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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 of 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 larger diameter and thicker 
wall pipes as are found in PWR matn 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 e~tlmatlon technique based on J-tearlng theory. This 
approach Is Intended to provide a conservative approximation of the 
~oplled crack driving parameter, J, for postulated through-wall leakage
~;le cracks In nuclear power plant pipes. Piping Integrity evaluations 
Cdn then be accomplished for various loading conditions and assumed flaw 
~Iles. Because the method can be used to obtain a rather rapid computer 
generated approximation of the applied crack driving parameters, NRC 
evaluation of dppllcant or licensee submittals can be accomplished In an 
expeditious manner without resortlng 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. INTROOUCT ION 

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 
frdcture mechanics technology to demonstrate that high energy fluid 
s)stem 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 wh~ch a pipe or piping system is or 
could be subjected to during operation; 

2) Deta'ils of the geometry and materials properties of the pipe(s); 
and 

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
ties. Therefore, any LBB analysis for licensing purposes must include 
safety margins that adequately envelop these uncertainties. The NRC 
limitations and acceptance criteria for the application of LBB technolo
gy are provided in Volume 3 of NUREG-I061 (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 dnd 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. 

1-1 

OAGI0000554 00009 



Although a'l FM methods are based to some extent on theori. 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. 

[n 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 resul~s 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 loading 
conditions; that is, to demonstrate that they will not experience a 
large rupture. A secondary objective ;s 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 
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IncIpient faIlure of the pipe Is reasonably large (or is required to be 
\0). For licensing purposes, a determination of the loads and crack 
driving p~rameter. J, at crack initiation (on-set of crack growth) is 
more Important than prediction of J at ultimate failure loads because of 
the marqlns used for the latter. At most in its evaluations, the NRC 
staff considers only short crack growth (1/4 inch or less)· provided 
th4t valid ~dteridl J-reslstance (J-R) data exist for this range. By 
contrast. pipe test experiments may result in significant crack growth 
~hpn the pipe Is testLd 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 
metallurnlcal) judgement is required to interpret the results. 

ThIS rcport ~escrlbes the NRC J-estimation procedure (LBB.NRC) for 
assessing lhe ~tabllity of through-wall cracked piping systems subjected 
to axial loads including the affect of inter~al pressure plus bending 
10dds. The LeB.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 
reader may oblain dn applications-oriented, working-knowledge of the 
procedure by studying Section 2. Detailed information related to the 
development of the NRC.LBB method is provided in App~ndices A through D. 
Section 3 and the appendices describe some of the assumptions involved 
with the technique and, consequently, the poten~~al limitations inherent 
In the LBB.NRC method. Also included is a brief discus~ion of the 
theoretical limitations inherent in J-tearing theory. It must always be 
kept in mind that a J-estimation procedure for characterizing e1astic
plastic fracture of piping systems is only as good as the limitations 
necessarily imposed on J-tearing theory. 

The lBB.NRC method i5 implemented in a computer program raIled 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 
fit the stress-strain data in the same manner. 

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

• This limit is an example only and is subject to modification as more 
experience Is gained. 
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jp\crtbed In lht~ document may evolve with time as more pipe tests are 
,onducted, p~pectdlly larger and thicker walled pipe tests. In the 
Intprlm. th! procPdurp Is being used by the staff in its evaluations of 
I Irpn~lnq ~ubmtttals In conjunction with adequate margins to account for 
uncprtdlntles. The ~taff believes that the LBB.NRC procedure yields 
dccectab le results for the purpose intended. A typical example of the 
\tdff dnaly~ls dctually used in a licensing case is provided in Appendix 
F. Also shown In this appendix are the results determined by the 
orq~nlldllon that submitted the LBB application. They used both a 
fInIte element procedure and a procedure based on the EPRI approach 
dp\(rlbed In Reference 3. The results of all three analyses are in 
r~d50ndble agreement at the applied loads. The NRC staff also bench
mdrkpd Its procpdure against a series of pipe tests described in 
Appendix A of Reference 1. As de~crlbed 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 
nrocedure with large axial as well as bending loads are provided. 
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2. LEAK-BEFORE-BREAK ANALVS[S 

The NRC leak-before-break program for degraded plplng is based on anj 
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. ThlS 
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) 

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

• Thin-wall crack of half angle, 80 

• R mean radius 

• 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: 

• F; axial load including the effect of pressure 

• M = applied moment 

• Nominal axial stress 

• Nominal bending stress 

• ~ = 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. 
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Flow stress :: au + 0y 
of 2 

0u = ultimate strength of the material 
ay = yield strength of the material. 

The normalized stresses are thus: 

2.~ linear-Elastic Fracture Mechanics 

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

K = 0 ,-;a F(a) 
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 

(2.1) 

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

Because there are two components of stress. 

(2.2) 

In NUREG/CR-3464 (Ref. 2). simplified formulas for Ft(a} and Fb{e) are 
used. The NRC program utilizes F-funct1ons (Ref. 4) based on Sander's 
analysis of circumferentially cracked pipe under tension and bending. 

(2.3) 
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The coeffic1e~ts of the F-furctions (At, Bt, Ct , Ab, Bb' and Cb) are a 
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 designJ.ted as "r/. In the litera
ture, various authors define ry by different equatl0ns. In this report, 
the Irwin plastic zone correctl0n* is used: 

r = 
y 

(2 4) 

This equation is consistent with NUREG/CR-3464 except that a is used in 
the NUREG instead of 8 and the flow stress, Of, is used as the limiting 
stress. The term 8 is used so as to avoid confusion with the Ramberg
Osgood parameter "a" to be introduced later. 

Generally, 8 is taker. as 2 for plane stress or 6 for plane strain. The 
NRC program, LBB.NRC, utilizes the rationale of NUREGjCR-3464 and 
derives a unique value of 8 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 8 for Bending Plus Axial Loads 

where Se : So + ~S is the effective half-crack angle corrected for 
plastic zone si2e. 

a 
R 

r 
M:...1 

R 

is the original crack size, and 

is the plastic zone correction. 

(2.5) 

• 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 nlastic 
deformation near the crack tip. 
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Using the nor~al1zed stresses and sq~aring the a~ove equation: 

K2 
--2 
lIR1

f 

(2.6) 

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

Also, from 

r = 
J 

.J 

R(a -8 ) e 0 
(2.7) 

(2.8) 

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

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 (l). This occurs at S = sF. At lower stress leve~s: 

g(9) 

from which Be can be determined once 8 and 8F are established (see the 
dashed curve in Figure 2.2). As shown in this figure: 

G(aF} a 
or ao = aF - where the prime denotes ai' the derivative of G with 
respect to e.G'(aF) 

2-5 

OAGI0000554 00017 



G(8) at limit load (Sp) "."., 

t(' 
",,"" I 

",,"" I 
" I ",,"" I 

,," I ,. I 
,.'-' I 

~ I 
." '-' g (8) for stress levels : 

lower than limit load : 

8, radians 

I 
I 
I 

".'" 

Figure 2.2. Typical plot of G(e) verSJS e defining SF (at S=Sp) 
and ee (at arbitrary level S). 

T-4S72-F2.2 
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Using: 

This results in: 

(2.9) 

Because 80 is known and 8F 1s not known, this equation is solved by 
iteration 1n the LBB.NRC computer program by assuming values of 8F until 
a value of So is obtained to the desired accuracy. 

Once sF is determined, then 8 is found by: 
2 

8 ::: 
[SQFb(9 F) + StFt(8 F} I 

(2.10) 
90 (1 - -) 
9F 

Then: N 8(1 - Se) - StFt(Se} 
Sb(Se} (2.11) = 

fb(Se} 

where se is incremented in steps, So ~ Se ~ sF. This relates Sb(8e} to 
each se. Typical plots of G(s) versus 8 and Sb versus (Se-8o) are shown 
1n f1gures 2.3 and 2.4. 

2.7 J Analyses 

As the stress level 1ncreases in ductile piping, LEFM methods have to 
evolve into elastic-plastic fracture mechanics (EPFM) methods. The 
crack dr1ving parameter 1n the following d1scussion is assumed to be J 
ins~ead of K. In the LEfM range: 

(2.12) 
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G(e) ~ e[sbFb(e) + StFt(Al]2, St = 0.1550 

Curve Sb M, in kips 8e G(Sb,8 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 31,959 0.3450 0.41217 
5 Sn =1. 0400 105,085 9F=0.6142 1.45333 

r-

2o.~----------------------------------------------~ 

1.6 

1.2 

G (8) at limit load (Spl 

0.8 

0..4 

0) 
o.~~~~+-~ __ ~ ______ 6:====:±~==~ 
0.2 I 0..3 0..4 0..5 0..6 1 0.7 

I I 
8 8 2 e 3 e 4 /'} 

0. e e e OF 

Figure 2.3. 

8, radians 

E~ample problems showing values of effective 
crack size ee for St = 0.1550 and Sb ranging 
from zero to Sp' T-4572-F?3 
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Q 
(/') 

~A{l_80) _ S F (iJ) 
8 = slope = 3.868 

iJ = 0.2385 
Sb = I) t t 

11 0 = 0.6142 ----'------,-~ 

F b (-,) F ·).3757 l3 F -9
0 

= 

12r----

- - -- - --- -- --- - - - -- - -----:.--:.,;-;.,;;;-.----
10 

OB 

0.6 

0.4 

oz 

o 

-01596 
-Q2~------~--------~ ________ ~ ______ ~~ ______ __ 

o 01 02 03 O~ 

Figure 2.4. Sb versu~ (ee-60) curve fo~ St = 0.1550 
(See Figure 2.3). 
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where J 1s the elastic component of the crack driving parameter, J. As 
in NURE8/CR-3464, Je is normalized as follows: 

(2.13) 

-
The NRC originally considered two versions of LBB.NRC, one in which J e 
is based on 80 (MOO 7) and a more conservative version in which Je is 
based on 8e (MOO 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. H(,,,,ever, 
the user still has the option of using MOO 7 (see line 731 of LBB.NRC in 
Append ix H). 

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

- - -
J = J + J or J = J + J e pep (2.14) 

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

a fA K2 
~ = aM 0 E dA 

where: 

A = 2R~e is the crack area 
M = ,R tJb 
K2 = (Kb + Kt)2 K~ + 2KbKt + Ki. 
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Therefore: 

A 2 21'1R 2t 
~ 

f ~ dA 2 f ':' F2(~)d " 
E -[- { ·Jb - n - -

0 0 

'3 
+- 2Jb'J t f 

0 

'3F ( .:. )1=" (':' ) ,j ':' b ' - t -

2 '3 

a F~(-:)d d +- "t f 
0 

and: 

,t.. 2 
) j ~ dA -!> -2 10 £ nR t b 0 

"b e 
t3F~(&Jd9 

:J t 
oj 

:; 4- f +- 4 r r -3F o(9)F t (a)de E J 

0 0 

(2.16) 

where Ib and It are compliance functions. The der~vation of Ib and It 
are given in Appendix B using the F functions in Aopendix A. 

The kink angle equation ;s normalized by: 

~ S a EE 
~ :; = - :; 

" f of :f 

where ( () 
:; r· 

Then: 

~ :; ~blb(e) +- ~tIt(9) 
or 

~ = !Sb Ib(9) +-St 1t(9)! (2.17) 
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2.8 Estimate of Plastic Retation Due to CraCk 

At this point, the ~RC procedure ~egins to depa~: ~~Qm ~ne ~U~ G (~-~~6J 
method. Note that ~ as just deriwpd is essenti~l '1 ~dsed In ~ FW 
methods ~hereas the piping materials !o be analyZed can _ndergo :ldst·~ 
deformation under high loads. The follo~ing is an eng'neer'''1g dtt:~tt 
to estimate the ~lastic rotatic n of the cracked ;i:e Odsed en tre 
behavior of d smooth bar tensile specimen. A t.p'C~1 '1orma 1i 'ec tens'"e 
stress-strain diagram is sho~n in Figure 2.5. 

