that cracked pipes with
the same R/t ratio but with significant differences in wall thicktiess
will behave differently. Only future experiments will resolve this
question.

.
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4. CONCLUSION

The LB8.NRC fracture mechanics (FM) method is an " estimation procedure"
used by the NRC for reviewing leak-before-break submittals. It serves
as an alternative to more elaborate finite element analyses which are
expensive and time consuming to perform and the purpose of simple models
is to facilitate the performance of FM analyses in a timely and
relatively inexpensive manner. Although all FM methods are based (to
some extent) on theory, it is necessary to include in them certain
idealizing assumptions related to crack shapes, consistent geometry and
crack behavior if the crack initiates and grows as a result of increased
loads. Also under most circumstances, it is necessary to obtain
materials property data from other than the component being evaluated.

In real life, however, actual flaws can have complex shapes, the compo-
nent being evaluated may deform under high loads particularly in the
vicinity of the flaw (e.g., a pipe may ovalize and its wall may become
thinner near the flaw) and a growing crack may develop shear lips.
These reasons plus the inherent variability of material properties from
specimen to specimen lead to the conclusion that perfect correspondence
between analytical and experimental results should not be expected. On
the other hand, to be useful at all, analytical methods should be able
to predict results within an acceptable uncertainty band which can then
be accounted for by appropriate margins.

Further, the LBB.NRC methodology is subject to the theoretical limita-
tions discussed in References 6 and 7. For example, it is recognized
that for J-integral theory to be rigorously valid, cracked pipe analyses
should be consistent with deformation theory plasticity. This requires
that Ilyushin's theorem be satisfied. However, as noted, Ilyushin's
theorem is not satisfied by this or some other J-integral methods.

The LBB.NRC method is, therefore, an engineering approach for solving
complicated cracked pipe problems without having to utilize more
elaborate methods. It is expected to evolve with time. In the interim,

the reader may judge its applicability and validity for the purpose
intended from the examples given in Appendices E, F and G of this
document.
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APPENDIX A*

ASSESSMENT OF LINEAR ELASTIC F-FUNCTIONS
'

FOR THROUGH-WALL CRACKS IN PIPES

The F-function is an analytical relation which correlates the linear-
elastic stress-intensity factor (K) of a cracked shell to that for the

; same size of crack in an infinite flat plate, see Eq. A-1.

K = oF/ a-- (A-1)
where,

K = stress intensity
F = function of crack size
a = half crack length.

Thin shell analyses have been developed by Folias, Erdogan, etc.
(Ref. A.1 and A.2), for a circumferentially cracked pipe in pure tension
or torsion, but not bending. Here the F-function is usually expressed
as a function of the dimensionless shell parameter A, see Eq. A-2.

,

F = 1'+ At + 8x2 + Cx3 (A-2)

! where
x = [12(1-v )]i (a/ M )2

v = Poisson's ratio
, ,

a = half crack length

t = pipe thickness

R = average pipe radius
A B.C = constants depending on crack orientation and type of loading.

Figure A.1 shows some F-functions analytically and experimentally4

derived (Ref. A.3).

Sanders (Refs.'A.4, A.5) recently developed solutions using an energy4

integral technique. This was done for circumferentially cracked pipes
under pure tension (Ref. A.4) and global bending (Ref. A.5). This
analysis was used in NUREG/CR-3464 (Ref. A.6) to develop an F-function-

for pipes in tension-and bending. Sanders' solutions are generally for
longer cracks and hence require extrapolation of the F-function to a
value of one, as the crack length approaches zero. Figure A.2 shows the
Sanders F-function versus circumferential crack size for an (R/t) of
five. Note that as the crack angle approaches zero, Sanders' solution
for F also approaches zero. In NUREG/CR-3464 the F-function was.

expressed in the below forms.

i
' A-1

3

,

I

I
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Figure A.l. Comparison of various stress intensity ratio factors,
F, for through-wall circumferential flaws in cylinders
under uniform axial tension (Ref. A.3).
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Figure A.2. Comparison of Sanders' F-Functions for R/t = 5
and polynominal fit assuming F = 1 as crack
angle approaches zero.
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t = 1 + A (e/w)1.5 + 8 (0/")2.5 + C (e/w)3.5 (A-3)F t t t

for tension and

b " l + A (0/w)1.5 + 8 (e/w)2.5 + C (e/w)3.5 (A-4)F b b b

for bending.

Here the constants A, B, and C, were curve fitted so that there was good
agreement with Sanders' solution for long crack length. Figures A.3 and
A.4 show how the F-function changes for R/t values of 10 and 15.
Nuclear piping typically has R/t values from 5 to 15. The reliability
of Sanders, or other thin-shell analyses at the lower R/t ratios, is a
point of concern. This is not addressed in this effort.

The change in the constants for different R/t values is given in
Table A.1 as well as graphically displayed in Figure A.S. These
constants have been curve fit, and are expressed below. This form
(i.e. equations) are quite convenient for computer based on a solution
of the circumferential cracked pipe problem.

At = -2.02917 + 1.67763 (R/t) .07987 (R/t)2 + 0.00176 (R/t)3

8t = 7.09987 - 4.42394 (R/t) + .21036 (R/t)2 .00463 (R/t)3

Ct = 7.79661 + 5.16676 (R/t) .24577 (R/t)2 + .00541 (R/t)3

Ab = -3.26543 + 1.52784 (R/t) .072698 (R/t)2 + .0016011 (R/t)3

Bb = 11.36322 - 3.91412 (R/t) + .18619 (R/t)2 .004099 (P/t)3

Cb = -3.18609 + 3.84763 (R/t) .18304 (R/t)2 + .00403 (R/t)3
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Figure A.3. Comparison of Sanders' F-Function for R/t = 10
and polynominal fit assuming F = 1 as crack :
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Figure A.4. Comparison of Sanders' F-Functions for R/t = 15
and polynominal fit assuming F = 1 as crack
angle approaches zero.
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Table A.l. Coefficients for F-Functions from Sanders'
analysis of circumferentially cracked pipe
under tension and bending

Ft--------- ----------

R/t a b c
4.000 3.400 -7.453 24.792
5.000 4.606 -10.402 204235
6.060 5.566 -12.936 31.195
7.000 6.413 -15.171 33.004
0.000 7.173 -17.170 36.147
9.000 7.065 -19.005 30.200 ,

'10.000 0.501 -20.605 40.242
11.000 9.092 -22.244 42.062
12.000 9.643 -23.700 43.761
13.000 10.161 -25.067 4!.350
14.000 10.650 -26.350 46.065
15.000 11.114 -27.501 40.293
16.000 11.554 -20.744 49.651

..._______________............

Fb________- ----------

R/t a b c
4.000 1.760 -1.512 9.470
5.000 2.770 -4.120 12.034
6.000 3.653 -6.362 14.230
7.000 4.424 -0.339 16.101
0.000 5.117 -10.114 17.926
9.000 5.740 -11.730 19.514
10.000 6.320 -13.216 20.975
11.000 6.066 -14.594 22.330
12.000 7.360 -15.002 23.596
13.000 7.040 -17.091 24.705
14.000 0.206 -10.233 25.907
15.000 0.700 -19.314 26.971
16.000 9.110 -20.343 27.902

....___.___.....____._____..__

T-4572-TA.1
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APPENDIX B

COMPLIANCE FUNCTIONS

For:

F(e)=1+A() +B() +C()t t t t

F (e) = 1 + A ( ) +B() +CI)b b b b '

with At through Cb given in Appendix A in functional form.

Then:

ef(e)F(e)=w{{+(f) [(A +A )+(8 +B )( )+( t+ b)( )t b t b t b

+(f) [A At b + (A Btb+A0)I)bt

+ (A Ctb*OBtb*AC)()bt

+ (8 Ctb+8C)($)3+CCtb($)bbt
,

8

I(e)=4fef(e)F(e)det t b

2

=4:2{ () + (A +A ) ( ) + g (8 +B ) ( ) (C +C ) ( )+
t b t b t b

A#tb() + (A Otb+A0)()+
bt

(A Ctb+BBtb+AC)($)+
bt

+h(BCtb+8C)(f) +gCCtb($)bg

B-1
:

2



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

.

Let:

(A +4 ) (O +0 )
(C * b)(~e)2t b t b t

" + II+I
t / 9 11

1

t b+0 0 +4 C ) 2(A A ) (A 0 +A 0 ) (A tb bttb tb bt
I)+ ()I " +

t 2.5 3 3.5
2

'

(8 C +B C ) 3 CC 4tb bt tb
I
t 4

3

Then:

3/2 3
2

I (e) = 2e gg 4 (e) g +() (I *I II
t t t t

1 2 3

!
e

I(e)=4feFb (e) deb
o -

can be obtained by replacing A , Bt and Ct witht
A,Bb and Cb in the above equations.b

Then:

A B C 2
* * ()+ ()I

b g

A AO (24 C +B
b ) ( )2b bb bb

I "2.5+ E I)+b 3.5
2

BC 3 C 2 4bb b
I +Ub 2

3

and

3/2 3

l (e) = 202 [1 + 8 (e) g . ( ) (y .g )g
b

1 2 3

The LBB.NRC program uses I (e) and I (e) in the format of the lastNote: t b
equations given.

B-2
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j APPENDIX C

RAMBERG-OSGOOD PARAMETERS

Stress-strain data are often fitted with the Ramberg-Osgood equationy

f = f + a (p)
i o o a

where:

e= strain
;

o= stress

E= elastic modulus

co" Co/E
*

oo= a reference stress sometimes assumed to be equal to the yield
strength, o , but can be arbitrary. However, the value of av.

;. obtained will depend on the value of oo used, therefore,
! mutually consistent parameters must always be used. Note that
' in the LBB.NRC analytical procedure, a is adjusted to a' by

a'.= a ( )"'
where of is the material flow stress.

- The Ramberg-Osgood equation can be rearranged as follows:

"
(Ec-o) , ,[ )

.

o o

This form of the equation is more convenient for fitting stress-strain*

data on a log-log plot; that is
.

In (Ec- ) = In a + n in (h)
O O

; ;

B

1

which is a straight line on log-log paper. a can be determined directly ,

at o/co = 1 and n can be determined by the slope of the line.
'

,

| i

| |

:

C-1

1
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Alternatively, for linear regression analyses, define

y = In (Ec-o)
co

x = In (o/c )o
a = In a

Then
y = a + nx
a=ea (at x = 0)
n = dy/dx

The stress-strain data points plotted on a log-log graph usually do not
fall in a straight line.

Stress-strain doto-

b
L 6*
w

Linear regression fit
x

Tongent fit

O
x=In (a/c )o

Figure C.I. Schematic of typical stress-strain data.

A typical set of stress-strain data points is shown schematically in
Figure C.l. Various values for a and n can be obtained depending on the
method used to fit the curved data point plot with a straight line. If

linear regression is used, then an appropriate range of data must be
used. If a tangent to the data curve is used, then the point of
tangency must be assumed.

The stresses used in leak-before-break or other piping integrity
analyses of a cracked pipe are remote from the crack vicinity. For
linear-elastic analyses, the K, or Je calculation accounts for the fact
that these stresses are not at the crack tip. In elastic-plastic or

C-2
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i

!

| fully plastic calculations, the J estimation procedure for strain-
~ hardenable materials may not adequately account for complex strain

relations in the vicinity of the crack (wall thinning, for instance).
- Assume a pipe with a through-wall crack of total length, 28. For a
! relatively small e, say < 10 degrees the remote stresses that lead to

crack growth or pipe fa1Ture are gene, rally q21te high. Conversely, for
a large e, say > 90 degrees, crack growth could occur for relatively
small or modest remote stresses. Thus, how one fits a Ramberg-Osgood
line to the stress-strain data to get a and n could depend on crack'

length as well as other factors to get best results or those that best
predict pipe test results. In that different J estimation procedures

,

i are also being used, it is conceivable that one type of fit to the data
may be better than another for a particular ;,rocedure. This question

4

| has not been adequately answered at this time and is one of the reasons
; (among others) for applying margins for licensing purposes.