Assuming th&t tMe material stress-strain Dehavi:r :dn ~e dcecudte1j 
described bj the Pamberg-Osgood equation 

n 

+ 3[~ ) 
o a -0 

.. here 
D + 't 

a reference stress which affects the 3 Obtained 

'0 

E 

3 and n are material parameter~. 

(2.181 

As EQ. 2.18 does not fit a stress-strain curve o~er 1:S e.,t1re range. 
engineering judgement has to be used to specify 3 and n. The procedure 
used by the NRC is described in Appendix C. Users of the LBB.NRC 
procedure shoul( determine 3 and n in the same _ay to reproduce NRC 
results. Other fits of the stress-strain data ma) ~p ~~re appropriate 
for ather J-estimation analyses. This is one area Subject to f~ture 
refinement. 

The Ramberg-OsgOOd equation can be rewritten as ~ol 10_s: 

J E -to (2.19) 

where: 

2-12 

OAGI0000554 00024 



Figure 2.5. Typical normalized stress-strain diagram for a 
hardening material. 

T-4572-F2.5 
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This last equation merely adj~5ts the reference stress from Co to Jf. 
It does not affect the end results. 

In normalized form: 

E 
(2.21)) 

Note that Ee 
term 

Sb + St is the elastic component (see Figure 2.5) and the 

is a correction fac~or to account for strain hardening. By analogy to 
the stress-strah diagram in the elastic range: 

(2.21) 

Note that this latter ~e is the total ~ in NURtG/CR-3464. By comparison 
~ith experimental results of circumferentially cracked pipes under load, 
it was seen to underestimate the observed kink angle. Assuming that 
~p/~e = Ep/Ee and therefore using the same correction factor, 

[1 + a'(Sb+St)n-ll. to go from linear elastic to elastic-plastic 
conditions. the NRC procedure uses: 

(2.22) 

where 

~e is the elastic component 

- - n-l ¢p = ~ea' (Sb+St) is the plastic component 

-~ 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. 
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1.9 J Deter~ination 

wdS previously developed. 
-

2 
~q_ [5 F (..," ) + 5 F (. ) I ebb e t ~ "e (2.23) 

The NRC determination of J p differs from NUREG/CR-3464 in that the total 
stresses rather than just the bending stress a~e used in the integration 
formula: 

-
J p 

This equation was developed based upon engineering judgement. The 
rationale used is presented and disr~ssed in Appendix O. 

In Eq. 2.24 5q is the applied 5t and 

(2.24) 

~J is derived in NUREG/CR-3464 (Ref. 2). The LBB.NRC lomputer program 
(Appendix H) first i~tegrates 5t from zero to 5q and then with Sq 
constant, it integrates Sb from zero to Sp. (see Figures in Appendix 0). 
In NUREG/CR-3464. St is absent in the J p integration formula. 

-
The reason for inLluding St in the J p integration is to account for the 
plastic contribution of axial stresses. especially if they are 
comparatively large. Note that for axial loads only, the NUREG/CR-3464 
proced~re 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, Be: 

Crack opening area = CGA 

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 leakag~ rate is calculated in the LBB.NRC 
program by multiplying t~e leakage rate constant and the crack-opening 
area. 
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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 leakage rate data, conservative leakage rate constants of 250 
and 125 gpm/1n2 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 complex 
thermal-hydraulic phenomenon. The esti~at;on of leakage rates ;s 
subject to improvement with experimental and analytical developments. 
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3. DISCUSSION 

The LBB.NRC method dS described in Section 2 and elaborated on and 
Illustrated in the appendices to this document is a modification of the 
technique presented in Reference 2. The significant modifications made 
are to include the strain-hardening effect of materials typically used 
in nuclear power plant piping and to expand the Reference 2 procedure to 
permit relatively large tensile loads to be combined with bending loads. 
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 methods when the pipe is 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 acceptability depends solely on how well the procedure 
predicts cracked piping behavior and/or how well the results agree with 
those of more sophisticated analyses. For licensing purposes, the 
procedure used should be conservative; that is, it should predict crack 
growth and pipe failure before these events actually occur in a pipe 
test. 

Based on cracked pipe experiments, crack behavior is not always con
sistent with idealized theory. Cracked pipes generally ovalize under 
load; wall thinning may occur in the vicinity of the crack; or material 
property discontinuities may be present such as at weld locations and 
crack propagation may be somewhat erratic prior to gross pipe ~ailure. 
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
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. 

Nevertheless, a discussion of the assumptions used in any analytical 
procedure is in order so that as more experience is gained. the proce
dure may be refined and 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 inc~uded in the 
parent document (Ref. 2). 

(i) Utilizing the concept of an effective crack size to estimate the 
increased pipe compliance due to the presence of crack tip 
plasticity. Related to this assumption is the necessity of 
defining B as given by Eq. 2.10. 

As discussed in Reference 2, the so-called plastic zone size correc~iJn 
method is often used to account for the effect of local yielding. The 
method was developed for evaluating the material fracture toughness in 
small scale yielding conditions where the yielding near the crack tip 
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is well contained within the surrounding elastic field. Both the 
NUREG/CR-3464 and LBB.NRC procedures are based on the premise that this 
concept can be extended to large specimens; i.e., pipes with thrcugh
wall cracks. Thus. the NRC suggested limit on crack growth for 
licensing applications of LBB as stated on Page 1-3, should bound t~e 
uncertainties a~soc1ated with the plastic zone assumption to a range 
acceptable for engineering purposes. 

The above approach is based on the acceptance of a limi~-load corres
ponding to a limiting value of stress beyond which fully plastic condi
tions are assumed. Based on numerous ~xperiments. 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 adjustea for small 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. ry• be 
considered as an index representing the compliance of the cracked body 
at each level of loading. As the plastic zone spreads across the net 
ligament ahead of the crack, the compliance 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 of J as given 
by Eq. 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, ¢, 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 
~xperiments 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 ~oment 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 hardenlng 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 st ff approaches assume 
that the pipe geometry is maintained; i.e .• poten ial ovalization and 
wall thinning are ignored. Here again. if crack jrowth is limited for 
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li~ensing 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 LBB.NRC 
prncedures assume that thin-wall equations Cdn 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 ~ifferences in wall thickness 
will behave differently. Only future experiments will resolve this 
question. 
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4. CONCLUS ION 

The LBB.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 cert~in 
idealizing assumptions related to crack shapes, consistent ,:,o:,,,.etry and 
crack behavior if the crack initiates and grows as a rec~lt of increased 
loads. Also under most circumstances, it is necessar~' to obtain 
materials property data from other than the rom~~~~nt being evaluated. 

In real life, however, actual flaws can have ,~mplex shapes, the compo
nent being evaluated may deform under high 10ao_ particularly in the 
vicinity of the flaw (e.g., a pipe may ova1ize 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-integra1 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-l. 

K = aF.hra 
where. 

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

(A-l) 

Thin shell analyses have been developed by Folias. Erdogan, etc. 
(Ref. A.l and A.2). for a circumferentially cracked pipe in pure tension 
ur 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 + A'A + 8\.2 + C'A 3 (A-2) 

where 
A = [l2(l-v2) 1* (a/lRt) 

v = Poisson's ratio 

a = half crack length 

t = pipe thickness 

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

Figure A.I shows some F-functions analytically and experimentally 
derived (Ref. A.3). 

S~~~~rs (Refs. A.4, A.5) recently developed solutions using an energy 
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. 
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Figure A.I. 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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Figu~e 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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(A-3) 

for tension and 

(A-4) 

for bending. 

Here the constants A, B, and C, were curve fitted 50 the: 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 l r and 15. 
Nuclear piping typically has R/t values from 5 to 15. ~e ~eliability 
of Sanders, or other thin-shell analyses at the lower F t ~atios, is a 
point of concern. This is not addressed in this effor . 

The change in the constants for different R/t values s given in 
Table A.l as well as graphically displayed in ~igure ~.5. These 
constants have been curve fit, and are expressed bel ,We This form 
(i.e. equations) are quite convenient for computer ~sed on a solution 
of the circumferential cracked pipe problem. 

At ::;: -2.02917 + 1.67763 (R/t) - .07987 (R/t)2 + . 0017 6 (R / t ) 3 

Bt ::;: 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 -J.26543 + 1. 52784 (R/t) .072698 (R/t) + .0016011 (R/t)3 

Bb 11.36322 3.91412 (R/t) + .18619 (R/t 2, .004099 (R It) 3 

Cb -3.18609 + 3.84763 (R/t) .18304 (R c.}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 
angle approaches zero. 
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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.1. Coefficients for F-Functions from Sanders' 
analysis of circumferentia11y cracked pipe 
under tension and bending 
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Figure A.S. Variation of coefficients for Sanders' 
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APPENDIX B 

COMPLIANCE FUNCTIONS 

For: 

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

Then: 

2 
+ (AtC b + Bt 8b .. AbC t ) (;> 

(8 C B C ) (8)3 C C (~)411 + t b + b t ;- + t b w 

a 
[t(a) = 4 S eFt(S)Fb(~)de 

o 

2 1 tJ 2 2 tJ 7/2 2 8 9/2 '2 ~ 11/2 
:: 4,. {z (;) + 7 (At+Ab) (;) + 9 (Bt+Bb> (;) .. 11 (Ct+cb ) <:;> 

1 tJ 5 1 6 
+ 5 AtAb (;) + 6 (AtBb + AbB t ) (~) 
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L t't . 

Then: 

The.,: 

and 

]/2 3 
= 28 2 [1 +4 (~) It + (~) (It + It)l 

11 1 T! 2 ] 

e 
Ib(e) = 4 J e Fb 2

(8) de 
o 

can be obta1ned by replacing At. Bt and Ct with 
Ab. Bb and Cb 1n the above equations. 

A B Cb 2 
Ib = ~ + J! (~) +rr ( ~) 

1 7911 11 

2 2 2 
Ib 

Ab AbBb 9 (2AbCb+Bb ) 
(~) = 2.5 + -r:5 (;) + 3.5 2 11 

2 e 3/2 + (_e)3(I
b 

+ Ib )1 Ib(8) = 28 [1 + 8 (-) I 
11 bi 11 2 3 

Note: The LBB.NRC program uses It(e) and Ib(e) 1n the format of the last 
equations given. 
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APPEND[X C 

RAMBERG-OSGOOD PARAMETERS 

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

= + (1 

where: 

E = strain 

n stress 

E elastic mOdulus 

no = a reference stress sometimes assumed to be equal to the yield 
strength, Oy. but can be arbitrary. However. the value of (1 

obtained will depend on the value of 00 used. therefore. 
mutually consistent parameters must al~ays be used. Note that 
in the LBB.NRC analytical procedure. Cl ;~ adjusted to (1# by 

Of n-1 
(1# = Cl (-) 

00 

where Of is the material flow stress. 

The Ramberg-Osgood equation can be rearranged as follows: 

This form of the equation is more convenient for fitting stress-strain 
data on a log-log plot; that is 

which is a straight line on log-log paper. Cl Cdn be determined directly 
at a/~o = 1 and n can be determined by the slope of the line. 

(-1 
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Alternatively, for l inear regression andlyses, defi ~ p 

y 1 n (E ( - 1 ) 

-0 

x = 1n ( oJ/'o) 
a = 1 n ' l 

Then 
y = a + nx 

ea (at x = 0) 
n = dy/dx 

The stress-strain data points plotted on a log-log graph u~ual1y do not 
f all ina s t r a i g h t 1 i ne . 

Stress - strain data 

~I 0 w b 
w 

Linear regression fit 

Tangent fit 

o 

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

A typical set of stress-strain data points is shown schematically in 
Figure C.l. Various ~alues for a and n can be obtained depending on the 
method used to fit the cur~ed 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 cur~e is used, then the point of 
tangency must be assumed. 

The stresses used in leak-before-break or other p'plng ;ntegrity 
analyses of a cracked pipe are remote from the crack vicinity. For 
linear-elastic analyses, the K, or J e calculation accounts for the fact 
that these stresses are not at the crack tip_ In elastic-plastic or 

C-2 
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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 d pipe with a through-wall crack of total length, 28. For a 
relatively small 9, say < 10 degrees, the remote stresses that lead to 
crack growth or pipe failure are generally quite high. Conversely, for 
a large 8, 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 ~ 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 
are also being used, it is conceivable that one type of fit to the data 
may be better than another for a particular procedure. This question 
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 £ ~ 4 percent or a linear regression fit in a range close 
to 4 percent (plus or minus a few percent E). The staff has found that 
its LBB.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. 
(See example given in Appendix F.) 

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-I061, Volume 3, Figures A-7, A-8, and A-g. 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 
[PRI procedure analyses of these tests. The calculated results were 
close to agreement with test results. However, they were somewhat 
nonconservative. The staff has since recalculated these problems using 
values of a and n determined by the procedure indicated above. (See 
Appendix E.) 
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APPENDIX 0 

NRC STAFF RATIONALE FOR J INTEGRATION FORMULA ._--- - p 

lor d pIpe .Ith a Clrcumferentlal through-wal 1 craCk under d bending 
load, ParlS and Tada 1n NUREG/CR-3464, Section 11-2 describe a procedure 
for estImatIng J from d load Jisplacement (M-~) dIagram. (See 
dlsCu~slon In Reference 2 beginning on page 102.) M is the applied 
moment and, Is the anqular displacement due to the presence of the 
c raCk. After separat i ng J into its elastic and plastic components, Je 
and J p , dnd uSlnq . 

J p 
r • p )M 

dtp .• -
~ )A . lSI a p 

EJ FJ {13 o ) ., 

3p 
-L "p 

Sb( ., )d;p 
. 2p Sp (80 ) S 
f 0 

(Eq. 68 page 107 of ReferencE' 2) 

Sb -R2t ' f 
.1 -'0 

Sp - Icos 2 sin"ol 
~ )Sn _ ~o 

F J -l:. sin - ~ COS,i O • 
"2 Ho - 2 

Note that the ~RC stdff uses ~ f as the limiting stress in the above 
equations. 

In SectIon 11·4 cf NUREG/CR-3464. Paris and Tada use similar rationale 
for determining J p when a pipe is subjected to axial plus bending loads 
e-(ept now: 

... here 

') n dnd 
c ,"'t 'f 

F 

F thp total dxidl force Including the effect of pressure. 
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r ~p!r Pi ~dure is bdsed on the assumption of 1 rp ' dt ' jP : / l o~ .1 1 ~e _ 

)t (St = 0.1 in the eXdmple given). Thi5 prl]ce 'hJre \5 d~equdt02 f ,)r 
pn~inee~ ' nq estimates of J p ~hen St is smal I, h D ~e~er. ~~e NRC staff 
rjpsired dn approach that could bl .tj for larg;>""~alues cf St ::erduS~ 
t(plcal licensing applications of ledk-hefore-t~"'dk te chnology i n .. c : .t=> 
)t gredter than 0.1. 

For St = Sq an applied axial relative stress, a 1 p lotting 

vrr~us Sq one gets a typical I imit load Curve Shown ~ l ~ema[ica l 'y dS 

('Une "0 . a in Figurp 0.1. Note that for positiIJe strpsses Sp 
approaches zero dS Sq increases to its I imit. ~ l terndtiiely. for d 

'jiven vdlue of appiipd bending stress, Sb:O Sp' -, ne ( ou !, j ld!culdte ~he 
limiting axidl stress by 

2 sin~ 
[ -1 n 0 
cos (4' sb + -2-) 

tog e t the 1 i n1 it 1 0 d d poi n t. t ' , i n Fig ..J reD. 1. 

'. 
~I 
? 

Because both dxial plus bending loads contribute to the strdln in the 
mdterldl of d crac~ed pipe, any J estimdtion procedure must dccount for 
them both, especidlly if the resulting stress ma]~itudes dre c~mpdrabJe, 
as is the case in some piping systems. 

In Appendix A of NUREG-106I, Volume 3 (Subsection A.3.3.Z), a ~ethod 
combined tension and bending loads is discussed. ~ s seen from 
Figure A-II of ~his reference, the axial 10dd is appro~imated as an 
increase to the ~ppl ied moment to get an equivd 1p nt ~oment according 

for 

M 
eq 

whpre M and F dre applied luads. 

(The NUREG formula uspd P instedd of F. F is u5,:> ,1 hpre for interndl 
(onsistency in this document.) 

Using the thin-'IIIdl1 pipe assumption dnd jividinq al l ti'rms by -pet"f. 
the above equation Cdn be rewritten as: 

Ft 
~beq ~ Sb + fb St 

t ~. ~ ' . 
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fnere are several ways in ~hich tension plus bending stresses can be 
incorporated into a J estimation procedure. One dpproach used by an 
organization submitting a LBB applIcation was to assume that F = o. 
Then, using the EPRI/GE procedure, they calculated J versus an 
equ1valent moment as suggested 1n NUREG-I061, V8lume 3 (see also 
Append;, F of this document). They then get J at their applied moment 
from JtM~q) w~ere Meq is defined abo~e and M and F ~~e their appl ied 
loads. .n effect, the J versus M plot of results is shifted to the left 

R F t 
~y 2 Fh F dnd J is then obtained at the applied moment. The LBB.NRC 

procedure could also be used in tne same manner's is illustrated in the 
e~dmple given in Appendi~ F. 

The LBB.NRC procedure now being used combines the a~ial and bending 
stresse'. the.l p integration formula as follows: 

in which F J and Sp include the applied St = Sq. Sq ~s ad~ed in the 
jenomiDator of the integration constant based on eng1neer1ng judgment to 
avoid J p resulting in unreasonably high values at relatively large 
values of Sq when Sp approaches zero. 

Bath 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 
dnalyses are g1ven 1n Appendix G. 

Further rationale fJr including St in the J p integration for relatively 
large values of Sq is illustrated schematical ly in Figure D.2. The 
NUREG/CR-3464 equation for J p would result from the area Shown as (I) in 
the figure. This drea approaches zero as Sq ap;roacnes its limit. The 
~~C program uses the area sho~n as (2) in the figure. Typical results 
using the NRC approach appea to be quite reasonable for an engireering 
estimation of Jp at nominal Jplied loads. 
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Through-wall crack limit-load curve 
(Total angle=28o) 

~pp1ied \ 

Jp Integration Path 
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.- ----

" (a) 
I 
I 
I 
I 

, , 
\ 

\ , 
\ , 

o~------------------------------~------~ o ~ ~ 

Sb 

Figure 0.1. Typical limit-load curve for through-wall crack. 
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Figure 0.2. 
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7ypical normalized stress variation as a function 
of the kink angle. 
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,l\PPEND IX E 

COMPARISON OF LBB.NRC PROCEDURE WITH 
PIPE EXPERIMENT RESULTS 

During the preparation for writing NUP-EG-I061, Vol. 3, the NRC staff 
analysed a series of pipe experiments performed by the U.S. David W. 
Taylor Naval Ship ~esearch and Development Laboratory as reported in 
NUREG/CR-3740. For those analyses the staff used Ra~Jerg-Osgood 
parameters provided by others. The staff's results dre discussed in 
Appendix A of NUREG-I061, 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-I061, Vol. 3. 

A number of full scale pipe experiments have been carried out at BCl for 
pure bending. Predicted 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 recently proposed two modifications to the NRC method. In one 
version, the plastic kink argle 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 plastic kink angle from the elastic kink angle using an 
"engineering estimate". The lIengineering 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 modificai.ion". A 
description of both of these modifications will be described in an 
upconiing Battelle report. An encouraging feature of the results is that 
the "engineering estimate modification" produc2s 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. 
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T~ble E.1 DTNSRDC 8 Inch Ferritlc Pipe Tests. 

Parameters 

a 

n 

00' ksi 

E, ksi 

Of, k s 1 

Original Calculations 
for NUREG-l06l, Vol. 3 

1.35 

6.2 

35 
29,000 

56.4 

New NRC Calculations 
with NRC Method for 

(l 8. n 

3.6 

4.159 

35 
29,000 

56.4 

T-4572-TE.1 

T1ble E.2 Analysis rcsulti from LBB.NRC using the original 
and new parameters listed in Table E.1. 

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

in-k Original NRC New NRC New NRC 
Test If Mi. (in-k) J i ( i n2) J/J; @ Mi J/Ji @ Mi M/Mi @ J; 

N3 935.69 3.680 1.035 1.856 0.910 

N7 828.90 5.400 0.564 1.022 0.998 

N8 801. 31 4.420 0.402 0.690 1.075 

Nll 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 

Nl5 1189.40 2.850 1.428 2.135 0.870 
Average 0.888 1.448 0.955 
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9 

8 

7 

6 

N . 

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

New LBB.NRC MOO 8 
with a 8 n per NRC 
staff procedure. 

Original LBB NRC MOD 8 
with a S n provided by 
oHlers. 

. ~ 5 
".a 
I 

S 

§ 4 

3615 

3 

2340 ------
2 

900 

I 
I 

986.4 , 

1000 

I 
',061.8 
I 

1100 

Moment, in.-kips 

Experimental data point 

NUREG/CR-3464 
{Je + Jpl 

limit moment 

1300 1400 

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 Ra~berg-Osgood parameters. The stress-strain data and 
the Ramberg-Osgood correlation are plotted in Figures F.l and F.2. 

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 17171 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 ':1uivalent 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.ll in NUREG-I061, 
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 r~sults 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. ~s 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-l 

OAGI0000554 00062 



i 

I 

,1'1 
, , 

t 

I \ 

1:- -' . 
i I i 

I, i 

Table F.l Determination of Ramberg-Osgood parameters using the 
NRC computer program* 
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* Calculations are performed by BASICA and plotting 
is done by LOTUS 123. 
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Table F.2. Data Sheet for Axial Force of 1685.7 kips 
and applied bending moment of 37171 in-kips 

L' ;:>::-1985 

1 
2 
3 
4 
5 
6 
7 
B 
9 

10 
11 

SIGT~A~ial Str.ss 
J-J Int.gral 

••• 
ST+SB 

I). I~' •• (1{) 

II. 129 
t"l. :: : 1 b 
() . : ~81.1 
". 41"N 
,~. 51) /' 1 

"'.58n9 
I). nt,S"':: 

". 1:;"',8 
'"'.8tH):. 
".8<=,86 
II. "11.,9 
(I. q-::J71 

':0.9915 
I .. ,'. ' , '. -
I .' I"; 14 
1 .1")~5!~ 

1 . 1 (146 

1 1 19() 

1 . 1 'q., 
1- 1 "',4;3 

NORPIAL 1 ZED 
PHI 

'.J .. ( I(~II I 

I I .. 1";:'8 

I). ,)59 

' '. 1 ('8 

". 1 !;:l9 

". :. ';1.1 

I). ~'j \ 9 
t i. 8(17 

1 . :-?t'J5 
1 . , 6 

-. 4.~l) .. 
• .3" -' . 