For consistency in its analyses to date, the NRC staff has used a;

tangent fit at c e 4 percent or a linear regression fit in a range closei

i to 4 percent (plus or minus a few percent c). The staff has found that
i its LB8.NRC procedure then results in a J at applied loads that closely
! approximates that reported by applicants / licensees using alternate J
! estimation procedures or more sophisticated finite element analyses.

|
(SeeexamplegiveninAppendixF.)

| Results of NRC analyses of a series of pipe experiments conducted by
U.S. David W. Taylor Naval Ship Research and Development Laboratory,

(NUREG/CR-3740) were reported in the Piping Review Committee report
NUREG-1061 Volume 3 Figures A-7, A-8, and A-9. For those analyses,
the staff used values of a and n supplied by others so that they would

;

: be consistent with the Ramberg-Osgood parameters that were used in the
EPRI procedure analyses of these tests. The calculated results were

-close to agreement with test results. However, they were somewhat
1

i nonconservative. The staff has since recalculated these problems using
values of a and n determined by the procedure indicated above. (See

,

AppendixE.)

!

|

!

4

-

1

i

,

! C-3
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! APPENDIX 0 ,

f

NRC STAFF RATIONALE FOR J. INTEGRATION FORMULA

For a pipe with a circumferential through-wall crack under a bending
load, Paris and Tada in NUREG/CR-3464, Section II-2 describe a procedure
for estimating J from a load displacement (M-c) diagram. (See

'

discussion in Reference 2 beginning on pige 102.) M is the applied
moment and e is the angular displacement due to the presence of the

'

,

crack. After separating J into its elastic and plastic components, Je
and J , and usingp

fPh de,J =-
p

! they arrive at

o |

EJ|=F(e$))fP S (')d3
J =

R p(o b p3p joo g
,

i

(Eq. 68 page 107 of Reference 2) [

where Ee |n '

'p " or
Sb= 23R tof

'

4[cosf-} sine] f
j

Sp= o

J=-j D = sin + cose .F o

Note that the NRC staff uses of as the limiting stress in the above'
,

equations. f

'

In Section II-4 of NUREG/CR-3464, Paris and Tada use similar rationale
for determining Jp when a pipe is subjected to axial plus bending loads .

4 except now:
'

) 4[cos([e +jS)-}sinel |S =
t ap

|
0

J"SI"If*hS)+cos(e)F
t n

i where

S and
j t " 2nR a7

I
i

i F = the total axial force including the effect of pressure.

;

0-1 ,

! !

:

|
'
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! Their procedure is based on the assumption of a relatively low value of
.; - St (St = 0.1 in the example given). This procedure is adequate for

engineering estimates of Jp when St is small, however, the NRC staff;

desired an approach that could be used for larger values of St because
typical licensing applications of leak-before-break technology involve;

j St greater than 0.1.
;
'

For St"Sq an applied axial relative stress, and plotting

p=f[cos( +jS)- IS t

versus Sq one gets a typical limit load curve shown schematically as;

curve so > o in Figure 0.1. Note that for positive stresses S
approaches zero as S increases to its limit. Alternatively, pq for a
given value of applied bending stress, Sb " S , one could calculate thee

plimiting axial stress by

SI"8 e

S = - (cos-1(jsb+ 2
2

0) ~ 2gIj q

to get the limit load point, P. In Figure 0.1.

] Because both axial plus' bending loads contribute to the strain in the
'

material of a cracked pipe, any J estimation procedure must account for
them both, especially if the resulting stress magnitudes are comparable,
as is the case in some piping systems.;

!
In Appendix A of NUREG-1061 Volume 3 (Subsection A.3.3.2), a method for;

corrained tension and bending loads is discussed. As seen from.

Figure A-11 of this reference, the axial load is approximated as an;

increase to the applied moment to get an equivalent moment according to:
1

M =M+ F '

eg
,

i where H and F are applied loads.
;

2 (The NUREG formula used P instead of F. F is used here for internal
; consistency in this document.)

2Using the thin-wall pipe assumption and dividing all terms by nR tor,
; the above equation can be rewritten as:
i Ft

Sbeg * Sb+qS t

1

|

:
'

D-2'

i

!

|
:
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There are several ways in which tension plus bending stresses can be
incorporated into a J estimation procedure. One approach used by an
organization submitting a LB8 application was to assume that F = o.
Then, using the EPRI/GE procedure, they calculated J versus an
equivalent moment as suggested in NUREG-1061, Volume 3 (see also
Appendix F of this document). They then get J at their applied moment
from J(Meg) where Meg is defined above and M and F are their applied
loads. In effect, trie J versus M plot of results is shifted to the lef t

by f F and J is then obtained at the applied moment. The LBB.NRC

procedure could also be used in the same manner as is illustrated in the
example given in Appendix F.

The LBB.NRC procedure now being used combines the axial and bending
stresses in the J integration formula as follows:p

F 5 F

f (Sb+ S ) dip " (S +S) t p
p q

in which FJ and Sp include the applied St*S- S is added in theq q
denominator of the integration constant based on engineering judgment to
avoid Jp resulting in unreasonably high values at relatively large
values of Sq when Sp approaches zero.

Both of the above procedures are recognized to be engineering
approximations that can be used until a more theoretically correct
method is formed for conbining tensile plus bending loads. Example
analyses are given in Appendix G.

Further rationale for including St in the J integration for relatively
isillustratedschematic!11yinFigure0.2. Thelarge values of Sq

NUREG/CR-3464 equation for Jp would result frcm the area shown as (1) in
the figure. This area approaches zero as Sq approaches its limit. The
NRC program uses the area shown as (2) in the figure. Typical results
using the NRC approach appear to be quite reasonable for an engineering
estimation of Jp at nominal applied loads.

D-3



I Through-wall crack limit-load curve
s'*- (Total angte=2B )
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s*s B =0 S = Applied So q t

>O 'N (a) = 3 Integration Path
s'N p

S, p yN
g _ _ _ _ _ + _ _ _ _ _ _ _ _ _ _ _ sq , - -
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Figure D 1. Typical limit-load curve for through-wall crack.
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Figure 0.2. Typical normalized stress variation as a function
of the kink angle.
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APPENDIX E

COMPARIS0N OF LBB.NRC PROCEDURE WITH
PIPE EXPERIMENT RESULTS

During the preparation for writing NUREG-1061, Vol. 3, the NRC staff
analysed a series of pipe experiments performed by the U.S. David W.
Taylor Naval. Ship Research and Development Laboratory as reported in-

~ NUREG/CR-3740.: For those analyses the staff used Ramberg-Osgood
parameters provided by others. The staff's results are discussed in
Appendix A of NUREG-1061, Vol. 3.

~

Subsequently, the NRC staff derived revised values of the Ramberg-Osgood
parameters using the procedures described in Appendix C of this docu- '

ment. The original and the new parameters are shown in Table E.1 and
the new results in Table E.2. The more recent results are more
conservative and a comparison of the results of the new and the original
analyses illustrates their sensitivity to the selection of the Ramberg-
Osgood parameters. Results for one of the pipe experiments are plotted'

on the following revised Figure A-9 from NUREG-1061, Vol. 3.

A number of full scale pipe experiments have been carried out at BCL for
pure bending. PAdicted results using the BCL's NRCPIPE computer pro-
gram which includes the LBB.NRC procedure and allows for crack growth
compared favorably with these experimental results for both crack
initiation and maximum load. These results are discussed fully in
Reference E.1.

Brust decently proposed two modifications to the NRC metnod. In one
version, the pla,stic kink angle is obtained from the elastic kink angle
using a modification which depends on the G.E. h-function. This
version, which is referred to as the "G.E. Functions Modification", is
the most accurate if the h-functions are correct. The second version
obtains the pl,astic kink angle from the elastic kink angle using an

- " engineering estimate". The " engineering estimate" is obtained by
approximating the stiffness of the cracked section of pipe by using a
short length of pipe with an appropriately reduced thickness. This
method is referred to as the " engineering estimate modification". A

Jdescription ol' both of these modifications will be described in an
jupcoming Battelle report. An encouraging feature of the results is that
the " engineering estigate modific'ation" produces results which are very
close to the "G.E. function modification" results. This is important
because it means that' analyses can be made in R/t ranges not-covered by
the G.E functions. Moreover, this method may be extended to crack
geometries not encompassed by the G,E. functions.

-

,

'
a

E-1 '

.

9
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Table E.1 DTNSRDC 8 Inch Ferritic Pipe Tests.

Original Calculations New NRC Calculations
for NUREG-1061, Vol. 3 with NRC Method for

Parameters a&n

a 1.35 3.6

n 6.2 4.159

c , ksi 35 35o

E, ksi 29,000 29,000

or, ksi 56.4 56.4

T-4572-TE.1

Table E.2 Analysis results from L88.NRC using the original
and new parameters listed in Table E.1.

(See also Table A-3, NUREG-1061, Vol. 3.)
Original NRC New NRC New NRC

Test # Mj,(in-k) Jj(in-kin 2) J/Ji@Mt J/Ji 0Mi M/Mt@Ji

N3 935.69 3.680 1.035 1.856 0.910

N7 928.90 5.400 0.564 1.022 0.998

N8 801.31 4.420 0.402 0.690 1.075

N11 1061.8 2.340 0.922 1.545 0.929

N12 1090.70 3.110 1.195 1.898 0.901

N14 1228.00 4.300 0.671 0.991 1.000

N15 1189.40 2.850 1.428 2.135 0.870

Average 0.888 1.448 0.955

T-4572-TE.2
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Figure E.1. Comparison of various J-estimation schemes to average
values from DTNSRDC ferritic pipe test data at crack
initiation.
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APPENDIX F

APPLICATION OF LBB.NRC IN A LICENSING APPLICATION '

The Ramberg-Osgood parameters are determined from the stress-strain data'

submitted in the licensing application. Table F.1 shows the stress-strain
data and the determined Rdhberg-Osgood parameters. The stress-strain data and
the Ramberg-Osgood correlation are plotted in Figures F.1 and F.2.

i LBB.NRC is evaluated using the Ramberg-Osgood parameters. Tables F.2 and F.3
show the input parameters. The results for an axial force of 1685.7 kips and
an applied bending moment of 37171 in-kips are shown in Figure F.3. The
results for an axial force of 2383.9 kips and an applied bending moment of

' 52568 in-kips are shown in Figure F.4. As a comparison, the finite element
(FEM) results provided in the licensing application are also indicated in
Figures F.3 and F.4. 'The reported EPRI/GE results, obtained by combining the
axial force and the bending moment into an equivalent bending moment according
to Figure A.11 in'NUREG-1061 Vol. 3, are also plotted in Figure F.3. (The

. axial force of 1685.7 kips is equivalent to a bending moment of 13093 in-
kips.) The numbers in parentheses are the values of J obtained from the
various approaches.

' To further demonstrate that the axial force and bending moment can be combined
into an equivalent bending moment according to Figure A.11 in NUREG-1061,

,

Vol. 3 to yield an estimate of J. LBB.NRC is evaluated using the input
parameters shown in Table F.4 (no axial force). The results are plotted in
Figure F.5 after the curve has been shifted to the left by 13093 in-kips to
account for the axial force. As a comparison, the LBB.NRC results in

: ~ Figure F-3 is also plotted in Figure F.5.

The J values for an axial force of 1685.7 kips and a bending moment of 37171
in-kips estimated from the various approaches are summarized in Table F.5.

>

F-1
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Table F.1 Determination of Ramberg-Osgood parameters using the
NRC computer program *

-

'

12-23-1905 (RO)
Estimation _'of Strain Hardening Using Ramberg-Osgood
Equation and Linear Regression Over User-Selected,

Range of Strains From Data File of Stress and Strain

Reference Stress, SIGR (ksi) 39=

Elastic Modulus, E (ksi) 26500=

L i riear Regression Fit :
Starts at Strain of (%) 1.45=

Ends at Strain of (%) = 6.05
Filename-of Stress-Strain Data = TYPICAL

.

. SIGMA (ksi) EPSILON X Y
'

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

42.000' O.00500 1.077 2.321
* 40.000 0.01000 1.231 5.564

52.000 O.01500 1.333 8.859
j. 56.000 O.02000 1.436 12.154
'

63.000 O.03000 1.615 18.769
69.000 0.04000 1.769 25.410
73.000 O.05000 1.872 32.103
77.000 0.06000 1.974 38.795

X = SIGMA /SIGR : Y= (E* EPSILON-SIGMA)/SIGR
'

~ Data File Contains a Total-of ~8 Pairs of Pointss

A Total of 8 Pairs of Points are Plotted
A Total of 6 Pairs of Points are in Linear Regresston
Resulting Correlation Coefficient, r = 0.99954

Ramberg-Oscood Confficients: Alpha = 3.102 ; n= 3.719

Calculations are performed by BASICA and plotting*

is done by LOTUS 123.-
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Ramberg-Osgood (File: TYPICAL)

75 -

Strain Fitted:1.45% to 6.05%

70 -

65 -

*ih
x 60 -

E
2 55 -

65

50 -

O
45 -

O
40 -

I I I ! !35
O O.01 0.02 0.03 0.04 0.05 0.06

Strain

Figure F.1. Stress versus strain plot with associated
Ramberg-Osgood correlation.
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1.5 -
Rornberg-Osgood (File TYPICAL)

L4 - Strain Fitted:lA5% to 6.05%

1.3 -

1.2 -

p i.i -
,

I

j t? i.O -

"g O.9 -

f 0.8 -

0
0.7 -

0.6 -

0.5 -

0.4 O
I I I I I I

O.3
O.02 0.06 0.10 0.14 0.18 0.22 Q26 0.30

Log,o (e/e )o

Figure F.2. Log-log plot with associated Ramberg-Osgood
correlation indicated as straight line.
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Table F.2. Data Sheet for Axial Force of 1685.7 kips

and applied bending moment of 37171 in-kips

12-23-1985 L_ E A K BEF= ORE BREAK
LBS.NRC MODE 8

FACILITYs Typical
PIPE SYSTEM 29" ID Carbon Steel Pipe

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 3.1
2 Strain Hardening n = N= 3.7
3 Reference Stress [ksi3 SIGR= 39
4 Flow Stress [ksi3 SIGF= 60
5 Initial Half Crack Angle [deg3 THO= 17.142
6 Axial Force [ kips 3 F= 1685.7
7 Elastic Modulus [ksil E= 26500
8 Pipe or Vessel Radius Cin] R= 15.375
9 Pipe or Vessel Thickness [in] T= 2.25
10 Leak Rate Constant igpm/si3 LRC= 250
11 Applied Bending Moment [kk-in3 AMB= 37.171

'

SIGT= Axial Stress SIGB= Bending Stress MB= Bending Moment PHI = Kink Angle

J=J Integral COA = Crack Opening Area LR= Leak Rate ST=SIGT/SIGF
SB=SIGB/SIGF CL= Crack Length

ce* NORMALIZED *** *********** ENGINEERING UNITS **********
ST+SB PHI J SIGB MB PHI J COA LR
- - --- - Eksi) [kk-in] [deo] [k/in] [sil [gpm3

0.0000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.0

0.1293 0.028 0.021 0.00 0.00 0.00 0.04 0.046 11.4

0.2316 0.059 0.068 6.14 10.26 0.01 0.14 0.084 20.9

0.3280 0.108 0.144 11.92 19.93 0.01 0.30 0.122 30.6
0.4199 0.189 0.259 17.44 29.13 0.02 0.54 0.164 41.1

0.5070 0.320 0.428 22.66 37.87 0.04 0.89 0.210 52.6
0.5889 0.519 0.670 27.58 46.08 0.07 1.40 0.262 65.4

0.6653 0.807 1.012 32.16 53.74 0.10 2.11 0.319 79.8

0.7350 1.205 1.484 36.39 60.81 0.16 3.10 0.385 96.2

0.8003 1.736 2.118 40.26 67.28 0.23 4.42 0.459 114.8

0.8586 2.420 2.931 43.76 73.13 0.31 6.16 0.544 136.1

0.9109 3.280 4.019 46.90 78.36 0.43 8.09 0.641 160.4

0.9571 4.334 5.355 49.67 83.00 0.56 11.19 0.752 188.1

0.9975 5.600 6.993 52.09 87.04 0.73 14.61 0.879 219.8
1.0322 7.093 8.958 54.17 90.52 0.92 18.71 1.023 255.8
1.0414 8.823 11.270 55.93 93.45 1.14 23.54 1.187 296.8
1.0855 10.747 13.942 57.37 95.87 1.40 29.12 1.373 343.3

1.1046 13.017 16.977 58.52 97.78 1.69 35.46 1.584 395.9

1.1190 15.479 20.365 59.39 99.23 2.01 42.54 1.821 455.3

1.1290 18.172 24.086 59.99 100.23 2.36 50.31 2.088 522.0

1.1348 21.0/7 28.108 60.33 100.81 2.73 58.71 2.388 597.0

1.1365 23.998 32.148 60.44 100.98 3.11 67.15 2.704 676.0
----RESULTS AT APPLIED LOAD

SIGT= 7.755 kui, CL= 9.200 in., AMB= 37.17 kk-in, J= 0.865 k/in,
SIGB= 22.245 kni, PHI = 0.040 deg, COA = 0.207 si, LR= 51.66 gpm

T-4572-TF.2 |
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Leak Before Break (LBB.NRC MOD 8)
8 -

Typical: 28" ID Carbon Steel Pipe
d

}7
-

LBB.NRC

j 6 -

I

'-d 5 -

Applied M =37,171 in.-kips
EPRl/GE,p

b

a4 -with an axial load of
#

}3 -

,
1685.7 kips p

y ,s
5 .d- 2 - -
'

1 - EPRl/GE (888)D LBB.NRC (865)

g yFEM (677) ,
s

o 10 20 30 40 50 60 70 80

Bending Moment, M ,1000 in.-kipsb

Figure F.3. J versus bending moment for axial force of
1685.7 kips.
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Table F.3. Data sheet for axial force of 2383.9 kips
and applied bending moment of 52568 in-kips

12-23-1985 1._ E A K B E FF C]R E BREAK
LBB.NRC MODS S

FACILITYs Typical
PIPE SYSTEM: 28" ID Carbon Steel Pipe

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 3.1
2 Strain Hardening n = N= 3.7
3 Reference Stress [ksi3 SIGR= 39
4 Flow Stress [ksi3 SIGF= 60
5 Initial Half Crack Angle [deg3 THO= 17.142
6 Axial Force Ckips3 F= 2383.9
7 Elastic Modulus [ksi3 E= 26500
8 Pipe or Vessel Radius [in] R= 15.375
9 Pipe or Vessel Thickness [in3 T= 2.25
10 Leak Rate Constant [gpm/si) LRC= 250
11 Applied Bending Moment [kk-in3 AMB= 52.568

SIGT= Axial Stress SIGB=Bendin, Stress MB= Bending Moment PHI = Kink Angle
J=J Integral COA = Crack Opening Area LR= Leak Rate ST=SIGT/SIGF

SB=SIGB/SIGF CL= Crack Length

C** NORMALIZED *** *********** ENGINEERING UNITS **********
ST+SB PHI J SIGB MB PHI J COA LR

- [ksi3 [kk-in] [deg] [k/in] [sil Eqpm3

0.0000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.0
0.1828 0.043 0.043 0.00 0.00 0.01 0.09 0.065 16.3
0.2662 0.074 0.093 5.00 8.36 0.01 0.19 0.097 24.3
0.3542 0.127 0.174 10.29 17.19 0.02 0.36 0.134 33.5
0.4416 0.216 0.299 15.53 25.95 0.03 0.62 0.175 43.7
0.5262 0.358 0.483 20.60 34.43 0.05 1.01 0.221 55.2
0.6065 0.573 0.750 25.42 42.48 0.07 1.57 0.272 68.1
0.6819 0.881 1.128 29.95 50.04 0.11 2.36 0.331 82.7
0.7518 1.306 1.650 34.14 57.05 0.17 3.45 0.397 99.3
0.8158 1.8/0 2.353 37.98 63.47 0.24 4.92 0.473 118.2
0.8739 2.595 3.277 41.47 69.29 0.34 6.85 0.559 139.8
0.9259 3.503 4.462 44.59 74.50 0.45 9.32 0.658 164.6
0.9720 4.615 5.945 47.35 79.12 0.60 12.42 0.771 192.8
1.0122 5.949 7.762 49.76 83.15 0.77 16.21 0.900 225.0
1.0467 7.513 9.940 51.83 86.61 0.98 20.76 1.047 261.7
1.0158 9.333 12.501 53.58 89.53 1.21 26.11 1.214 303.4
1.0996 11.401 15.458 55.01 91.92 1.48 32.29 1.403 350.7
1.1185 13.723 18.812 56.14 93.81 1.78 39.29 1.617 404.2
1.1326 16.292 22.552 $6.99 95.23 2.11 47.10 1.858 464.6
1.1422 19.096 26.652 57.57 96.19 2.48 55.67 2.130 532.4
1.1476 22.116 31.074 57.89 96.73 2.87 64.90 2.434 608.6
1.1489 24.707 34.867 57.97 96.86 3.21 72.83 2.708 677.1

RESULTS AT APPLIED LOAD -

SIGT= 10.968 kni, CL= 9.200 in., AMR= 52.57 kk-in, J= 2.749 k/in,
SIGB= 31.460 kni, PHI = 0.134 deg, COA = 0.355 si, LR= 88.68 gpm

T-4572-TF.3
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Leak Before Break (LBB.NRC MOD 8)

Typical:28"ID Carbon Steel Pipe

".E 8 --

LBB.NRC
.4 7 -

K
6 -

U5 - Applied M =/2 x 37,171 in.-kips'
8 with an axialload of /2 x -

34 - 1685.7 kips
2 '

f3
-

LBB.NRC (2749)- =

6 2 - hFEM (2096)
-

'
I I I I I'o

o lo ao ao 40 So so 70 so
Bending Moment, M ,1000 in.-kipsb

Figure F.4. J versus bending moment for axial force of
2383.9 kips.
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Table F.4. Data sheet for no axial force and equivalent
applied bending moment of 50264 in-kips

12-26-1985 L_ E A K BEFORE BREAK
LSS.NRC MODS 8

FACILITY: Typical
PIPE SYSTEM: 28" ID Carbon Steel Pipe

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 3.1
2 Strain Hardening n = N= 3.7
3 Reference Stress Eksi3 SIGR= 39
4 Flow Stress EksiJ SIGF= 60
5 Initial Half Crack Angle [deg3 THO= 17.142
6 Axial Force [ kips 3 F= 0
7 Elastic Modulus Eksi3 E= 26800
8 Pipe or Vessel Radius [in] R= 15.375
9 Pipe or Vessel Thickness Ein3 T= 2.25
10 Leak Rate Constant [gpm/si3 LRC= 250
11 Applied Bending Moment [kk-in] AMB= 50.264

SIGT= Axial Stress SIGB= Bending Stress MB= Bending Moment PHI = Kink Angle
J=J Integral COA = Crack Opening Area LR= Leak Rate ST=SIGT/SIGF

SB=SIGB/SIGF CL= Crack Length

*** NORMALIZED *** *********** ENGINEERING UNITS **********
ST+SB PHI J SIGB NB PHI J COA LR

--- - [ksi3 [kk-in] [deo] [k/in] [si3 [qpm]