4. -:::.4 
.-', .. bUt I 

. 7 .. f ,'.r~ 

8. H:' 
t, , • 7" , 
1 ~ . " 1 ,-
lC.,. <47<; 

Ir:!. I ' -, , •. 
'I ' • I 1 

LEAK BEFORE BREAK 
LBB.NRC I'tODI 8 

FACILITV, Typical 
PIPE SYST~. 28- ID Carbon St .. l Pip. 

INPUT PARAl'ETERS 
Strain Hard.ning alpha -AL- 3.1 
Strain HardeninIjJ n -Nw 3.7 
R.f.r.nc. Str ••• Cksi] SIGR- 39 
Flo ... Str ••• [k.il SIGF- 60 
Initial Half Crack Angle [d.gl THO- 17.142 
Ax i al Fore. [kip.] F- 168:5.7 
Ela.tic l"Iodulus [k.i] E- 26500 
Pip. or V.ss.I Radiu. [in] R- 15.375 
Pip. or- V •••• l Thickn ••• [in] T- 2.25 
L.ak Rat. Constant [gp.'si] LRC- 250 
Applied Bending I1alftfilt [kk-in] MB- 37.171 

PHI=Kin!. Angl. 51GB-Bending Str... "B-BendinIjJ ~t 
COAcCrack Op.ning Ar.a LR-L.ak Rate ST=SIGT/St6F 

5B-SIGS/SIGF CL~Cr.ck L.ngth 

1 
1 

• •• 
J 

I I .. I)l h.l 

I) .. \:: 1 

" .• ,'68 
" 144 

". .:~ ~ 
".4::8 
".071", 
1 .1' 1.::' 
1 484 
, 

1 IB 
.'.9S1 
I. ('IICJ 

co ....c ~ 
~. ~ • ..j ..J 

21.99:-

d . 'SA 
1 ~~ ",:' 

• eN": 

I,". 917' 

•. .'1). ·,65 
:: ·l. I '86 

,. ~ .. 1"8 

••••••••••• 
51GB "B 
[ksi 1 [kk-inl 

fl. (H) 

(I. I II) 

6 . 14 
1 1 • q~ 

1 " .44 
':2.66 
::.'7.58 

-'- . 16 
• <':l. ~9 

4". :6 
4:: . 76 
46 ...... , 

4'1.67 

5:'. "19 
54. I 7 
~~5. 4 ':": 
c. 
J. 
, • 7 

58. ~~.: 
-:19 ~ ·9 
59.~9 

""".I. 

(). Ut) 

').'.h) 

1 ').:6 
19.93 
::'9.1: 
~7.87 

46. ,,)8 
5-:"".74 

6 • .). f31 
67 .• 'S 
73.1::: 

78. :'0 
8::.I)t) 

87. "4 
'~I~) .. -=; = 
cr. ~5 
·1'::, • .:37 

"'.:"8 
N. '::~, 

11~11..l. 

I. 01.'. 81 

ENSUEEfUNB ",.UTa 
PHI J 

[deg] 

,).00 
.) .. 1)\) 

(I.,) 1 

!J.dl 

(). l)~ 

').04 

~'. '.I: 
I). I') 
IY.16 

". :: 1 
11.4-
I I .. '5 eJ 

l l. ,)':: 

".9;: 
1 • 1 -l 

1.6Q 

(kIln] 

I). ' It i 

". 1 ~ 
, 1.. -::~ •• 

'. ~.~ 
, 6"1 

L ~" 
_ • 1 1 
. . , 
4,4: 

b. I!> 
8. -~ 

I 1 I. 

14 .... 1 
1 tJ • L 
:: ::;4 

... ....... 
COA LR 
[si] 

I ... \ .. U) 

'.' ,,.,=-
'.' ,84 
'. 1 - ~ 

t!l4 

~). _"62 
, ~ 1 ~ 
I "4~ 

• 4"' .. ;; 

I. ~.J~" 

".04 1 
" 

It .. c~ .. ~ 

1 ."_ 
1 1'3 t 

, ':8~ 

I ti - I 
. ,~a 

_. d8 

1 t 4 
~f). q 

" '. 0 
.. t • t 

..,e '" 
7~ .. b 
~ ... 

It·'-'" 
l -0. t 

1 eo' ." 
:ga. t 

.. 1:;1.3 

~'-:,~ .. :3 

0" . 
~ ." .... C" ' 

.... J ..... 

,' •. :C"" .. ... \ '. 

1.\',(">':.0 ':~,.99H '.148 h,'.44 to""~I.qB ~.11 1">'.15 .'.'''~~<''.' 

---------------------------RESULTS AT APPLIED LOAD----------------------------
5IGT- 7.755 kSi, CL- 9.200 in., A~ 37.17 kk-ln. J~ 0.B6~ kIln, 
SIGB- 22.245 kSl, PHI- 0.040 deg, COA- 0.207 .i. LR- 51.66 Qpa 

---------------_._--
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Figure F.3. J versus bending moment f0f axial force of 
1685.7 '<ips. 
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Table F.3. Data sh~et for axial force of 2383.9 kips 
and applied bending moment of 52568 in-kips 

1 
2 
3 
4 
5 
b 
7 
8 
9 

10 
11 

LEAK BEFORE BREAK 
L98. NRC P1OD. S 

FACILITY. Typic.l 
PIPE SYSTEM. 2S- ID Carbon St .. l Pip. 

INPUT PARAI'IETERS 
Str-.in Hardening alpha - AL= 3. 1 
Str;lI1n Hardening n c= Na 3.7 
Reference Stress [ksi) SIGR'" 39 
Flo ... Stress [ksl) SIGF" bO 
Initial Half Crack Angle [d.g] THO= 17.142 
AM lal Force [kips] F= 2383.9 
Elastic Modulus [ksi] E"" 26500 
Pipe or Vessel RadIUS [ In) R= 15.375 
Pipe or Vessel Thickness [ in) T= 2.25 
Leak Rate Constant [gp./si] LRC- 250 
Applied Bending Moment [kk-ln] A"Ba 52.SbS 

SIGT=Axial Stress 
J:J Integral 

SIGB=Be"dln~ Stress MBaBendlng "o~t 
COA=Crack Opening Area LR=L... Rate 

FHI=l(lnk Angle 
ST-SIGT/SIGF 

SB-SIGB/SIGF CL=Crack Length 

••• 
ST+SB 

NOR"ALlZED 
PHI 

• •• 
J 

........... ENBINEERINB UNITS .......... 
51GB MB PHI J CGA LR 

". .. ' 1111 '. I Iii I 

t.l. 1 r(28 I -,4 . ' 
\) .. .. .., ,-. , ' '. ,,74-

'.'. :,4~ , , 1 - , 
t) .. 4416 , '. ":1~ 
u. ~~b_ '. .~. H 

I I. h(,t)'~ I' 

". ,"Jd \ f '. c;rll 

, '. '~', 18 I - '6 
I I. Hl~,H 1 to< 

" 
". H! '.-,1 -. ...... .1 

". ~~. q ' .. ~,I 

t) .. 'of 
, 

_'\1 ,1 • ,"J I <_, 

1 '1 
~. , <- 'i4'" -- ,'. 

I ' .. L.., , '. ,I '~ 

1 • t);l~,a '.J 

1 ." ~'~h I l 4"1 
t 1 ISS 1 l 

, '. -
1 1 . .'6 l"=>. "~ 

I . 14..'..' t <I •• lCit;. 

Il. ' II II I 

,'4." 
, I. ' I~ -
I - 1 74 
.1. ~ ~~ 

, '. ,~8 ~ . 'L 
'_J1 I 

I 1 ~H 

\ b='" I 

-c -- _'_.1 

-,' ! .. , 46_' 
,. ~4~, 

7b_' 
,~ . ,q, , 

I _'.SlIl 

I~, • 4":',8 
18. til -, , 

L C ' - ... -. ~..J -I_ 

_'0. o~;_' 

Cksl 1 

11 .. \';,-

I' .. 1)(' 

':i.':") 

1 '.'. _9 

~5.5-:' 
_ f t .. 0') 

'- 4': --'. 
:''-i. ~~ 
:4. 14 
- ~ -,18 · 
~l · 47 
44. S9 
47 'c · ~ 

4Q. 70 

')1 .3 
c . 

:'8 - - · 
' , -::' .. I 11 

:=b. l~ 
,:",,,,-'--/q 

-I' · ..J' 

Ckk-ln] 

c). t .l. 
f3. :,0 

1 7. 19 
:::5. "5 
-::4.4:: 
4:' ... 8 

;""'.5u 
7Q .. 12 

':;::.15 
86.:>1 
69.5:: 
~1. ~.:: 

---I: • d 1 
:;15 • ..'~, 
'i6. 1 ~ 

1.1416 ':_.11'::' :1.,,:4 ~1.8~ ---I6.'~ 

Cd!Q] (kIln] ( 91 J £gp.l 

.) .. , 'll " , I It)\ I 1 

, '. .>1 , q . t; .. ~5 : =>. 
I_I .. \ • .,;1 ~ .::~. 

. , , . , 1 , ~ , 

'. 1 ~4 C' 
, · -I , 

I. I . ~ 

". 1 ~~ 4 - ! .' , · I '- , , 
~-

':::1 ;C' 
..J-I. -(-'oo I_J'~~, 1 : 

- , - :- d. i , · . .J 1 
, ~ 

· ~ I 3_' • -· , · . 1 1 -'" -
~ .' ---I~- --I '. 1 4~ -, 

, .. t l~ . · -. , ' , ... ~ · 
_ ... -

ll • : .... ('! 
'C t:L, · -=j:"'~ l ~ . 8 

-058 1 ~ ... 0 4 L
, ~ - , 

· -
' . 1 t ~::. l::j . 6' t - ,~ ., 

, • q, " I '~'" . · 
__ ..J. , . .. ~ I o. 1 -, .' . "'8 "'::1,' .. .~ t, 1 · .J. ":t> ~ · 

1 · - 1 .. -' . .. I 1 ~ 
. 1 · - - , 

1 · .. d - _.q : 4 

~ · 01 .. 4. -1 · .:" .; - ~ 

t t3~Jd J.~4. ,., , 
1 1 J. - : -· 

~ 1 - ::. . - ... -· -
_. , 

4::3 ~ 
~ 

" -· -' 

- -J. :4 ~' ~ . ., · 8 . ... 4 -,1 - .. 
1.148'=1 ':4.,',,7 ~4.clo· 5··.~' "-0.8e : •. 1 '_.:1~ ':.-,'8 ~~·.l 

---------------------------RESULTS AT APPLIED LOAD----------------------------
SIGT~ 10.968 kSl. CL~ 9.200 In., Al't8a S2~S7 kk-ln. J= 2.149./ln. 
SIGB- 31.460 k~l, PHI- 0.134 deg, C~ 0.3S~ S', LR= 8B.b8 gp_ 

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

Typical: 28" 10 Carbon Steel Pipe - e .~ 
I 

.S 7 -"-
~ 
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.~ 
0 5 Applied M =./2 )( 37,171 in.-kips 

8 with an axial load of ../2 x 
~ 4 1685.7 kips c; 
~ 

Z' :3 LBB.NRC (2749) -..s 
FEM (2096) ...., 2 

70 

Bending Moment, Mb, 1000 in. - kips 

Figure F.4. J versus bending moment for dxial 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 

I .' - _t>- 1 YH5 

1 
2 

4 
5 
6 
7 
8 
9 

10 
11 

SIGT2Axiai Stress 
J:aJ Integral 

••• 
ST+SB 

j) .. I U If,)I) 

l"'. 18:::q 

". .'H.,> 1 
I'. ',/H5 
() .. ,-le, '.9 
( I .. ',-j"l 

. 

i,l .. 61',d 
, '. hU'~4 
II. t 4,":;> 1 . , -:I' I t B 
(.1. c1~'J 1 

, 

11. tI'''~,c,> 

" . ,,~ '4'5 
1'. '.Jhl 7 

(l.9 '-/ C /-I 

I • ' I r <-/ .,' 

1 • 11 ~. ]q 

1 .. (.15:'': 

1 .llh.:4 

1 • - '087 
t • I ,71 

. 
-' 

NORt1AL.IZED 
PHI 

(1 .. 
'

1(11) 

, '. 114 :: 
'I. ,'1M ~ 

' '. 147 
1.1. ':S' ) 
I) .. 4'.Ib 
t I .. ,') :,:: 

r I. "''-\:1 
1 . ~6 .: 
1 " 1\ 
~ .. ~j(l( ~ 

-:':.4P 
-1. 4tH 
~j .. b,",4 

">. '-.'8 :' 

n .. ~,~~~ 
t. I • ~ ." 
1 .' • ,1-.' 