0.0000 0.000 0.000 0.00 0.00 0.00 0.00 0.000 0.0
0.1829 0.042 0.040 10.97 18.34 0.01 0.08 0.065 16.2
0.2861 0.083 0.102 17.17 28.6'8 0.01 0.21 0.105 26.3
0.3/85 0.147 0.195 22.71 37.94 0.02 0.41 0.146 36.5
0.4639 0.250 0.326 27.84 46.51 0.03 0.68 0.190 47.4
0.5433 0.406 0.510 32.60 54.47 0.05 1.07 0.238 59.5
0.6168 0.632 0.763 37.01 61.G4 0.08 1.59 0.292 73.0
0.6844 0.945 1.106 41.07 68.62 0.12 2.31 0.353 88.3
0.7461 1.362 1.560 44.77 74.80 0.18 3.26 0.423 105.7
0.8018 1.901 2.149 48.11 80.09 0.25 4.49 0.502 125.5
0.19517 2.580 2.897 51.10 85.39 0.33 6.05 0.593 148.2
0.8959 3.414 3.829 53.75 89.82 0.44 8.00 0.696 174.0
0.9345 4.418 4.965 56.07 93.69 0.57 10.37 0.814 203.6
0.9677 5.604 6.325 58.06 97.02 0.73 13.21 0.949 237.2
0.9959 6.982 '7.923 59.75 99.85 0.91 16.55 1.102 275.4
1.0f92 8.559 9 769 61.15 102.18 1.11 20.40 1.275 318.8
1.0379 10.339 11.866 62.27 104.05 1.34 24.78 1.471 367.8
1.0522 12.319 14.211 63.13 105.49 1.60 29.68 1.693 423.2
1.0624 14.495 16.793 63.74 106.51 1.88 35.08 1.942 485.5
1.0687 le.855 19.595 64.12 107.14 2.19 40.93 2.222 555.4
1.0713 19.384 22.589 64.28 107.40 2.51 47.18 2.535 633.7
1.0714 19.993 23.308 64.28 107.41 2.59 48.68 2.613 653.1

==-- -RESULTS AT APPLIED LOAD
SIGT= 0.000 kni, CL= 9.200 in., AMB= 50.26 kk-in, J= 0.862 k/in,
SIGB= 30.081 ksi, PHI = 0.042 deg, COA = 0.212 si, LR= 53.12 gpm

T-4572-TF.4
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Leck Before Break (LBB. NRC MOD 8) ,

8 - Typical: 28" ID Corbon Steel Pipe ,/
d LBB.NRC /

~g7
- F=0 kips

s6 -

Note: Curve shif ted to leffy
5 -

by AM F==
eq

4 -

13.093 kk-in.9
LBB.NRCg

Ei, 3
-

F=1685.7 kips
S
52 -

| -

' I I I I I'o
o io 20 30 40 so so 70 so

Bending Moment, M ,1000 in.-kipsb

Figure F.5. J versus bending moment for axial force of
1685.7 kips treated as equivalent bending
moment.
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Table'F.5. J estimates for axial force of
1685.7 kips and bending moment
of 37171 in-kips.

,

.

LBB.NRC EPRI/G.E.
LBB.NRC (Equivalent Finite (Equivalent'

Moment) Element Moment)
.

J (in-lb/in2) 365 862 677 888
!

!

T-4572-TF.5

.

!

:
4

1

f

F-11

.

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



|

|

APPENDIX G |

SAMPLE PROBLEMS

|

|
,

,

-



APPENDIX G

SAMPLE PROBLEMS

Sample problems to illustrate LBB.NRC with relatively large axial loads
together with bending loads (see data sheets for input parameters) are
presented in this appendix. Tables G.1 through G.7 give the output from an
LBB.NRC analysis. All the analysis pardmeters are defined in the printout.
These outputs can be reproduced by the reader.

The results of these analyses were then plotted in Figures G.1 through G.3.
These plots are self-explanatory. The term " data sheet" in Figure G.1 refers
to the data listed in Tables G.1 through G.7.

.
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10 0

-

C O S=Se with S,=O (data sheet with F=0 kips)

a S=S, with S =0 (dota sheet for various F's- A b
at maximum S,)

D S=S, with S =0 (data sheet with F=6600 kips)C b_

_

.

10 -

_

_

k -

E
i

.4
-i _

i -

_

_

_

_

I I I I I I
oi

o oi o.2 0.3 0.4 0.5 0.6 0.7

S=alag

Figure G.I. J versus S for various levels of axial force and
bending moment. Data sheet here refers to the
appropriate result from Tables G-1 through G-7.
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Bending Moment, M , I000 in.-kips
b

Figure G.2. J versus M for various levels of axial force.
From Tables G.1 through G.7.
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Figure G.3. Equivalence of axial force versus bending moment. From cross-plot of
Figure G.2.
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Table G.I. LBB.NRC analysis output

12-20-1985
LEAK B E F:'O R E BREAK

LBB.NRC MODS S
FACILITY: Example Calculation
PIPE SYSTEMe with various values of F

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 8
2 Strain Hardening n = N= 3.5
3 Reference Stress [ksi! SIGR= 20.3
4 Flow Stress [ksi3 SIGF= 42.084
5 Initial Half Crack Angle [deg3 THO= 30
6 Axial Force [ kips 3 F= 0
7 Elastic Modulus [ksi3 E= 26000
8 Pipe or Vessel Radius Cin3 R= 16
9 Pipe or Vessel Thickness [in] T= 2.6
10 Leak Rate Constant [gpm/sil LRC= 250 ,

11 Applied Bending Moment [kk-in] AMB= 20

SIGT= Axial Stress SIGB= Bending Stress NB= Banding Moment PHI = Kink Angle
J=J Integral COA = Crack Opening Area LR= Leak Rate ST=SIGT/SIGF

SB=SIGB/SIGF CL= Crack Length

*** NORMALIZED *** *********** ENGINEERING UNITS **********
ST+SB PHI J SIGB NB PHI J COA LR
=- -

- [ksi) [kk-in] [deq] [k/in] [sil [gpm3

o.0000 0,000 o,000 O.00 O.On O.00 O.00 O.000 6.O
O.1371 0.130 0.04R 5.77 12.07 0.01 0.05 0.127 31.8
0.2155 O. 320 0.145 9.06 10.94 0.03 0.16 0.204 St.t
0.20eO o.672 a. 328 t?.04 25.17 0.06 0.36 0.280 69.9
0.*S25 1.262 0.651 14.84 31.02 0.12 0. 71 0.357 09.3
0.4155 2.1/2 1.190 1/.48 36.56 0.20 1.00 0.440 109.9
0.4/49 3.406 2.034 19.99 41.79 0.32 2.22 0.529 152.o
0.5309 S.292 J.292 22.34 46./2 0.49 5.59 0.624 156.0
0.5052 /.n74 5. ';Go 24.54 51.32 0.71 5.54 o. 729 182.2
0.6318 10.71/ 7.%23 26.59 55.59 0.99 8.20 0.843 210.9 ,

0.6765 14.497 to.743 20.4/ 59.50 1.34 11.71 0.970 242.5
0./174 19.086 14.975 30.19 63.13 1.77 16.01 1.109 277.4
n.7542 24.542 20.018 3 t . 74 6o. 3 / 2.28 21.32 1.264 315. 0
0.7872 30.910 26.268 33.13 69.27 2.87 28.63 1.434 358.5

~
**0.0161 ' 3. 21 '- .697 f.4 . '.5 71.82 '. S4 76. 73 1.621 405.7

0.H412 46.4/H 4 ',' . 3 4 2 35.40 74.02 4.31 96,15 1.831 45/.O
O.d623 55.A71 's2.205 36.29 75.88 5.16 5 6. h .' '.061 515.?
O.8796 oS./61 o!.244 37.02 77.40 6.to eH.97 . . '.1 5 5 78. 'J
0.8931 /6.6 14 **? 3/.58 73.59 7.11 R 2, t '$ 2,996 $ 43. 7. . .

0.9028 88. I ' d HH . 45. l 37.99 79.45 8.19 76.40 '.904 T2e.1

0.9089 t i o 1. $ c.5 tog. 296 '8. 2M 79.98 9 . '.2 111 44 3.244 R11.0.

0.9115 111.Id4 I I o. % / t 38.36 80 11 10.50 127.16 ~. 61 7 904.I

n.9115 116.029 i L 9. A m 38.36 8 0 . ..? .? 10.76 1'.0.68 3.705 9J$.2
--=---RESULTS AT APPLIED LOAD--

SIGT= 0.000 kni, CL=16.755 in., AMB= 20.00 kk-in, J= 0.192 k/in,
SIGB= 9.565 kst, PHI = 0.035 deg, COA = 0.217 si, LR= 54.27 gpm

T-4572-TG.1
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Table G.2. LBB.NRC analysis output

12- N-190*5 L.E A K B E F:'C3 R E BREAK
LBB.NRC MODS 8

FACILITYs Example Calculation
PIPE SYSTEM: with various values of F

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 8
2 Strain Hardening n = N= 3.5
3 Reference Stress [ksi3 SIGR= 20.3
4 Flow Stress [ksi3 SIGF= 42.084
5 Initial Half Crack Angle [deg3 THO= 30
6 Axial Force [ kips 3 F= 1100
7 Elastic Modulus [ksi3 E= 26000
0 Pipe or Vessel Radius [in] R= 16
9 Pire or Vessel Thickness [in] T= 2.6
10 Leak Rate Constant [gpm/si3 LRC= 250
11 Applied Bending Moment [kk-in] AMB= 20

SIGT= Axial Stress SIGB= Bending Stress MB= Bending Moment PHI = Kink Angle
J=J Integral COA = Crack Opening Area LR= Leak Rate ST=SIGT/SIGF

SB=SIGB/SIGF CL= Crack Length

*** NORMALIZED *** *********** ENGINEERING UNITS **********
ST+SB PHI J SIGB MB PHI J COA LR
----- --- - [ksi) [kk-in] [deg) [k/in] [sil [gpm3

0.0000 O.060 n.000 O.00 v.00 O.00 9.00 0. t>oO O.O
in 1000 t 6. 4 >HS n.629 0,00 O.00 O.01 O.03 O.09; .; 9
0.1721 0. .'t C ts.092 3. O 3 6.35 O.02 O. It > 6.Ie4 41.t
v.c428 o.437 e. 'a 6.00 12.'.5 O.04 0.24 o.236 58.9
O. *111 is.868 v.465 0.89 18.53 0.00 0.31 0.510 /7.o
n. 77 4 i.'14 1 it.902 11.6/ 24.4L O . 1 ", 0. 9Fs o.390 47.4
0.4410 . 6/1 1. 6 f.O 14.35 30.01 0.25 t . 7R t s. 475 114.?

*

.>.9,ln 4 t.n ' . ''f 7 . '- 16.90 35.34 6. W '.02 0.567 14I.7
in.S5H9 6. ? t7 4 . 4 11' 19.31 40.33 t t . ".9 4 . 13 / t. i . e / 166./
O.61 2 9.19' 6.8RH 21.57 45.11 0.H5 7.51 v.//7 194..
0.hoJS 1< '/8 10.18'. 23.67 49.50 1.19 11.1t6 0.R97 'J4.4
O.i686 1 s . u', 14.525 25.61 53.56 t.60 13.83 1.030 '5 / . 6
i t. 79 so *:?. so * 30.073 2/ 38 57.25 2.to ~;t,Oa 1.t77 ',9 4 . *

O./335 . U. >R4 Jo 970 28.97 60.59 '.69 '9. 39 I. 34 0 _' ' 4 . 9.

O . 8.: ?? '4.411 % . ':3 4 30. J,4 63.So I. 38 30. ;i 1.*i19 '. M . d..

u . Of. t r4 44.911 4". 24'. 31.64 66.15 4.17 49.'1 1. 718 4 7 9 . ".
o.37/? ~31.THt :,o. 74n 32.71 33.40 5.OS o1.:14 I.737 4A4.4
i t. 4 96 6% n9, SV. Ais4 7 .61 70. 27 6.te4 7n.is8 . t ht ) 'i.t ?, . e s
88. 9 1',:1 .68t 34.058 54 '>3 /t.79 7.11 '?t.94 l'.447 611.9,

* >. 9 20 9 H9.t4/ 8 < t i . Na ;4.89 72.95 8. 27 109,27 '. /4 ? 6W5. O
el. 7 '.R t I n '. . < ' ? It,.N/ *'i . 2 / 7 -* . / 6 9. 49 17'.H4 ' . a in ? /en,a,

*).9434 1(n.l14 13". 1H% _. ' . 4 9 /4.22 tip. / 7 147.34 .42i W L, . 1
'' *

,

0.9444 128. W6 ist.iqi * 5. 5,5 7 4. '.5 11.91 164.77 . /64 9 41. 0.