I-L 4'-,1~, 

lb. t\L..,~, 

1 ./ • _.tH 

LEAK BEFORE BREAK 
LBB.NRC ..aD. 8 

FACILITY. TVPic.1 
PIPE SYST~. 28M ID C.rban St. •• l Pip. 

INPUT PAR~TERB 
Strain HArdening alpha c AL= 
StrAin HArd.ning n a N-
Reference Stre.s [ksi] SIGR-
Flo" Stress [ksiJ SIGF-
Initial HAlf Crack Angl. [degl THO-
Axial Force [kips] Fa 
Elastic Modulus [ksi] E-
PIpe or Vessel RAdiu. [in] 
Pipe or Vessel Thickqess [in] 
Leak Rate Constant [gpm/sl] 
Applied Bending Moment. [kk-in] 

3.1 
3.7 
39 
60 
17.142 
o 
26:500 
15.37:5 
2.25 
250 
50.264 

PHI=Kink Anql. SIGB=Bending Stress MS-Bending Moment 
COA-Crack Opening AreA LRzL.ak RAt.e ST=SIGT/SIGF 

SB-SIGB/SI~F CLcCrAck Length 

••• 
J 

I,. Uuu 
I I .. ~.)4l) 

d. L ",: 
(1.195 

1).51 () 
(I. ·\"13 

I. 1-.'6 
1.56(1 
.'. 149 
.'.897 
",.8:29 
4.965 

! .9"::' 
9.169 

1 I .86.':1 

14 • ..' 11 
1:-". l'~ :. 

••••••••••• 
51GB MB 
[ksi] [kk-in] 

1).',)1) 
1(1.97 

17. 17 
:2. 11 
21.84 
:::::.61) 
:: 7 • 1"11 

4 \. I) 1 
44.71 
48. 11 
~Jl.11) 

~,~. 75 
':,6. I) 7 
58.110 

59.75 
61. 15 

h:·.1~. 

6'~. /4 

,) • (It) 

1B.::4 
2B.68 
::7.94 
4,"'.51 
54.41 
61.134 
oB.62 
74.FW 
RO.-:'9 
1::15. :"'1 
Sq.B: 
~:" 69 
91.0: 
Q9.85 

1 II:::. 18 
1('4+.u5 
105.49 
1('0.51 

1~.595 04.1";: 1'.17.14 

ENBINEERINB UNITS 
PHI .J 

[deg] [k/in] 

o.no (I. \)(1 

0.01 '1.118 
I). I) 1 II. .21 
(J. '.1 ~-. II. 41 
(). (i~. ('. ha 
(I. '.'5 1 . ul 
(1.118 1 .59 
() . L' 

., 
:·1 - . 

n. 18 . 
:0 ' . 

(, . "'c:' 4. 49 _..J 

(I • 
" 

0. " 5 
I) •• 14 8. (Ill 
0.57 1'-, . .J 
\.1 • r:, L 

~ :1 -'. 
').9 t 16.::'5 
1 I 1 ... \( I. 4'"' 

1 ",4 :'4~ .'8 
1 .6\.1 .'.9.08 
1 .88 ".·,5. uF.:l 
~ 19 4· 1.9-:, ~ . 

•••••••••• 
COA LR 
[si] [gpml 

O. 1)1)') 1).,-, 
0.065 16. :2 
(I • 11)5 ~6 • -
C'. 146 .6. c 

-' 

1.1. 19n 47.4 
') . :-:-B 59.5 
('. :::9 .~ 7~. \ J 

0. • c-...,.. 88. . .'J"';' 

n.423 lns. 7 
1l.50::? 1~5. .". 

..J 

0.5q-..:: 1·18. '-
1).696 114.0 
1).814 :2()::. 6 

O. 949 :'37. , -
1 1"~ ~7S. 4 
l. :.275 :'18. 8 
1 . 471 :'67. 8 
1 .,9 -:, '-L': -::. :: 
1 .'7'4..: 4f:l5. ~J 
-.. ...... ......" :;55.4 ......_L._ 

;:':.'::,I::I'~ 64 • .'81'.17.41.1 :'.51 ·P.ld .:'.5:5 6:':.' 
l . .1!l4 1<.;1 .... ·<;: .' .. :"8 64.:.:'8 1-.'1.41 :.5~ 48.,..,8 .:.61-, .... '):':.1 

---------------------------RESULTS AT APPLIED LOAD----------------------------
SIGT~ 0.000 kSl, CL- 9.200 in., AMB- 50.26 kk-ln, J~ 
SIGB- 30.081 ksi, PHl~ 0.042 deg, COA= 0.212 si, LR= 

F-9 

0.862 k/i n, 
53.12 gpm 
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Figure F.S. J versus bending moment for axial force of 
1685.7 kips treated as equivdl~nt bending 
moment. 
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Table F.5. J estimates for dxial force of 
1685.7 kips and bending moment 
of 37171 in-kips. 

LBB.NRC 

865 

LBB.NRC 
(Equivalent 

Moment) 

862 

Fin ite 
Element 

677 

EPRI/G.E. 
(Equivalent 

Moment) 

888 
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SAMPLE PROBLEMS 
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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 an4lysis. All the analysis parameters 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. 

OAGI0000554 00074 



'" 5 ....... 

'" a. 
~ 
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;OOr------------------------------------------------, 
o 0 5zSb with 5 t =0 (data sheet oNllh FoQ KI;:.sl 

6 l:::. 5 :5t with Sb=O (data sheet for variOUS F'o; 
at maximum 5 t ) 

o 0 5: 5t with 5b : 0 (data sheet with F =6600 kips) 

10 

OIL-----~------~----~------~----~~----~----~ o 01 02 

Figure G.l. J versus S for various levels of axial force and 
bending moment. Data sheet here refers to the 
appropriate result from Tables G-l t~rough G-7. 
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Bending Moment, Mb• 1000 In -kips 

Figure G.2. J versus M for various levels of axial force. 
From Tables G.1 through G.? 
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Figure G.3. Equivalence of axial force versus bending moment. From cross-plot of 
Figure 6.2. 
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LBB.NRC analys1s o~tput 

LBAK •• ~DA. BREAK 
L.al.NRC "DO, a 

FACIL.ITV, '~a.pl. Calculation 
~IPI IVIT,". _lth Ya~lou. valu •• of F 

INPUT PAR~T'R. 
St~aln Hard.na"Q .lpha • AI. 8 

i S train Hard.nlnQ n • N- 1.~ 

~ R.f.r.nc. Str ••• (k.l] SIGR- 20.3 
4 Flo_ Str ••• ek.,] SIGF- 42.084 
~ Inltl.l Half Crack AnQl. [d.Q] THOL' 10 
b 1' ''lal Forc. (klp.l r- 0 
1 Ela,t'c Modulu. [k.l] E- ~6000 

~ PIp. or v •••• l RadiU. (111] R- 16 
q PIp. or V •••• l Thlckn ••• [In) r- 2.6 

10 I,.ak Rat. Con.tant [QP~/Sll LRC- 2~0 

II Appll.d ~.ndanQ Mo~.nt [kk-lnJ AMB- 20 

~ IGf.A.,al S tr ••• 
J eJ (nt.g".1 

SIGB-B.ndlnQ Str... MB-B.ndlnQ Mom .... t 
e OA-Crack Op.nlng Ar.a L.R-L..ak Rat. 

PHI =1<:& nk Ang 1" 
ST-SJGTtSJGF 

••• NOA~IZ£D 
~j r .58 PH 1 

, -1\ 

"' I ' 

" . 

, : 

SB-SJGB/SIGF CL.-Crack Length 

••• 
J 

\ . 

. " 

••••••••••• ENGINEERING UNI n • ••••••••• 
51GB MB PH[ J COA LR 
[~k~.~I~l~~(~k~k~-~l~n~] __ ~[~d~.~g~l ____ [~k~t~l~n~] __ ~(~~~l~]~ ____ ~(~g~p~m~l 

'. .' • I 

. , ' , 

\ ... 
, .... , ' I ' , 

" . . 
, ,,! 

, '. " 

I. 

, '. L .. ·-
• , ~ j I 14. 

I ! w " ~ i C I 

" " ',1 

", --1.\ " 

. ' . ,." 1 
'. . ,~ 

" ',"'I 

" J ' " 

I, I ' 

\ . " 
I . 

~ . ; 

I • 

". ' , 

" I , r1 

' . .1 • \ 
."eJ • . / 

; J' ) • 
1 .. .0/, / 

I ,' . " 

: '"-« .. ' • • "'l 

\ . , 
• l ~ • .' . J 

, " , , j 

I ' , 

. '- .r~ • 

I, 
It . ., 

I " 

, - - - - - - - - - - - .- - - - - - .. - - - .. - - - - RE. SUL r SAT APPL lED LOAD· -- - -. - - - - - - - - - - - - - - - - - - - - --
srr;T
<;t08-

("),t)nn "." Ll"16.75~ In., A",a- 20.1)0~" 
"' . ·,b~ 10,. •• f'H[- (1."-,5 c1_Q, COA- ').~17 .', 

In, J:I O. 192 k I. n , 

LR- 54.~7 gpm 

.---- -.-- -.- --- - - -- ---.-- .-.- - -----.-- --- ----- ---------_._-----------
T-4572-TG.l 

G-S 
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6 , 

ra~l" G.? 

LEAK BEFORE BREAK 
LBB.NRC MOD. B 

FACILITY. EMample Calculation 
PIPE SYSTEM. wlth varlou. valu •• of F 

INPUT PARAMETERS 
<-,tr.il''I Helrc1en\nq 
·,trClln Harcj&nlnq 
fi@+l!'rltnce ~t,.@S'5 [k511 
fill ... St r 1iP,'I [Ie 5 I ] 

'" 1 ph .. = AL = 8 

! nit 1.1 Hell f Cr ole Ie Ang I e 
A~ICll ~o"ce [kips] 
ElclstlC Modulus [leSl] 

n = N= 

5IGR= 

, c 
_' • ..J 

~(J. -:. 

SIGF= 4~.uB4 
[deq] THO= ";0 

F.: 1 I C)0 
f'.: ~ol)( 10 

R= 16 
q F'lpe 0" \Je'S5el Thlcknes'S [In] T= 2.0 

'tl Leak Rclte Con'Stant [qpm/sll LRC=;:'50 
I I Anpil@d BendIng Moment rkk-In] AMB= 20 

S[r.l - '<-\~I'II ·.tr~';<; 

.1=.1 ('It@qrdl 
SIGB=Bendlnq Stre'Ss MB=Bendl~g Moment 

I UA",r:"ilC," Opening Area L.R=Leale Rata 

PHI=l<lnk Angle 
ST=SIGT/S1GF 

••• 
~;T.c;B 

NORMALIZED 
~H I 

.. 

5B=S IGB/5 I GF CL =Crack Lel'gth 

••• 
.J 

••••••••••• 
SIGS MB 

ENGINEERING UNITS •••••••••• 
PHI J eOA LR 

___ , ____ [_k_'S_1 _] _::.[ :...1<.::1e~-_\::.n:..:..:l_-=-[ =d~e:..;;gL::.] _--,[::.k,-,-/...:l'-'.n.:...:..] __ [=-'S 1 ] [ 9 pm] 

. ' .. ~ 
i , 

••.• + I 
, .[ 

. I 

1.' , . 

i, 

- .j 

.. -
------RE5UlTS AT APPLIED LOAO----------------------------

r;[(jT= 4.~·(18 1,,1, CL~I"'. 7~5 In., AMB= ::'0.00 ~~-In, .J= ".6~::; ~/ln, 

<l\Gfo= q.St'" ~o;,l, f'HI.; <1,t)97 dE'g, eOA= 11,:':.0 SI, l.R= 8:.-:-·9 qpm 

T-4S72-TG.2 
G-6 
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2 
~ 
.> 

4 
5 
6 
7 
8 
9 

10 
11 

SIGT=A~lal Stress 
J=J Integral 

••• 
Sf+SB 

1.1, 

, \ 

·1 

, , j 

NORMALIZED 
PHI 

. ~ 

.j 

Table G.3. LBB.NRC analysis output 

LEAK BEFORE BREAK 
LSB. NRC I'1OD I S 

FACILITY, EMaMPl. Calculation 
PIPE SYSTE~ •• 1th var1ou. value. of F 

INPUT PAR~TERS 
Strain Hardenln~ alpha = AL"" 8 
Strain Hardening n .. NSI 3.5 
Reference Stress (kosI] SIGR= 20.3 
Flo,", Stress [kSl] SIGF'" 42.084 
Inltlal Half Crack Angle [deg] THO'" 30 
Ale lal Force [kips] F'" 2200 
Elastic Modulus [ksi] E= 26000 
PLpe or Veososel Radius [1 n] R= 16 
PLpe or Vessel Thickness [in] To: :2.6 
Leak Rate Con'Stant [gpm/sl] LRC= 250 
Applled Bending Moment [kk-in] AMB=- 20 

SIGB=BendLng stress MB=Bendlng Moment 
COA=Crack Jpenlng Area LR=Leak Rate 

PHI=l<lnk Angle 
ST=SIGT/SIGF 

.. , 

SB=5IGB/5IGF CL=Crack Length 

••• 
J 

I " 

I .. 

" 'I 

j " , : 

\ " 

J 

.j 

••••••••••• 
51GB 1'18 
[kSl] 

" .. ' " 

\ <., . - , 

•• i I '\ . - ~ 

! 

I J ., " 

J -, J 

, 
... 

-, .. , 

ENBINEERINB UNITS 
PHI J 

[deg] 

) .. ' J 

I' •• 

, I 

11 

[kiln] 

I. I., 

, 'C'> 

'. I'" 

-) : 

•••••••••• 
COA LR 
[51 ] [gpm] 

.. -
J~ 

----------------------------RESULTS AT APPLIED LOAD---------------------------
SIGT= 8.418 I<SL, CL=16.155 In., AM8= ~O.i)O ~k-ln, J: \.77-:; I</ln, 
SIGEI= Q.565 kSl, f-'HI= II. ::8 deg, COA= 0.460 Sl. LR=: 11~.q1 qpm 

T-4572-TG.3 
G-7 
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4 

T.~~) 1 e S. 4 . 

LEAK BEFORE 
LBB.NRC MaC, 8 

. ~ . 
..j _ -' 'j ;... 

BREAK 

FACILITY, EMampl. C.lcul.tlon 
PIPE SYSTEM I ~lth ~.r1cu. ~.lu •• o~ ~ 

INPUT PARAMETERS 
'-,tralrl Hdrdenl"g dl ~r-'d ·.L - d 

',trdlrl "drden,nq .. 0 "-1 0 

f,..". e->" erl( I:' c:,t r 1:'<;<; i ~ '" I I " : ·jh: :') . 
Flo.. '::i t r '" ." 00, [~s 1 I j H+ = -l':a !--~-l 

r ",' t I .. I Ha I f Cr at I< >lng Ie [[1pq I T HI = -,1 

,.\ < 1 ... I F c,r c eo [~I p"" I 

f-ldSt:1C. Mndulus [1<<;11 

F..::: .\. 

~- ~ .... J ,. i. I 

F IP!'- ur 'JessE' I ~adluc; [ 1 n I 1;= 

,'I pe Lr '/e",sel Thlr:l<"pc;s ( i '1 I 'f -:: 

L 1;' .. 1< h«tE' Lon<;t ant (apm/C;l I LF-L 
11 .:'pplled 8pndlnq Moment [I<k-Inl .'\r'1E!= • 

.:.r(;fI=[~endlnq Sl eoo,,,, MB=Beondlnq I""CrT'p"t 

l.l'A~r:"'",ck Opening Area LR=lpalo. "ate 

S8=SIGB/SIGF CL=rrac~ Length 

~ H I ~. 1 ') ~ .c..n q I e 
5T=:;IGT/CjIGF 

••• NORMAL~ZED ••• ••••••••••• ENBINEERINB UNITS ...... ~ ... 
Sf.'jB ~Hl 5 I GEJ MB Fll J 

'"Iu r = 
'j I GEt= 

I I '" I 1._(. ~.L-.=~.~_L. _ ~d_E'g 1_ , __ [_1< ~n ) 

--f..ESlIL T5 Ai AFFl lED LO.:lu ' 
I-',"'~'h ~SI [I =io. lCJ "; In •• 

9 ~ c'. h ~ ~ S 1 ~ ~ H ~ , ) .. 4 =-l~, L1 e '1 • 
':'1'18= 

CD':'= 

G-8 

::',) ~ • JI \ .... 

.6:b ..,1. 
In. 

l R '" 

Lh LOA 
[00,1 I ,_~3P_~ 

~. "'~Cj In .. 

1 <JO. 4~' yOm 

T-<l57:?-TG.4 
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4 

5 
6 
7 

8 
9 

111 
1 1 

SIGT=Axldl Stress 
J-J InLegral 

••• NORMALIZED 
ST +SB F-'H 1 

Table G.S. LBB.NRC analysis output 

LEAK BEFORE BREAK 
LSS.NRC MOD. B 

FACILITV. E_.mpl. C.lculAtlon 
PIPE SVSTEM. ~itn vAriou. vAlu •• of F 

INPUT PARAMETERS 
5traln Hardening alpha = AL= 8 
Strain Hardening 
Reference Stress [kSl] 
Flow Stress [~Sl] 
Inltlal Half Crack Angle 
AXial Force [~lpS] 
Elastic Modulus [kS11 

n = N= : .. 5 
5IGR= -:C.3 
5IGF= 4::'.1)84 

r deg] THO= ~O 

F= 4400 

E= :6000 
Pipe or Vessel RadiUS [In] 
P'pe or Vessel Thickness (in] T= :.6 
Leak Rate Constant tgpm/sll LRC= :50 
Applied Bending Moment [kk-ln] ANB= :0 

SlGB=Bendlng ',tress NB=Bendlng Moment 
COA=Crac~ Opening Area ~R=Leak Rate 

F .... [=I<ln ... Anqle 
ST=S[GT/SIGF 

SB=SIGB/SIGF CL=Crack Length 

••• ••••••••••• EN8INEERIN8 UNITS • ••••••••• 
J 51GB ME PHI J COA U~ 

________________ . _____________ ~(_k_=S::....:I:.._=_] _ _=[-=k.:....:"'.:..-----=-I.:..,:n.:....:)=---=[deg 1 [ k lin -=l __ ...:.[_=S::....:l:....::.] ____ _=[...;g~p ~ 

--------------------------RE5ULTS AT APPLIED LOAD--------------------

5lGT= 
-j [liB= 

16.8:4 ~Sl. l:L=16. ~~5 In •• 

';. c, ...,e, I =. I. ~ HI:: 1.1118 deq. 
ANB= :O.Ou ~~-ln. 
eOA= U.B7:: 51. 

J=. 1:.07: ~ /1'1. 

Lh= ::1-'.88 ~C'" 

------------------------------------ .-._-----------------
T-4572-TG.S 

G-9 
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Table G.6. LBB.NRC analysis output 

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

1 
2 
~ 

4 
c:-
..J 

6 
7 

8 
9 

111 
1 1 

SIGT=A><lal Stress 
J=J Integral 

••• NORMALIZED 
ST+SB PHI 

:. ! t 

I , 

'. -t \ . 
. 1. 

, \ 

LEAK BEFORE BREAK 
LaB. NRC 1"100. B 

FACILITY. Exampl. CAlculation 
PIPE 9Y9T~. ~ith vArious valu •• 04 F 

INPUT PARAMETERS 
Strain Hardening alpha = AL= 8 
Strain Hardening n = N= .,. .. 

_" .. ...J 

Fieference Stress [kSl] SIGR= 20. -~ 
Flo~ Stress (kSl] SIGF::o 42.084 
Initial Half Crack Angle [deqJ THO= ~O 

A>Clal Force 0(1 ps] F= 5500 
£ClastiC Modulus (ksl ] E= ~6!)OO 

Pipe or Vess.!l Rar11us (1 n] R= 16 
F'l pe or Vessel Thickness (i n] T= ~.b 

Leak Rate Constant [gpm/SI] LRC= ::50 
Applied Bending Moment (kk-in] AMB= 20 

5lGB=Bending Stress MB=Bendlng Moment 
COA=Crack Opening Area LR=Leak Rate 

PHI=klnk Angle 
ST=SIGT/SIGF 

SB=SIGB/SIGF CL=Crack Length 

••• 
J 

1 \ 

l' 

. \ 

.~ I 

': ~ 

-I 

, 

• •••••••••• ENGINEERING UNITS 
SIGB MB PHI J 
[ I< SI ] (deg] 

.. 
,1. ( I .' , 

' .. ' ,., 

.. . l 

-+ 
: I .L· 

-. I 

+ 

1 •• 

~ 

J 

, , . 

•••••••••• 
COA LR 
(SI ] (gpm] 

. -
. '-.. ~ 

.. ) .... ,~ 

' .... , t .~.-+ 

~ t , 4 .. 

" . .... 
I " 

, . , . 

I 

---------------------------RESULTS AT APPLIED LQAD----------------------------
SIGT= :1.\)42 \<.,.1. CL=16.755 In •• 
SIGB= Q.565 k51. FHI= ::. -:;3~ dE'g. 

AMB= 20.00 kl<-ln, 
eOA= 1.403 51. 