--- -- ---RESULTS AT APPLIED LOAD-- --- -- -

SIGT= 4.208 ksi, CL=16.755 in., AMB= 20.00 kk-in, J= 0.623 k/in,
SIGB= 9.565 ksi. PHI = 0.097 deg, COA = 0.330 si, LR= 82.39 gpm

T-4572-TG.2

G-6

_
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Table G.3. LBB.NRC analysis output

I N o-1985 L_ E A K B E F:'O R Ei" BREAK
LBB.NRC MODS 8

FACILITYs Exaeple Calculation
PIPE SYSTEMS with various values of F

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 8
2 Strain Hardening n = N= 3.5
3 Reference Stress [ksi] SIGR= 20.3
4 Flow Stress [ksi3 SIGF= 42.084
5 Initial Half Crack Angle [deg3 THO= 30
6 Axial Force [ kips) F= 2200
7 Elastic Modulus [ksi] E= 26000
8 Pipe or Vessel Radius [in] R= 16
9 Pipe or Vessel Thickness [in] T= 2.6
10 Leak Rate Constant [gpm/si] LRC= 250
11 Applied Bending Moment [kk-in3 AMB= 20

SIGT= Axial Stress SIGB= Bending Stress MB= Bending Moment PHI = Kink Angle
J=J Integral COA = Crack Dpening Area LR= Leak Rate ST=SIGT/SIGF

SB=SIGB/SIGF CL= Crack Length

*** NORMALIZED *** *********** ENGINEERING UNITS **********
ST+SB PHI J SIGB MB PHI J COA LR

-- - [ksi) [kk-in] [deq3 [k/in] [sil [gpm3

0.000o o.ono O.000 n.00 o.00 0.00 O.00 o.000 o.o
0.1377 O.137 0.057 0.00 0.00 0.01 0.06 U.132 '

.t
0.2060 4 i. ?R T o.14; O.00 0.00 0.03 v.16 0.196 48.9
0.2441 0.454 0.244 1.86 3.88 0.04 0.27 0.241 m e. 2
0.2976 6./75 0.442 4.11 3.59 0.07 0.43 0.299 74./
46. 3 5;.,2 1. 321 0.796 6.53 13.60 0.12 v.87 0.06n 91.5
0.414L /.t/6 1.406 9.01 18.84 0.20 1.53 0.441 110.3
0.47/4 .43/ ?.381 11.4e 2'' . 9 7 0.32 2.60 0.5?4 L Z.1. 0
0.5JYt % . 04 .870 13.8S 28.96 0.48 4..'? O.616 153.9
0.5H33 7.380 n.038 16.|T 53.7? O.'70 4.58 0.717 179.'
O . 6J.4 7 LO.6n4 9.066 LG.29 38.25 0.99 9.38 0.823 207.6
o . 68~. ' 7 14.3*i4 1'.145 20.31 42.47 1.35 14.33 0.951 27.7. 7
88 7270 1 9 . " '.3 18.463 22.18 46.38 1./9 20.12 1.oR7 271. 6
e i . 7n 7e- "5 . Ne i /5.t90 ?3.89 49.95 7. 53 27.45 1.237 309.2
e i. 804 c '.1. H 70 T3.506 25,4i 5T.t7 ?.*% 36.52 1.403 350.8
e i . 8 $6 7 '.Y . ISO 43.508 2n.80 56.03 3. ^8 47.42 1. ';>8 7 596.8
0. Hvi2 44. 6%' 5 % 281 27.99 93.57 4.9L 60. 2* , 1.791 847
n.8H94 59.635 63.847 29.01 60.67 5.44 75.04 2.016 504.*
o Yv98 v7. 4H 1 84.157 29.Go 62.44 6 . 4. , 91./2 2. Wa r;na . !

6.9256 81.61$ t a il . 4 e9o 10.53 63.85 1.57 1LO.t8 2.579 o:* 4
6 . 9 ". / 5 '44. 4 2% L 19. 4'% T1.04 h4.90 9. 76 1'O.19 2.84: 71 t s.
i t. Y45 ' 10 / . aSa i i $H. i'; - . '. l . 3 6 65.58 in.iin 151.44 3.t74 i 9 '. 4

j in.9491 1 21. /$si 159.214 't.52 65.92 11..N l/5.53 0. M 9 694.8.

i O.9495 12H . ow 16R.588 it.54 6 % 96 11.H8 183.74 T. ' 18 920.4
- - - - - - ----RESULTS AT APPLIED LOAD -

SIGT= 8.410 ksi, CL=16.755 in., AMB= 20.00 kk-in, J= 1.773 k/in,
SIGB= 9.565 ksi, PHI = 0.228 deg, COA = 0.460 si, LR= 114.97 gpm

T-4572-TG.3
G-7
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Table G.4, LBB.NRC analysis output

'

i - -ew. 1EAK BEFrOR E BREAK
LBS.NRC NOD: 8

FACILITY: Example Calculation
! PIPE SYSTEMS with various values of F,

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 8
2 Strain Hardentng n = N= 3.5
3 Reference Stress [kst] SIGR= 20.3
4 Flow Stress Eksi3 SIGF= 42.084
5 In taal Half Crack Angle [deg] THO= 30
6 Axial Force [ kips) F= 3300
7 Elastic Modulus [ksi3 E= 26000

| 6 Ptpe or Vessel Radius [in] R= 16
9 Pipe or Vessel Thtckness Can] T= 2.6
10 Leak Rate Ccostant [gpm/si3 LRC= 250
11 Applied Bending Moment [kk-in] AMB= 20

SIGT=Axtal Stress SIGB= Bending Stress MB= Bending Moment PHI = kink Angle
Js4 Integral COA = Crack Opening Aeoa LR= Leak Rate ST=SIGT/SIGF

SB=SIGB/SIGF CL= Crack Length

*** NORMAL.! ZED *** *********** ENGINEER"NG UNIlts **********
ST+SB FHI J SIGD MB PHI J COA LR

[kst3 [kk-in] [deg3 Ek/in] [sil Eqpm3i - --- -

3 . , . . 000 . . . ovo . . . . .. ,o o.<.o o.60 0.00 0.90 o ,, . .oa ...ii.

O.1 %9 . r . l .'. h .r.o.h n . . .*:t O no 0.01 0.ob < > . t '. t ' . - ' . - *.

O.2147 ..
'

< > . I r4 0.'ns 0.00 0.811 0.19 0. 011 W,' . O

o.;09 A >a ..4;q i._00 i s. oo o 06 v.46 0.289 / .' .'
.

.

(a. 4 aoo it.aIo 0 . 4 %. u.'". 4 s. ou o.iut o . ';; 4 4 t. I.9s /e...,
.>..;HV i.<. n . . ./*. t.22 "~. 4 A.tv <>.74 v.31s in . tz.

'

O . % / ', t. N m J.8! *i . '/ ? O.14 I.<>3 o T.H 7 %.-

0.411/ ,.t I,;.' .l . / o ,.HJ (6.20 1.6/ o.44% 1 1 1. !..

o . 4' ,9", ,t*
. . 4 4. /1 14 . 6 '; a , '9 ,.An . . '514 t '. H . 4

e s '.,6 -< S 4. aM .v.- 3.// 1 H . '. S .>.4; .i 01 ...'.% J 14,,i
.. .9 / s 6. 4 H" 5. 'W 4 1 1.:M 22.n4 0.56 6 . t s", i s . <a@ s t ..A.
o.6v W H -d e ti.114 7 1. 33 2S.M t i . H '. 6.9. v.,<A 1 04.6i

( i . h* r 4 L,,ii4 41. .T i l 14. '/S i).84 I t '. t ? .1 - < + . !Tiu JJ.'.i)
O . de ?. t,.'. i n. M i 1.w . 3.a '. 4 . t , t.49 1 . ' . *V 4 I. >I** 277. .
es. .S s L. ..'

. 476 1 d . 4'4 '.H . 15 1.93 'f.".i. 6. 49 3n , '
O.//.>l M. , 3. w ~ / -/ / $ 19.?9 61. U an .o/ t. ? ., '.

+
3

j **. ?# . .l' -'. 9 63 21.13 4 4. .:R s. t s ? C. N1 f . Lo 2 A. ,

. > . . ,3 $. '. ..t . v*.; /. 41 4.w ; t 7 '. IA r.4 . 14 [ -;f a}t./
a . . m,h t & (, . '-R% ! * . 44 49 I1 4.38 ab. J l i. T il 4 w f. 6*

.i.H,v7 <i,4 '. '4 . ".1, s t ?.. m 8 ,' . 41 '.) ~. 1 4,
. , u

5H7/f av. :4 , .A. ,t. l' '6 6. 41' 101. T''~ . *?6 ', A l . -.

46 ri*sv u... a il 6 4 . v? 6 c' . . ' l ' ' 7n 7. 4 A 1 ; i . /,4 . Air. ii. t
t 9 4<n '. .Lt ..l. '. 4 A 1 H.36 1 4 t . . ' .' 7% /J6, , . '

O . v i% ,' 6 + 4 , M. IW. ./t %. Ti M.11 . I i n/. s, '. '. 8 Bu? . .1
's . *i c 9 1 16. . %d tv.. , ',..l.' ' S. ?', to. /M 1 R ". . t n

*
'4 M *. . '3

+
.

. _ __________---FiESULTS AT APPL I ED LO AD---- = - - - ------
_ _ _ - - -

SIGT= 12.626 ksi, CL=16.755 in., AMB= 20.00 kk-an, J= 4.795 k/in,,

SIGB= 9.565 ksi, PHI = 0.493 deg, COA = 0.626 si, LR= 156.42 gpm

T-4572-TG.4
.

G-8

1

- _ - . _ _ _ _ _ ._ _ , _ . - -.- _ - - - - . _ _ _ _ _ _ _ _ _ . _ _ _ _ _ __ _. - _ , .
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Table G.5. LBB.NRC analysis output

1/ - ?. >- 1 nn L.E A K BEfrORE BREAK
LBB.NRC MOD: 8

FACILITY: Example Calculation
PIPE SYSTEM: with various values of F

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 8
2 Strain Hardening n = N= 3.5
3 Reference Stress [ksi3 SIGR= 20.3
4 Flow Stress [ksi3 SIGF= 42.084
5 Initial Half Crack Angle [deg3 THO= 30
6 Axial Force [ kips 3 F= 4400
7 Elastic Modulus [ksil E= 26000
8 Pipe or Vessel Radius Cin] R= 16
9 Pipe or Vessel Thickness Cin] T= 2.6
10 Leak Rate Constant [gpm/si3 LRC= 250
11 Applied Bending Moment [kk-in] AMB= 20

SIGT= Axial Stress SIGB= Bending Stress MB= Bending Moment PHI = Kink Angle
J=J Integral COA = Crack Opening Area LR= Leak Rate ST=SIGT/SIGF

SB=SIGB/SIGF CL= Crack Length

*** NORMALIZED *** *********** ENGINEERING UNITS **********
ST+SB PHI J SIGB MB PHI J COA LR
----- --- - Eksil [kk-in] [deg3 [k/in] [sil Egpm3

o, i ,ooO o . . .oo 0,000 ei.eto o.00 o.09 o 90 O.ovo o,O

n.1. /R O,t29 ie,053 n.na 0.60 v.O1 o.06 O.128 '1.9.