G-IO 

J= ~8.451 kiln, 
LFo.= :-50.65 gpm 

T-4572-TG.6 
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Table G.7. LBB.NRC analysis output 

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

..... 
L 

-
4 
5 
6 
7 
8 
9 

10 
1 1 

SIGT=Axlal Stress 
J = J I n t eq r '" I 

••• NORMALIZED 
ST+SB PHI 

1 , 

, , 

LEAK BEFORE BREAK 
LBB. NRC ,.." ~ 

FACILITV. EMa~~l~ Calculation 
PIPE SYSTEM. with various valu •• of F 

INPUT PARAMETERS 
St,.- al n Hardening alpha '" AL= 8 
Strain Ha ... .Jenlng n = N= - co ;,. -J 

Refe ... ence St ... ess [kSl ] SIGR= 20.~ 
Flow Stress (l<sl1 SIGF:: 42.084 
Initial Half Crack Angle [deg] THO= ~O 

AXial Force (kl"'S] F= 6600 
ElastiC Modulus kSll E= ;;:6000 
Plpe or Vessel Radius (l n ] R= 16 
Plpe or Vessel Thickness (1 n 1 To:: 2.6 
Leak Rate Constant (gpm/sil LRCo:: 250 
App II ed Bending Moment [kk-lnJ AMB= :0 

SIGB=Bendlnq St ... ess MB=Bendlng Moment 
COA=C ... ",ck Openlng Area LR=Leak Rate 

P~ 1 =1< l.,k Ang 1 e 
ST=SIGT/SIGF 

SB=SIGB/SIGF CL=Crac~ Length 

••• • •••••••••• ENGINEERING UNITS •••••••••• 
J SIGB MB PHI J COA LR 
_____ ~[~~~s~l=~] ___ [~k_·~k_-~I_n~l_~[~d~,e~g~] ____ [_k_l_l_n~] ____ [_S_l_] __ (gpm] 

, , , ! 

,j. 

, , 

.... 
I, 

' . . 
• I ~ ~ 

! . 
, , , 

, . . . 
---------------------------RESlLTS AT APPLIED LOAD----------------------------

S I G T = :'5. 250 ~ <;i 1. CL: 1 6. 755 In., AMB= :'0. ')0 I< k - 1 r, J = II. 000 k lin. 

5IGB= (1.111)1) "<;il. PHI: 0.0,.-) deq, COA= 0.')00 ;;1, LR= ().llO gpm 

Note: Applied bending moment could not be reached with this axial force. 
G-l1 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=O should be 
used instead of N=2 in lines 1900 and 3730. 

**It is not necessary to use "Lotus" if only printed output is required. 

H-l 
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Listing of BASrC - Language LBB.NRC Computer Program 

LEAK BEFORE BREAK 
*Seml-Automated Plotting U.lng LOTUS* 

(LBB.NRC Version 11-12-8~ 
The leak-before-break program i. coded ba.ed on the NRC-NRR 
(~leckerl method, which 1. based on the procedure of NUREGI 
CR-3464 eMcept for the modification. on ,train hardening. 
For reference of the coding, read the IBI'I BaSIC manual. 

LO 
20 
~o 

~l 

32 
~3 

~4 

35 
~l 

52 
53 
70 
90 

REM 
REM 
REM 
REI'I 
REI'I 
REI'I 
REI'I 
REI'I 
REM 
REM 
REM 

*--------------------------------------------------------------------* 
Lin •• 70 and 90 define default input parameters. The parameters 
can be changed by the user using the EDIT mode. 

AL=81 Nl=3.5ISIGR-20.3ISIGF-44.2:THO~22.9:F=1600:TT-2.5 

E=26000 lRR-161LRC-250 :AMB-37.8 
110 REM *--------------------------------------------------------------------* 
120 REM Param.ter definition and data format preparation 
125 REM *--------------------------------------------------------------------. 
130 0 I M A (20 I ,A$ (20 I , T ( 13,21 ,B ( 13,21 ,C$ ( 101 ,W (50' 
150 0 I 1'1 Al (51 ,A2 (5' ,A3 (5' ,X (50' , V (50' ,I (50) 
170 A$(I) =" 1 Strain Hardening alpha ~ AL=" 
190 A.(2) -" 2 Strain Hardening n = Na" 
210 A$(3):" 3 Refe,.ence Stres. [kst) SIGR-" 
230 AS(4)" 4 Flow Stress [kSll SlGF:a" 
2~0 AS(5) 5 Initial Half Crack Angle [degl THO-" 
270 AS(6) ~ 6 AMial Force [kips) F-" 
290 A.(7) - 7 Elastic Modulus [k.i) ED" 
310 A.(8) 8 Pip. or V •••• I RadiUS [in) R-" 
330 A.(9) = 9 Pipe 0,. Vess.l Thickness [in) T-" 
350 A.(10)= 10 Leak Rate Constant [gpm/si) LRC=" 
370 A.(11)"" 11 Applied Bending l'Ioment [kk-in) AMBz" 
390 Wi............... :W2S="tt......... :W3.-"........ :W4Sz" ••••••• " 
410 W5S= ......... tt" :W6S=" •••••• u :W7.-" ••••••• " 
412 ACl'=AL :A(2)=Nl :A(3,=SIGR :A(4)=SIGF :A(S)=THO :A(6'=F :A(7'=E 
413 A(8'=RR lA(9)=TT :A(10)=LRC :A(11'=AMB 
420 REM *--------------------------------------------------------------------. 
421 REI'I The following are coefficients fo,. F-functions from Sander's 
422 REM analysis of circumferentiallv cracked pipe under ten.ion 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 *--------------------------------------------------------------------4 
430 DATA 3.488, -7.453, 24.792, 1.760, -1.512, 9.470 
450 DATA 4.606, -10.402, 28.23~, 2.778, -4.120, 12.034 
470 DATA 5.566, -12.936, 31.195, 3.653, -6.362, 14.238 
490 DATA 6.413, -1~.171, 33.804, 4.424, -8.339, 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, -22.244, 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. -2:5.067, 45.358, 7.840, -17.091, 24.785 
630 DATA 10.650, -26.358, 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, 49.6~1, 9.110, -20.343, 27.982 
671 FOR R-O TO 12 .FOR C~O TO 5 
672 IF C<3 THEN READ T(R,C) ELSE READ B(R,C-3) 
673 NEXT C,R 

H-2 
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b90 REM 
700 REM 
711 REP'I 
721 CLS 

*-------------------------------------------------------------------* 
Input from the keyboard 

*--------------------------------_._---------------------------------* 

730 PRINT SPC(32) "LEAK BEFORE BREAK" ;PRINT SPC(29) TlMES SPC(4) DATES 
731 INPUT" Do you want. to use LSB.NRC MOO, 7 or 8 (@nt@r 7 0 ... 8)";ANS 
732 INPUT " Fa~ility Name";C.(2) 
733 INPUT " Pipe System",CS(3) 
740 REM *--------------------------------------------------------------------* 
741 REM Open data file LBBOUT.PRN for Lotus plotting Input 
742 REM Open file. MOD.PRN and PLANT.PRN for titles in plotting 
743 REP'I Open file LBBOUT.PIC for storage of Lot.us generated pi~tur. 
744 REM *--------------------------------------------------------------------* 
761 OPEN "0", *1, "B:MOD.PRN" 
7b2 PRINT .1, "LEAK BEFORE BREAI( (LBB.NRC MOD: "ANS")" 
7b3 CLOSE .. 1 
7b4 OPEN "0", ttl, "BIPLANT.PRN" 
7b5 PRINT *1, CS(2)"I"C'C3) 
766 CLOSE .1 
767 OPEN "0", .1, "BILbBOUT.PIC" 
7b8 CLOSE *1 
7b9 OPEN "0", ttl, "BzLBBOUT.PRN" 
770 PRINT:PRINT spec 12) "The ~urrent da-fault INPUT PARAMETERS dre: ":PRI"IT 
800 FOR I~l TO 11:PRINT SPCCI0) ASCI);A(I):NEXT I :PRINT 
810 PRINT SPC(12) "Do you want to change any of these parameters" 
811 INPUT " Center y for yes, or n for no)"; ZS : PRINT 
820 IF ZS="y" GOTO 830 ELSE GO TO 930 
830 PRINT SPCCS) "To change any parameter, enter its lin. number, a camilla," 
840 PRINT SPC(5) "and then the n .... parameter value. For e)Cample, enter" 
850 PRINT SPC(5) "7,25890 to change the elastic: modulus to 25890 ksi.":PRINT 
860 INPUT;I,M :ACI);M: CLS: GOTO 770 
861 REM *-------------------------------------------------------------------* 
862 REM Select the approprlat@ Sander"s F-functlon coefficients 
863 REM d@pendlng on R/t 
8b4 REM *-------------------------------------------------------------------* 
8b5 REM If R/t is less than 4, It is assumed to be 4 
866 REM If R/t IS greater than 16, it is assumed to be 16 
930 ROT=A(8)/A(9) :ROTF=FIX(ROT) 
940 IF ROTz>4 THEN GOTO 9bO ELSE ROT 2 4 
950 ROTF=4 
9bO I~ ROT<=lb THEN GOTO 980 ELSE ROT~lb 
970 ROTF:z16 
972 REM Int@rpolate Sander"s F-function co@fflclents for R/t 
973 REM between Integer values 
9BO FOR R=O TO 12 
990 RO=R+4 
1000 IF RO<> ROTF THEN GOTO 1060 
1010 FOR CsO TO 2 
1020 Cl=C+12 :C2=C+15 
1030 ACCl)aTCR,C)+CROT-ROTF)*CTCR+l,C)-T(R,C») 
1040 ACC2)mB(R,C)+(ROT-ROTF).(BCR+l,C)-BCR,C») 
10S0 NEXT C 
1060 NEXT R 

H-3 
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1370 REM .------------------------------------------------------------------* 
1390 REM Prlnt out the top pArt of the output page 
1410 REM .------------------------------------------------------------------* 
1430 Na21 GOSUB 4210 ILPRINT DATE$; 
14~0 LPRINT TAB(2~), IN-~b :GOSUB 4210 : LPRINT "LEAK BEFORE BREAK" 
1470 N""24IGOSUB 4210:LPRINT SPC(30) "LBB.NRC MOD:";:LPRINT ANS 
1490 N-24: GOSUB 4210: LPRINT SPC (25) "FACILI TY: ";: LPRINT CS (2) 
1:510 N-24IGOSUB 4210:LPRINT SPC(2~) "PIPE SYSTEM: ";ILPRINT C$(3):LPRINT 
1:530 Na 241GOSUB 4210.LPRINT SPC(30J "INPUT PARAMETERS" 
1550 N-BI GOSUB 4210 
lS70 FOR 1=1 TO 11 
1590 LPRINT SPC(16) LEFT$(A$(I) .39) + "z"IA(I) 
Ibl0 NEXT I:LPRINT 
Ib30 Al1$:" SIGT=Axlal Stress 5IGBaBending Stress MBaBending Moment 
Ib:50 AI2S a " PHI""Kink Angle" 
Ib70 N=BIG05UB 4210:LPRINT Al1S+AI2$ 
Ib90 AI3$-=" J .. J IntegrAl COA=CrAck Opening Are. LR-Leak Rate 
1710 A14$-" STaSIGT/SIGF" 
1720 AlS$." SB-SIGB/SIGF CL=Crack Length" 
1730 LPRINT A13.+A14.: LPRINT SPC(20) A15. 
17:50 A4.-"*** NORMALIZED *** 
1770 A5.~"**********. ENGINEERING UNITS **********" 
1790 Ab.-" ST+SB PHI J 
1810 A7.-" 51GB I"IB PHI J COA LR" 
1811 A8.-" 
1831 A9 .... [ksi] [kk-in] (deg] [k/in] [5i] (qpm]" 
18:51 LPRINT :N~24 :GOSUB 4210 I LPRINT A4. + A:5. 
1871 N-8 :GOSUB 4210 :LPRINT Ab. + A7. 
IB91 LPRINT CHRS(27) "-I" AB. + A9$;CHR.(27) "-0" 
1900 N-2: GOSUB 4210 
1910 REM *------------------------------------------------------------------* 
1930 REM Start the calculation 
1952 REM *------------------------------------------------------------------* 
t970 AL=A(l) :Nl=A(2) :SIGRzA(3) ISIGF=A(4) :THO=A(S) :F=A(b) :E=A(7) 
1990 RR=A(8) :TT=A(9) :LRCzA(10) :AMB-=A(ll) :AT=A(12) :BTcA(13):CTs:::A(14) 
2010 AB=A(lS) :BB=A(lb) :CBzA(17) 
2012 REM Define const.nts .nd normAliz.tion constAnt. 
2090 ALPcAL*(SIGF/SIGR)~(Nl-l) 
2110 PI z 3.141S93 :THO-THO*PI/180 : 1'11'1-0 :PHIM.O :JM=O : COAM=O :ST=O 
21:50 CL=-2*RR*THO :I'1M-PI*TT*SIGF*RR· ... 2: PHIM=(180/PI).SIGF/E 
2170 JM=RR*SIGF~2/E 
2190 COAM'"'PI.SIGF.RR .... ·2/E I ST=F I C2*PI *RR*TT*SIGF) 
2230 5P=4/PI*(COSCTHO/2+PI*ST/2)-SIN(THO)/2) 
22~0 FJ~SIN(THO/2+PI/2*ST)+COS(THO): H-FJ/(SP+ST) 
2290 REM *-------------------------------------------------------------------* 
2292 REM Determlne THF. the final crack angle at the limlt load 
2294 REM *-------------------------------------------------------------------* 
2310 THF-THO+.3b 
2330 TH-THF:GOSUB 3810 : GOSUB 3890 
2350 THOIzTHF*(FD/(FB*SP+5T*FT+FD»: DELTAzTHOI-THO 
2370 IF ABS(DELTA».000002 THEN THFaTHF-DELTA : GO TO 2330 
2401 REM Calculate BETA from THF 
2410 BETA .. (SP*FB+ST*FTI ~·21 (l-THO/THFJ 
2430 TH-THOI GOSUB 38101 GOSUB 4010 
2450 FBOaFB: FTO-FT: IBOzIB. ITO-IT 
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2460 REM 
2461 REM 
2462 REM 
2463 REM 
2464 REM 
246~ REM 
2466 REM 
2467 REM 
2469 REM 
2469 REM 
2470 REM 
2471 REM 