O.2002 O . 2. I 1 (6 I69 e i . 00 0.60 O . o '. O,t8 O . JO*i 5i.2
U . , /e.4 O.64? i 1. le Kn a.60 O.00 O.06 6.44 6. .' AO o,o

O. 50, t . t 74 <s.827 0. n. e...o, O.1i s i . 90 O . !.5H 89..5
0. usoO .s ul i.54H o . 04: .>.00 o.19 1.Av o . 4 44 11 t 6. 0
<>.4188 2. 71 1.RNi O.19 1.n3 0.7? 1.03 0.46/ 116.6
. . . *1 4 4 '? 2. 9k / 1N4 i.39 T. 93 O.27 J. 60 n. SOS 126.4'

t i . 4 /65 '. ' ' . " 19f 't . 2 2 6. 7 ' f'. M .4R ( t. 556 139.0
<>.5itu 4.H^t 4. ; / 4 4. 70 9..V o.4S 4.77 6.617 1 *. 4, 3

6. i i4 -s 6,28 1-.1' O.59 -, , " 7 O . M4 7 17J.3i t . 'i 49,' /s . '
<

<.. is.% H. ' '. n a. 7,I 7.89 1,, . 50 < > 77 v.to v.772 197.1.

> , .- m % !i,_ H L 4 1 1. 4. % 9. 4'4 19.85 1.<ni 12.46 0.886 J16.n
. > . n c. % i 9to l'. 45M 11.C5 J7. le s t.79 ts.HS O.977 24'. 1

.i . o / 7 / 1 / $f. 1 .:6.591 l'2.57 'A.20 1. S 4 '/ 41 1. O') t 2??.9
6. ,.hs; - .1 1.! ''. 955 13.4? ? ?. t o z . i r. "4 '.8 1.//4 b.a<

6 /., t i l ''. 54. / t h 15.19 ' 1. ' ?' ' ' .d4 1.'i- 14 t t s, ..
*o . '7 80 '. ,

'7 4'.%S 16. ~.4 :4.17 ..ri 4/.97 I.'..n 64...

O. A I M to. | 8 M 4 / c,'i 17 .., ' n . ;*.o ,, $i9.69 1. I t ') 4 9 . .,

i t. H1 .I s . t . / . I J ,, 18 ?' .' d . I '* 4.4? ; f.18 1.93 4 04). I*
.

'
s... ae , , W . 13.G ;'/ , A5 . . Jo BN.27 2.I44 9 */i vse. % se9 *.

.

..Ha4 J . -, / / ..<s. .4 19,9- ai e, s3 n..n ti ra , rp ? . f. 4 0 'i , e ' ,

t e. .i / 4 2 / 4. ' . i t i t , . US 19. m 41.7 e.91 . '? . 7 5 ?. m i m%4
* >. 800 4 44.I' I ? . 4",4 Ja..' 4?, n .H3 141.6; ? int f.4 0 . '

n. qw v 9 4. 5 ' ' t 4, . 76o To. 4 2 .. > R./7 161. . > 4 '. 239 8''.
.i.a5, a, .t 4 t %o . ,, w /o. L 4>.So 8. ti" I ^4. /1 * NY H', 4.

--- -----------------RESULTS AT APPLIED LOAD----- ==== =

SIGT= 16.834 ksi, CL=16.755 in., AMB= 20.00 kk-in, J= 12.672 k/in,
StGB= 9.565 ksi, PHI = 1.018 deg, COA = 0.872 si, LR= 217.88 gpm

T-4572-TG.5
G-9

_ _.
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Table G.6. LBB.NRC analysis output

12-/O-1We, L_ E A K B E F:"Q R E BREAK
LBB.NRC MOD: S

FACILITYs Example Calculation
PIPE SYSTEM: with various values of F

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 0
2 Strain Hardening n = N= 3.5
3 Reference Stress [ksi3 SIGR= 20.3
4 Flow Stress Eksil SIGF= 42.OS4
5 Initial Half Crack Angle [deg] TH0= 30
6 Axial Force Ckips] F= 5500
7 Elastic Modulus E ksi l Em 26000
8 Pipe or Vessal Radius Cin] R= 16
9 Pipe or Vessel Thickness Cin] T= 2.6
10 Leak Rate Constant Cgpm/si) LRC= 250
11 Applied Bending Moment Ckk-in) AMB= 20

SIGT= Axial Stress SIGB= Bending Stress MB= Bending Moment PHI = Kink Angle

J=J Integral COA = Crack Opening Area LR= Leak Rate ST=SIGT/GIGF
SB=SIGB/SIGF CL= Crack Length

*** NORMALIZED *** *********** ENGINEERING UNITS ***e******

ST+SB PHI J SIGB MB PHI J COA LR
--- - [ksile [kk-in] [deo] [k/in] Csi) [qpm]

o.OOoo O.00o O.900 0,00 o . L', > 0.00 O . t.u> 0.000 O.O,

U.1258 o.119 O. t >48 O.00 O.Ou U.01 O.v5 O.121 30.2

0,t971 O . '.' l '/ O.152 O.00 O.00 O.O3 O.17 U.t94 4d.5

O . Te s?O o.'79 n . '.59 O.Go o. Oi e O.05 O.39 en.266 66.4

0, TJ'. S 1.0/~ o. /41 0.00 <*.')O O.09 0.G1 O . M9 04.0

0.3794 1. /.?9 1. ?.91 0. 0i > i s . OO o . I t, 1.52 e.417 104.4
0.4 ".30 2. ~/ 56 2.421 0.irO ti.tsu O. ?5 2.64 J.5ul 1/3. *

O.4H29 4.103 '. 960 0.00 t e. oo 0. 2.d 4.32 v. *392 146.0

0.SGoo 4.695 4.6e4 e s . 00 0.00 0.44 L O4 v.62/ ISd./

O.5112 ?, . I 1.? 5.t71 v.47 v.99 v.4 7 5.64 U.649 Io2.3

0 . ". .' 7 2 5./64 $.9d2 1.1S ?.40 U.% n.".? O.o83 i lo . 7
0.5472 n.nHO /.154 1.93 4.15 0.eZ 7. do O. 728 181.9
o. h / Oi l 7.R9/ .l.764 2.95 6.16 O . 7 '. 9.SP 'i.73. 195.-9
ie.5;4v 9.4<, li i. vo ? 4. 0 e s . '.5 0.H8 11.98 . 6 =,o 212.4

o.6210 11.41. 15.674 1 09 10.64 1. 8 % L4.Jo '*. T 9 211.9

O.n//' 1...>bu. I/.109 6.20 1?.96 1.JO 1, s . ' T 1. 11 / .' 3 4 . '

>; /I.562 7.20 15.24 L s *JN " . "s o 1.1J1 2N.9O.A7< 18, 4

o.898; Ja.. 6i *n . 9t ei s H.54 17.44 1.G3 '9. M t . Lf, '04. '

O . I' ' i n N . N9 G . *. 3 1' .50 2. 2i ".o . N 1. ' A5 T. I 1. L
,

o./-131 2a . 4 t*. 40.9 71 10. P. 21.40 04 44.50 1. 9.js :. 7 ? .'

t e . 'N/ 4 s 49' t w . M.i it.04 /5.69 3, t 1 .- ,+? e,pj 4t -'.3**

>Y I ". 4 . 6 k ' 1 f. . i"s 2 4 . ".6 ! . t> T A4.76 l. R ** 4 r- L 4O . ' < %' ' .

* s. 7 M 1 1% .1 N i , 4 :. , l .} .'. 4 25. I'* 4.lY ' n . ! .' 2.04d 5L2.1

v . t P *4 2 51./34 BJ.474 L 2. 80 26.77 4. t-it s 87. C9 2./U3 %r.4

0.8121 *- H . 7 .T 4 t i. oH 17.13 / .47 ". 45 1. 5.94 2. #,6 0 62/.4

0.0169 A3 - l?, lor.AH2 17.37 . .FH ,.1 ; itH.e/ .'.??A ,14 . 4 +

o.3tH' / ?. /6 / 121.749 1'.40 28.01 6. 7"s L Z '' . 69 .048 '! '.1 . ' d*

== ------- RESULTS AT AFPL I E D L CIAD--- =- - -- - - ------ -
SIGT= 21.042 ksi, CL=16.755 in., AMD= 20.00 kk-in, J= 38.451 k/in,
StGB= 9.565 ksi, PHI = 2.332 dog, CCA= 1.403 si, LR= 350.65 gpm

T-4572-TG.6

G-10

i

.e

. .

,



. . . . . .

Table G.7. LBS.NRC analysis Output

i W e. .t e $ L.E AK BEFrORE BREAM
LBB.NRC MOD: 8

FACILITYs Example Calculation
PIPE SYSTEM: with var'ious values of F

INPUT PARAMETERS
1 Strain Hardening alpha = AL= 8
2 Strain Hardening n = N= 3.5
3 Rafarence Stress Eksi3 SIGR= 20.3
4 Flow Stress Cksi3 SIGF= 42.084
5 Initsal Half Crack Angle Edeg3 THO= 30
6 Axial Force Ckaps3 F= 6600
7 Elastic Modulus Eksil E= 26000
0 Pipe or Vessel Radius Cin] R= 16
7 Pipe or Vessel Thickness Cin] T= 2.6
10 Leak Rate Constant Cgpm/si3 LRC= 250
11 Applied Bending Moment Ckk-in3 AMB= 20

SIGT= Axial Stress SIGB= Bending Stress MB= Bending Moment PHI = Kink Angle
JeJ Ir.tegr al COA = Crack Opening Area LR= Leak Rate ST=SIGT/SIGF.

Sb=SIGB/SIGF CL= Crack Length

*** NORMALIZED *** *********** ENGINEERING UNITS **********
i ST+SB PHI J SIGB MB PHI J COA LR

----- --- - EksiJ Ckk-in] Cdeal Ek/in] Csi3 Copm3

0.0000 U . < 'm > < >. s eOO O.00 0.00 0.00 0.00 46.000 0.0
O.1 ten ...te6 o.041 o.00 0.00 0.01 0.04 v.11- d.O
o , t; o w o. '. 6 6.I29 0.00 0.00 0.02 O.14 o. tao 4..o
ti.14Ja 0. 4.s i O.7.07 0.00 47.410 0.04 0.33 0.246 u1.5
o.?v89 . . l .M is.A19 0.tso 0.i>o 0.0R i t. 6 7 0. 31' . 78.6
0. V,1 / |. 1.157 0.00 O. Ov e n.1' 1.26 ( s . 7.8 / V6.e*''

el. 4est, '.!N6 ' Oin/ O . t>0 t i , 00 (6. 20 2.19 o.46'5 1lb..

'

..44?7 ,.i> . 2 74 .O.00 0.00 0. 30 -~ . 5 7 >,94 7 127.7
O.1906 8 . 'e O ". . < m 'J 0.no ' l . On O.4; 5.52 O.641 1 hi n . .'
= > , ", '. 0 0 n . ?.H / b. 9 0. ten 6.00 i .. . *,9 H.18 o.742 183.4
0 . %',8 9. h% t i . 633 6.<>O o. jo O.79 11.6'i O. A * ' t ' , .?

i t % M. , t 1. i tOS 14.210 0 . 086 d i . o' ) 1.80 16.03 9. Mi 247.d
O . A. .i .o : 1. I ' + ' 13.015 0.4$0 0 . 0. i 1.04 th. n t.784 -4o.O* '

n . nt >5, t i . , ot , t5.70s o.22 v.4S 1.OG ti.20 1. va ri 'T1. .

a. 51 '6 1 ' ? . ' ? '. t5.9%G o . " .? 1.11 1.15 18.4a I.o37 JS9.2
a s . o; c:< , 1','54 1 H . ';81 0.92 1.92 t . '4 20,2*i 1. is 79 269.7
4 ) . 5 ' "i ! 4 , G..W 20.697 1.39 '9s I. . " , '2.M5 I 1 J. ? 24 ,t.

i t. A4Ni ir. i* .J . '. 4 9 1 W7 '' 9 A 1.50 S.44 t.197 2W.
n nSsH i 4W '5. 5 / 4 2.45 '5.*>d t.or 28.vo 1.'76 3 t 3. 4-

s t. 6 Ni, a s. ] 5 r.a s , 4 4 * * 98 /.2/ I.8? ' '''. 1 8 1. 7.n :" 34-i.o
-

.

0 . 6 t * ;"~, J? - '& ;4 . JY t '. .! ,.'.j ".t>> *H.t4 i . M4 '.,6 6 . 4^
.

C.ne' ''. 4 '.1 +t.J4A 4.O' O.42 ?. a6 4.9~ 1. '.~r w i ' 7. . o
. . . f a. ,' e M . n '.6 I t , c 7.e > 4. 5.n 9.40 2.60 5. a . 3 4 1. ' lie 427.5
0./168 .173 '. 926 4.91 10.27 2.GR 5/.o8 1. U .- 5 4e 4.14

0. f r.o 9J; 6. 718 9.'A it.on *.3? ..,.7/ ?.oto 9 4. /* '

a. / . iS 1.vH' us. / 4 5.",*, 11.57 11 's.41 . ' . _ . . 54s.:.

O. / W$ 4 4 '",3 . ' ;'7 9. 71 1i,v$ 4. 1.) 8'.o1 2, 199 SN.-
!.i. Ho 12,1 ;. 4.5L o3.23 . . o; e 6 '7. . . .o. '. , 8 4 H . n!.H O'. *, >

O, 7 ;.40 ' O . l * W. HH . "i '.9 5.31 12.I4 4.63 % . 50 .A?? M4.
-= =-- = =RESULTS AT APPLIED LOAD -------===- --

SIGT= 25.250 ksi, CL=16.755 in., AMB= 20.00 kk-in, J= 0.000 k/in,
SIGBa 0.000 kui, PHI = 0.000 deg, COA = 0.000 si, LR= 0.00 gpm

Note: App 11ed bending moment could not be reached with this axial force.
G-ll T-4572-TG.7
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APPENDIX H

LBB.NRC COMPUTER PROGRAM FOR IBM-PC
WITH EPSON FX80 PLOTTER * AND " LOTUS" SYSTEM PACKAGE **

* If a printer / plotter other than Epson FX80 is used some lines in the program
may have to be changed. For example if an Epson FX85 is used, N=0 should be
used instead of N=2 in lines 1900 and 3730.

**It is not necessary to use "Iotus" if only printed output is required.
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Listing Of BASIC - Language LBB.NRO Computer Program

10 REM LEAK BEFORE BREAK
20 REM * Semi-Automated Plotting Using LOTUEe
30 REM (LBB.NRC version 11-12-85 )
31 REM The leak-before+ break program is coded based on the NRC-NRR
32 REM .K1gcker) method, which 15 based on the prncedure of NURED/
33 REM CR-3464 except f or the modifications on strain hardening.
34 REM For reference of the coding, read the IBM Dasic manual.
35 REM * --- -- -e------------------- #

51 REM Lines 70 and 90 define default input parameters. The parameters
52 REM can be changed by the user using the EDIT mode.
53 REM
70 AL=8: N1=3.5:SIGR=20.3:SIGF=44.2 THO=22.9:F=1600 TT=2.5
90 E=26000 RR=16:LRC=250 2AMB=37.8
110 REM *- *
120 REM Paraector definition and data format preparation
125 REN *-- - -

- -*
130 DIM A (20) , As (20 s ,T (13,2) , B (13,2) ,Cs (10) ,W (50)
150 DIM A1 (5) , A2 (5) , A3 (5) , X (50) , Y (50) , Z (50)
170 A* (1) =" 1 Strain Hardening alpha'= AL="
190 A*(2) =" 2 Strain Hardening n = N="
210 A*(3) =" 3 Referenew Stress Eksi3 SIGR="
230 A8(4) =" 4 Flow Stress Ekst 3 SIGF="
250 A8(5) =' 5 Initial Half Cr ack Angle [deg3 THO="
270 A*(6) =" 4 Axial Force tkips3 F="
290 As(7) =" 7 Elastic Modulus Eksi3 E="
310 A* (8) =" 8 Pipe or Vessel Radius Cin] R="
330 A5(9) =" 9 Pipe or Vessel Thickness Cin3 T="
350 A*(10)*" 10 Leak Rate Constant Egpe/si3 LRC="
370 A$(11)=" 11 Applied Bending Moment Ckkain] AMB="
390 W1*="###.#### W28="####.###" " W3*="####.### W45="####.## ""

410 W58="######.#" W6$="##.#4# W78="n##,4##" "

412 A(1)=AL A(2)=N1 34(3)=SIGR A(4)=SIGF A (5) =THO A (6) =F A (7) =E
413 A(8)=RR A(9)=TT A(10)=LRC A(11)=ANB
420 REM * ---- - -- - - - - - ----~~-*
421 REM The following are coefficientt for F-functions from Sander's
422 REM analysis of circumferentially cracked pipe under tensson and
423 REM bending. The radius to thickness ratio (R/t) is limited to
424 REM between 4 and 16. The coefficients listed are for unit
425 REM increments of R/t.
426 REM o-- -- - --- -- -----*
430 DATA 3.488, -7.453, 24.792, 1.760, -1.512, 9.470
450 DATA 4.606, -10.402, 28.235, 2.778, -4.120, 12.034
470 DATA 5.566, -12.936, 31.195, 3.653, -6.362, 14.238
490 DATA 6.413, -15.171, 33.804, 4.424, -0.339, 16.181
510 DATA 7,173, -17.178, 36.147, 5.117, -10.114, 17.926
530 DATA 7.865, -19.005, 38.280, 5.748, -11.730, 19.514
550 DATA 8.501, -20.685, 40.242, 6.328, -13.216, 20.975
570 DATA 9.092, -12.244, 42.062, 6.866, -14.594, 22.330
590 DATA 9.643, -23.700, 43.761, 7.368, -15.882, 23.596
610 DATA 10.161, -25.067, 45.358, 7.840, -17.091, 24.785
630 DATA 10.650, -26.350, 46.865, 8.286, -18.233, 25.907
650 DATA 11.114, -27.581, 48.293, 8.708, -19.314, 26.971
670 DATA 11 554, -28.744, 49.651, 92110, -20.343, 27.982
671 FOR R=0 TO 12 FOR C=0 TO 5
672 IF C<3 THEN READ T(R,C) ELSE READ B(R C-3)
673 NEXT C,R
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690 REM * - - - - - - - - - - ---------~~~e
700 REM Input from the keyboard
711 REM e-- - - - - - - - -------- =- -- - ------ --- ---e
721 CLS
730 PRINT SPC(32) " LEAK BEFORE BREAK" : PRINT SPC(29) TIMES SPC(4) DATES
731 INPUT " Do you want to use LBS.NRC MODS 7 or 8 (ent'er 7 or 8)"IANS
737 INPUT " Facility Name"lC8(2)
733 INPUT " Pipe System"gCs(3)

,

740 REM a--+----------------------- -- -------------- - ----- *

741 RCM Open data file LBBOUT.PRN for Lotus plotting input
742 REM Open files NOD.PRN and PLANT.PRN for titles in plotting
743 REM Open file LBBOUT.PIC for storage of Lutus generated picture
744 REM *--- - -~~~~--*-------- :- ~~----~~~~~~ --w----v--e
761 OPEN "0", #1, "B NOD.PRN"
762 PRINT #1, " LEAK BEFORE BREAK (LBB.NRC MOD:"ANS")"
763 CLOSE #1
764 OPEN "O", #1, "B PLANT.PRN"
765 PRINT #1, CS(2)" "C8(3)
766 CLOGE #1
767 OPEN "O", # 1., "B:LBBOUT.PIC"
766 CLOSE #1
769 OPEN "0", #1, "BsLBBOUT.PRN"
770 FRINTsPRINT SPC(12) "The current default INPUT PARAMETERS ares" PRINT
800 FOR !=1 TO 11 SPRINT SPC(10) As (I.) ; A(I):NEXT I : PRINT
810 PNINT SPC(12) "Do you want to change any of these parameters"
011 INPUT " (enter y for yes, or n for no!"3ZS 2 PRINT
820 IF 28="y" GOTO 830 ELSE GOTO 950
830 PRINT SPC(5) "To change any parameter, enter its line numner, a comma,"
840 PRINT SPC(5') "and then the new parameter value. For example, enter"
850 PRINT SPC(5) "7,25890 to change the elastic modulus to 25890 .ksi." PRINT
860 INPUTgI,N A(ID=M CLD: GOTO 770
861 REM *------= ----- = -e
862 REM Select the appropriate Sander's F-function coefficients
863 REN depending on R/t
864 REM *--------------------- ~~-----------e----* ~~~~--- --e
865 REM If R/t is less than 4, i t is assumed to be 4
866 REM If R/t is greater than 16, it is assumed to be 16
930 ROTaA(8)/A(91 ROTF=FIX(ROT) '

940 IF ROT =>4 THEN GOTO 960 ELSE ROT =4
950 RCTF=4
960 IF 80TC=16 THEN GOTQ 980 ELSE ROT =16
970 ROTF=16 I

972 REM Interpolate Sander's F-function ccefficients for R/t
973 REM between-integer values
980 FOR R=0 TO 12
990 RO=R+4
1000 IF RO<> ROTF THEN GOTO 1060
1010 FOR C=0 TO 2
1020 C1=C+12 'sC2=C+15 ,

1030 A(Cit =TtR,C)+(ROf*80TF)*(T(R+1,C)-T(R,C)) a

1040 A(C2)=B(R,C)+(ROT-ROTF)*(UfR+1,C)-B(P,C))
,

1050 NEXT C
1060 NEXT R

'

i
i
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1370 REM + - - - - - - - - - - - - =-- ---------- *
1390 REM Frint out the top part of the output page
1410 REM +-------------- - - - - - - - - - - ~ ~ - * - - - - - - - -- - *

1430 N=2: GQSUB 4210 LPRINT DATE*1
1450 LPHINT TA9(25)) :N=56 GOGUB 4210 : LFRINT " LEAK BEFORE BREAK"
1470 N=24:GOSUS 4210 LPRINT SPC(30) "LBB.NRC MOD " LPRINT ANS
1490 Na24 GOSUB 4210 LPRINT SPC(25) " FACILITY: ";sLPRINT CS(2)
1510 M*24:GOSUB 4210 LPRINT SPC(25) " PIPE SYSTEM: "g:LPRINT C$(3):LPRINT
1530 Ne24:GOSUB 4210sLPRINT SPC(30) " INPUT PARAMETERS"
1550 N=6: GO?UB .4210
1570 FOR !=1 TO 11
1590 LPRItiT GPC(16) LEFTS (As(I),39) + "=" A(I)
3610 NEXT 2 LPRINT
1630 A11S=' SIGTwaxia.1 Stress SIGB= Bending Stress MB= Bending Moment "

1650 A125=" PHI = Kink Angle"
1670 N=B GOSUB 4210aLPRINT A115+A12*
1690 A13t=" J=J Integral COA = Crack Opening Area LR= Leak Rate "

1710 A14s=" ST=SIGT/SIGF"
1720 A158=" SB=SIGB/SIGF CL= Crack Length"
1730 LPRINT A13*+A14*: LPRINT SPC(20) A15$
1750 A4s="*** NORMALIZED _

"***
1770 ASS ="***********- ENGINEERING UNITS **********"
1790 A68=" GT+Sa PHI J "

1810 A7$=" SIGB MB PHI J COA LR"
1011 A88=" "-

1831 A98=" [ksi] Ekk-in] [degJ [k/in] [si) [gpm3"
1D51 LPRINT N=24 3GOSUB 4210 : LPPINT A4s + A58
1871 N=9 3GOSUB 4210 LPRINT A6s + A7s
1891 LPRINT CHR*(27) "-1" AG$ + A9fi CHR$(27) "-O"
1900 N=2 GOSUB 4210
1910 REM n--- ----- *------- ---- - - - - - - - *