*-------------------------------------------------------------------* 
Angl. TH IS lncr.as.d fra. THO to the final angle THF in ever 
Incr.asing st.p SIZ... It 1. a.sum.d that the axial stress 1. 
gradually appli.d up to the .p.clfled value With no b.nding. 
Th. angle at this point i. called THQ. Th.n, while holding the 
aMial .tr ••• at the .p.cifi.d valu., the b.nding str.~. is 
gradually appli.d up to the limit load (or angle THF). A~lal 

and b.ndlng .tr ••••• (ST, SB) ar. calculat.d for .ach st.p of TH. 
Th.n, LBB.NRC MOOs7 and MOO:9 d.part. For MOOI7, sub •• qu.nt 
output valu •• ar. ba •• d on initial crack angle THO. For MOOl8, 
sub •• quent output valu •• ar. ba •• d on effective crack angle TH. 

*-------------------------------------------------------------------* 
2490 NC-O :58-0 ITHQ-T~O+.l :GOTO ~~90 
2491 REM rncr.ment angle TH for .p.cified aMlal .tre •• and Incr.a.ing 
2492 REM bending str.s. 
2~10 TH-TH+. ')01714* (NC+l) 
2~30 IF TH·~rHF THEN TH-THF 
25~0 GOSUB $8101 G05U~ 4010 
2570 SB-«P~TA*(1-THO/TH»~.5-ST*FT)/FD I GOTO 2690 
2580 REM Oet.rmlne THQ by it.ration 
2590 TH.TH~ :G05UB 3310 
2610 THOr .. nf*(BETA-(H*Ff)"2)/BETA 
2630 DEI ~eTHOI-THO 
2650 J' ASS (DELE) ). 0'J0002 THEN THQ=THQ-OELE 1 GOTO 2590 
267~ 5T-0. THaTHO IF3=FBOzFT=FTO:IB-IBO:IT-ITO 
2~80 REM Calcullt •• lastic kink angle 
2690 IF ANS-8 THEN P~IE.SB*IB+5T*IT ELSE PHIE=SB*IBO+ST*ITO 
2710 ASTSB=ABS(ST+SS) 
2720 REM IntrrJduc •• train hardening to the kink angle 
2730 PHI=PHIE*(1+ALP*(SB+ST)*ASTSB~(Nl-2» 
2750 PHIP-PHI-PHIE 
2810 IF AN5=8 THEN GOTO 2830 ELSE GOTO 2850 
2820 REM Calculat. ela.tic J int.gral 
2830 JE=PI*TH*(SB*FB+5T*FT)~2 I XF-FT/FB IGOTO 2870 
2850 JE=PI*THO*(SB*FBO+ST*FTO)~2 zXF-FTO/FBO 
2870 IF FL=1 GOTO 2910 ELSE FL~l 
2890 REM Calculat. pla.tic J int.gral by numerical Integration 
2890 JP=.6*H*(SB+XF*ST)*PHIPI GOTO 2930 
2910 JP=JP+H*.S*(SB+XF*ST+SBS)*(PHIP-PHIPS) 
2920 REM Total .la.tic-pla.tic J integral 
2930 J""JE+JP 
2940 REM Calculat. crack op.ning ar.a 
2950 COA=IT.(ST+SB*(~+COS(TH»/4) 
2960 REM Rewrite in .ngln •• rlng unit. 
2970 SBS-SB+XF*ST :PHIPS=PHIPI SBAmSB*SIGF: MBA=SB*MM/IOOO: PHIA=PHI*PHIM 
2980 REM Calculat. leak rat. also 
2990 JA-J*JI'1 :COAA=COA*COAI'1I LR=LRC*CQAA 
3010 IF NI'1B>O OR AMB-O THEN GOTO 3170 
3030 A3(O)sSBA :A3(1)=PHIA zA3(2)=JA zA3(3)-COAA :A3(41=LR 
3050 IF MBA<AMB THEN GOTO 3150 ELSE NI'1B=l 
3060 REM Int.rpolat. to the appll.d b.ndinQ moment 
3070 FVa(AMB-PI'1BAI/(MaA-PMBA) 
3090 FOR 1=0 TO 4 
3110 Al(I)=A2(I)+(A3(II-A2(I»*FY 
3130 NEXT I: GOTO 3170 
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~150 A2(0)=SBA :A2(I'=PHIA :A2(2)=JA :A2(3l=COAA :A2(4)=LR :FMBA=MBA 
~170 W(NC)=MBA :X(NC)=PHIA :V(NC)=SBA :Z,NC)=JA :NC=NC+l 
3180 REM Print out on paper calculated values 
3190 LPRINT USING WIS, (ST+SB).:LPRINT USING W2S;PHI;:LPRINT USING W3S.J; 
3210 LPRINT USING W4S;SBA,MBA:PHIA;JA: :LPRINT USING W2S:COAA: 
32~0 LPRINT USING W5S;LR 
3235 REM Saving data on disk fila up to J of 10 (1000 In-lbl(ln-ln)) 
3236 REM (Only the bending moment and J are saved for plotting) 
3240 IF JA>IO GOlD 3250 
3245 PRINT .1, MBA, JA 
3249 REM If angle TH ( THQ, return (axial stress ~lll Increase) 
32S0 IF THQ>TH GOTO 3330 
3260 REM If angle TH reaches tha limit load angle THF, It IS all done. 
3261 REM OtherWise, THQ( TH ( THF, return (banding stress Will Increase) 
3270 IF TH=THF GOTO 3510 ELSE GOTO 2510 
3310 REM Increment angle TH for zero bendlng but IncreaSing aXlal stress 
3330 THxTH+.001714.(NC+l) 
33~0 IF TH=/THQ GOTO 3410 
~370 GOSUB 3810, GOSUB 4010 
~390 ST=(BETA.(I-THO/TH))A.5/FT :GOTO 2690 
3410 TH=THQ :NC=O : GOTO 3370 
3420 CLOSE ttl 
3430 REM 
3450 REM 
3470 REM 
3490 N=8 

It-------------------------------------------------------------------. 
Print out the bottom of tha output page 

.----------------------- --------------------------------------------It 
3510 N=8 :~~SUB 4210 :X5=STRINGS(27,45) 
:'520 REM Print out results at the applied bending moment 
3530 LPRINT XS "RESULTS AT APPLIED LOAD-" XS :LPRINT" SIGT=", 
:,5sn LPRINT USING W6S;STltSIGF; :LPRINT "kSI. CLa"; :LPRINT USING We';CL; 
3570 LF'RINT ''In., AMB=";:LPRINT USING W4S;AI'!B; :LPRINT "kk-In, J=": 
3590 LPRINT USING W7S;Al(2)::LPRINT "kiln, ";:LPRINT" SIGB-"; 
3610 LPRINT USING W7S:Al(0): :LPRINT "ksi, PHI="::LPRINT USING W6S:Allll; 
:.612 LPRINT "deg, COA.;·'; :LPRINT USING W6S;Al (3) ;:LPRINT "Sl, ~R=". 

3630 LPRINT USING W4S;Al(41;:LPRINT "gpm" 
3730 Nx2 :GOSUB 4210 :LPRINT CHRS(12) 
''::740 PRINT .... Calculatlon Completed It." 
3750 END 
3770 REM .----.---------------------------------------------------------------It 
3790 REM Subroutines 
3791 REM *-------------------------------------------------------------------* 
3800 REM Calculate functions FT and FB 
381u FT=I+(TH/PI)-I.S.(AT+BTIt(TH/PIl+CT*lTH/PIl ~) 

3830 FB=I+(TH/PI)1.5.(AB+BB.(TH/PI)+CB.'TH/PIl-2):RETURN 

3850 REM .-------------------------------------------------------------------. 
:'880 REM Calculate function FD containing derlvatlves of FT and FB 
~890 FD1=3.(AB.SP+ST.AT) 
3910 FD2z~.(BB.SP+ST.BT).lTHF/PI) 
3930 FD3=7.(CB*5P+ST.CT)*(THF/PI)~2 
3950 FD-(THF/PII~I.5*(FD1+FD2+FD31 : RETURN 
3970 REM .-------------------------------------------------------------------. 
4000 REM Calculate compliance§ [B and IT 
40lQ IBI=AaI7+BB/9.(TH/PIl+CB/II.(TH/PII~2 
4030 IB2=AB'·:U2. 5+AB*BB/I. 5. lTH/PI) + (2.AB.CB+BB· .... 2) 13.5. (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+IB3)1 
41)90 ITl"'(AT+AB)/7+(BT+BB)/9+(TH/PI)+(CT+CB)/11*(TH/PI)"2 
4110 [T2=AT*AB/2.5+(AT*BB+AB*BTI/3*CTH/PII+CAT*CB+BT*BB+AB*CT)/3.5*(TH/PI)'2 
4130 IT3-(BT*CB+BB*CTI/4*(TH/PI)~3+CT*CB/4.S*(TH/PI)A4 
4150 IT:7*TH~2*(1+4*(TH/PI)-1.5*[T1+(TH/PI)-3*(IT2+IT3»1 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 CHRS(27)"'"CHRS(N); : RETURN 
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LOTUS macro program for plotting LBB.NRC results. 

B c D E 
(homa}"-
IFINLBBOUT"
{GOTO)C1q~/FITMOD"'<h~a)' 

(GOTO)C20"-/FITPLANT"'{hom.)"
IGXA1'X.(and)(down}'" 
AB1"'A. (and) (dowo}'" 
TIC 
OGBSYAQSXAD 

F G 

TX.{asc}Bandlng "o.ant, "b (1000 In-kips)"
TV.{asc}J Intagr.l (1000 in-lb/(ln-ln»"
FGLQ 
QSLBBOUT"'R 
Gl/QY 
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