1930 REM Start the calculatico
1952 REM +- - - = = - - --- --- --- --- -- *
1970 AL=A(1) N1=A(2) SIGR=A(3) SIGF=A(4) :THO=A(5) F=A(6) E=A(7)
1990 RR=A(8) :TT=A(9) LRC=A(iO) AMB=A(11) AT=A(12) BT=A(13):CT=A(14)
2010 ABaA(15) BB=A(16) CB=A(17)
2012 REM Define constants and normalization constants
2090 ALP =AL*(SIGF/SISR)^(N1-1)
2110 PI=3.141593 31HOaTHO*Pt /180 : MM=0 :PHIM=0 : JM='s COAM=0 :ST=0

'

2150 CL=2eR8*THO iMM*Pi*IT*SIGF*RR^2: PHIMa(IDJ/PI)*SIGF/E
2170 JM=RR*SIGF^2/E
2190 COAM=PI*SIGF*RR^2/E : ST=F/(2*PI*RR*TT*SIGF)
2230 SP=4/PI*(C09(RHO /2+PI*ST/2)-SIN (THO)/2)
2250 FJ= SIN (THO/2+PI/2*ST)*COS(THO): H=FJ/(SP+ST)
2290 REM +-=- --

2292 REM Determine THF, the final crack angle at the limit load
2294 REM *e---------- *-------- - -'- ------ -

2310 THF=THO+.36
2330 TH=THF:GOSUB 3810 : GOSUB 3890
2350 THOI=THFe(FD/(FBnSP+ST*FT+FD)): TELTA=THOI-THO
2370 IF ABS (DELT A) >.OOOOO2 1 HEN THF=T! fF-DELTA : GOTO 2330
2401 REM Calculate BETA from THF
2410 BETA =(SP*FD+ST*FT)^2/(1-THO/THF)
2430 TH=THO GOSUB 3810 GOSUB 4010
2450 FBO=FB: FTO=FT IBO=IB: ITO=IT
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2460 REM *------ - *

2161 REM Angle TH is increased from THO to the final angle THF in ever
2462 REN increasing step sizes. It is assumed that the axial stress is
2463 REM gradually applied up to the specified value with no bending.
2464 REM The angle at this point is called THQ. Then, while holding the
2465 REM axial stress at the specified value, the bending stress is
2466 REM gradually applied up to the limit load (or angle THF). Axial
2467 REM and bending stresses (ST, SB) are calculated for each step of TH.j
2468 REM Then, LBB.NRC MOD 7 and MOD 8 depart. For MOD 7, subsequent
2469 REM output values are based on initial crack angle THO. For MOD 0,
2470 REM subsequent output values are based on effective crack angle TH.

*2471 REM * --

2490 NC=O :SB=0 :THQ=THO+.1 GOTO 2590
2491 REM Increment angle TH for specified axial stress and increasing
2492 REM bending stress
2510 TH=TH+.OO1714*(NC+1)
2530 IF TH=>THF THEN TH=THF
2550 GOSUB 3810: GOSUB 4010
2570 SB=((BETA *(1-THO/TH))^.5-ST*FT)/FB : GOTO 2690
2500 REM Determine THQ by iteration
2590 TH=THQ GOSUB 3810
2610 THOI=THe(BETA-(ST*FT)^2)/ BETA
2630 DELE =THOI-THO
2650 IF ABS (DELE)>.OOOOO2 THEN THQ=THQ-DELE 3GOTO 2590
2670 ST=Os TH=THO FB=FBO:FT=FTO:IB=IBO:IT=ITO
2600 REM Calculate elastic kink angle
2690 IF ANS=8 THEN PHIE=SB*IB+ST*IT ELSE PHIE=SB*IBO+ST*ITO
2710 ASTSB= ABS (ST+SB)
2720 REM Introduce strain hardening to the kink angle
2730 PHI =PHIE*(1+ ALP *(SB+ST)*ASTSB^(N1-2))
2750 PHIP= PHI-PHIE
2810 IF ANS=8 THEN GOTO 2830 ELSE GOTO 2850
2820 REM Calculate elastic J integral
2830 JE=PI*THe(SBeFB+ST*FT)^2 : XF=FT/FB :GOTO 2870
2850 JE=PI*THO*(SB+FBO+ST*FTO)^2 XF=FTO/FBO
2870 IF FL=1 GOTO 2910 ELSE FL=1
2880 REM Calculate plastic J integral by numerical integration
2890 JP=.6*He(SB+XF*ST)*PHIP GOTO 2930
2910 JP=JP+He.5*(SB+XF*ST+SBS)*(PHIP-PHIPS)
2920 REM Total elastic plastic J integral
2930 J,=JE+JP
2940 REM Calculate crack opening area

| 2950 COA =IT*(ST+SB*(3+COS(TH))/4)
2960 REM Rewrite in engineering units

| PHIPS=PHIPs SBA=SB*SIGF MBA=SB*MM/1000: PHIA= PHI *PHIM2970 SBS=SB+XF*ST .
2980 REM Calculate leak rate also
2990 JA=J*JM CDAA= COA *COAM: LR=LRCeCDAA
3010 IF NMB)O OR AMB=0 THEN GOTO 3170
3030 A3(O)=SBA A3(1)=PHIA A3(2)=JA A3(3)=COAA A3(4)=LR
3050 IF NBA<AMB THEN GOTO 3150 ELSE NMB=1
3060 REN Interpolate to the applied bending moment
3070 FY=(AMB-PMBA)/(MBA-FMBA)
3090 FOR !=0 TO 4
3110 A1 (I) =A2 (I ) + ( A3 (I)-A2 (I) ) *FY
3130 NEXT Is GOTO 3170
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3150 A2(O)=SBA :A2(1)=PHIA A2(2)=JA A2(3)=COAA 2A2(4)=LR :PMBA=MBA
3170 W(NC)=MBA X(NC)=PHIA Y(NC)=SBA :Z(NC)=JA NC=NC+1
3100 REM Print out on paper calculated values
3190 LPRINT USING Wiss(ST+SB)3 LPRINT USING W2*gPHI;:LPRINT USING W38;J
3210 LPRINT USING W4*;SBAgMBA;PHIAgJA; LPRINT USING W2*gCOAA
3230 LPRINT USING W5sgLR
3235 REN ,Saving data on disk file up to J of 10 (1000 in-1b/(in-in))
3236 REM (Only.the bending moment and J are saved for plotting)
3240 IF JA>10 GOTO 3250
3245 PRINT #1, NBA, JA
3249 REM If angle TH < THQ, return (axial stress will increase) j
3250 IF THQ)TH GOTO 3330 1

3260 REM If angle TH reaches the limit load angle THF, it is all done.
j

3261 REM Otherwise, THO< TH < THF, return (bending stress will increase)
-3270 IF TH=THF GOTO 3510 ELSE GOTO 2510
3310 REM Increment angle TH for zero bending but increasing axial stress
3330 TH=TH+.OO1714*(NC+1)
3350 IF TH=>THQ GOTO 3410

' 3370 GOSUB 3810: GOSUB 4010
3390 ST=(BETA *(1-THO/TH3)^.5/FT 3GOTO 2690
3410 TH=THQ NC=0 : CGTO 3370
,3420 CLOSE #1

3430 REM * *
3450 REM Print out the bottom of the output page
3470 REM *- *
3490 N=8
3510 N=8 3GJSUB 4210 X*= STRINGS (27,45)
3520 REM Print out results at the applied bending moment
3530 LPRINT X* "RESULTS AT APPLIED LOAD " X* LPRINT " SIGT= ";
3550 LPRINT USING W68;ST*SIGF3:LPRINT "ksi, CL="g:LPRINT USING W6*gCL3
3570 LPRINT "in., AMB="3:LPRINT USING W4*gAMB3 LPRINT "kk-in, J=";
3590 LPRINT USING W78;A1(2);sLPRINT "k/in, "s:LPRINT " SIGB=";
3610 LPRINT USING W7*gA1(O); LPRINT "ksi, PHI ="g:LPRINT USING W6*gA1(1);
3612 LPRINT "deg, COA ="3:LPRINT USING W6*gA1(3);sLPRINT "si, LR="3
3630 LPRINT USING W4*gA1(4)t:LPRINT "gpm"
3730 N=2 3GOSUB 4210 LPRINT CHR$ (12)
3740 PRINT "** Calculation Completed **"
3750 END'
3770 REM * - - - - -

-- -*

3790 REM Subroutines
3791 REM *- - ---- - === -*
2000 REM Calculate functions FT and FB
3810 FT=1+(TH/PI)^1.5*(AT+BTe(TH/PI)+CT*(TH/PI)^2)
3830 FB=1+(TH/PI)^1.5*(AB+BB*(TH/PI)+CB*(TH/PI)^2): RETURN
3050 REM * - - - *
3800 REM Calculate function FD containing derivatives of FT and FB
3890 FD1=3*(AB*SP+ST*AT)
3910 FD2=5*(BB*SP+ST*BT)*(THF/PI)
3930 FD3=7*(CB*SP+ST*CT)*(THF/PI)^2
3950 FD=(THF/PI)^1.5*(FD1+FD2+FD3) RETURN
3970 REM *- - = ----- - - -

-- -*
4000 REM Calculate compliances IB and IT
4010 IB1=AB/7+BB/9*(TH/PI)+CB/11*(TH/PI)^2
4030 IB2=AB^2/2.5+ABeBB/1.5*(TH/PI)+(2*AB*CB+BB*2)/3.5+(TH/PI)^2

'
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4050 IB3=BB*CB/2*(TH/PI)^3+CB^2/4.5*(TH/PI)^4
4070 IB=2*TH^2*(1+8*(TH/PI)^1.5*IB1+(TH/PI)^3*(IB2+IB33)
4090 IT1=(AT+AB)/7+(BT+BB)/9*(TH/PI)+(CT+CB)/11*(TH/PI)^2
4110 IT2=AT*AB/2.5+(AT*BB+ABeBT)/3*(TH/PI)+(AT*CB+BT*BB+AB*CT)/3.5*(TH/PI)^2
4130 I T3= (BT*CB+BB*CT) /4* ( TH/PI ) ^3+CT*CB/4. 5* (TH/PI ) ^4
4150 I T=2*TH^2 * ( 1 +4 * ( TH/P I ) ^ 1. 5* I T 1 + ( TH/P I ) ^3* ( I T2+ I T3 ) ) : RETURN
4170 REM *- -- *

4190 REM This subroutine is to emphasize the lettering of the output
4192 REM characters. For more information, see EPSON printer manual.
4210 LPRINT CHR8(27)"!"CHR8(N)3 3 RETURN

i

s
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LOTUS macro program for plotting LBB.NRC results.

A1 READV

! A B C D E F G H
1 Chome)'
2 /FINLBBOUT'
3 (GOTC)C19'/FITMOD'(home)*
4 (GOTO)C20*/FITPLANT*(home)'
5 /GXA1'X.Cond)(down)*
6 SB1*A.Cond)(down)*
7 TX

1 B OGBSYAQSXAQ
9 TFa(esc)\C19'TSa(esc)\C20'
10 TXa(esc) Bending Moment, Mb (1000 in-kips)*
11 TYa(esc)J Integral (1000 in-1b/(in-in))*
12 FGLQ
13 QSLBBOUT*R
14 Q/QY
15

,

' 16
; 17

18,

19
20

.

4

4

4
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The fracture mechanics analysis procedure us the NRC to evaluate
utility leak-before-break sulmittals is des ib in this report. This
nethodology is an estimation technique bas on J earing theory. This
approach is intended to provide a conserv ive app imation of the
applied crack driving parameter, J, for p tulated t ough-wall leakage-
size cracks in nuclear power plant pipes Piping int ity evaluations
can then be accomplished for various lo ing conditions d assumed flaw
sizes. Because the method can be used o obtain a rathe apid computer
generated approximation of the applie crack driving param ers, NRC
evaluation of applicant or licensee bmittals can be accom ished in an
expeditious manner without resortin to elaborate finite elem t tech-
niques. The NRC program should no be considered as fixed in me. As
piping fracture mechanics technol y matures, it may be refined n the
future.
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