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ABSTRACT 

Over the past 15 to 20 years significant 
research has been conducted to further 
the understanding of the fracture 
behavior of piping systems in 
commercial nuclear power plants.  While 
the results from these prior programs 
have advanced the state-of-the-art under-
standing, a number of key technical 
issues remained to be resolved.   

The BINP program was developed to 
address what were perceived to be the 
most critical of these unresolved issues.  
The program was structured as a series 
of independent tasks, each focused on 
one of these issues.   

After the research was completed, it was 
found that many of these issues did not  

have as significant effect on leak-before-
break or in-service flaw evaluation 
criteria as was originally thought.  
However, one of the areas where 
significant benefit can be realized for 
both LBB and in-service flaw 
evaluations is by using nonlinear stress 
analysis instead of elastic analysis in the 
flaw assessments.  The additional margin 
gained by accounting for the energy 
dissipated by plastic deformation can be 
significant.   

Another important advance was the 
preliminary development of the technical 
basis for a flaw evaluation criteria for 
Class 2, 3, and balance of plant piping. 
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FOREWORD 

 
Since 1965, the U.S. Nuclear Regulatory 
Commission (NRC) has been involved 
in research on various aspects of pipe 
fracture in nuclear power plant piping 
systems.  The most recent programs are 
the Degraded Piping Program, Short 
Cracks in Piping and Piping Welds 
Program, and two International Piping 
Integrity Research Group programs.  
These programs have developed and 
validated “state-of-the-art” structural 
analysis methods and data for nuclear 
piping systems. 
 
This report describes the results of the 
Battelle Integrity of Nuclear Piping 
(BINP) program, which was performed 
by Battelle Columbus Laboratories.  
The objective of the BINP program was 
to address the most important unresolved 
technical issues from the earlier research 
programs.  The BINP program was 
initiated as an international program to 
enable fiscal leveraging and an expanded 
scope of work.  Technical direction for 
the program was provided by a Technical 
Advisory Group composed of 
representatives from the funding 
organizations. 
 
The BINP program was divided into 
eight independent tasks, each of which 
examined one of the unresolved 
technical issues.  These eight tasks 
included both experimental and 
analytical efforts.  The two pipe-system 
experiments examined the effects of 
secondary stresses (such as thermal 
expansion) and cyclic loading (such 
as during a seismic event) on the load-

carrying capacity of flawed piping.  For 
these experiments, the pipe system had 
large flaws or cracks.  The remaining six 
tasks were “best-estimate” analyses 
to examine the effects of other factors, 
such as pipe system boundary 
conditions, and weld residual stresses on 
the behavior of flawed pipes.  Many of 
these analyses involved the use of finite 
element modeling techniques.  One of 
these analytical tasks was to examine the 
actual margins that may exist in flawed 
pipe evaluations as a result of non-linear 
behavior.  While the magnitude of these 
margins would vary on a case-by-case 
basis, the results of this task show that a 
potential for significant margins does 
exist. 
 
In addition to developing a technical 
basis for more advanced inservice flaw 
evaluation procedures for use with Class 
1 piping, as defined by the American 
Society of Mechanical Engineers 
(ASME), the BINP program considered 
the development of flaw evaluation 
procedures for ASME Class 2 and 3 
piping and balance-of-plant piping. 
 
This research supports the NRC’s goal to 
improve the effectiveness and realism of 
the agency’s regulatory actions. 
 
 
 
                                                                
 Carl Paperiello, Director 
 Office of Nuclear Regulatory Research 
 U.S. Nuclear Regulatory Commission 
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EXECUTIVE SUMMARY 

Over the past 15 to 20 years, significant 
research has been conducted to further 
the understanding of the fracture 
behavior of piping and piping systems in 
commercial nuclear power plants.  While 
the results of these research programs 
have significantly advanced the state-of-
the-art in the area of piping fracture 
mechanics, a number of key technical 
issues remained to be resolved in order 
to develop the necessary technical basis 
for codifying these results through the 
rulemaking process or in international 
standards.   

The Battelle Integrity of Nuclear Piping 
(BINP) program was developed to 
address what was perceived to be the 
most critical of these issues.   

The program was structured as a series 
of independent tasks, each focused one 
of these outstanding technical issues.  
The impetus behind these tasks was 
developing or advancing the technical 
basis for either in-service flaw 
evaluation or leak-before-break (LBB) 
assessments.  While the impact of many 
of these issues was found to be relatively 
minor (15 to 20 percent), a few major 
issues were found that could have a 
significant impact on either LBB or in-
service flaw assessments.   

The major issues are: 

• Effect of actual margins when 
accounting for plasticity in the 
piping system, 

• Effect of crack morphology 
parameters on LBB analysis, 

• Effect of secondary stresses on 
LBB and in-service flaw 
evaluation criteria, and 

• Effect of weld repair methods on 
the residual stress fields and the 
resultant subcritical crack 
initiation/growth behavior. 

The issues which were found to be of 
lesser importance are: 

• Effect of seismic loading on the 
load-carrying capacity of cracked 
pipe systems,  

• Effect of restraint of pressure 
induced bending on the crack-
opening displacements (COD) 
for LBB analyses, and 

• Effect of weld residual stresses 
on the COD for LBB analyses. 

In addition to addressing these separate 
effects, the BINP program also began 
the process of developing the technical 
basis for new flaw evaluation criteria for 
Class 2, 3, and Balance of Plant piping.   

Effect of Actual Margins - During the 
IPIRG programs it was hypothesized 
that there may be some previously 
unaccounted-for margin in the LBB and 
in-service flaw evaluation criteria as a 
result of conducting elastic analysis to 
quantify a nonlinear problem.  It was 
thought that plasticity in the piping sys-
tem (remote from the crack section) and 
plasticity associated with the crack 
might absorb energy that would 
otherwise go into driving the crack.  This 
effect had potentially the largest impact 
on either LBB or in-service flaw evalua-
tions of any of the effects formally 
considered as part of this program.  The 
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magnitude of this effect depends on a 
number of factors, including the 
magnitude of the load history, the 
stiffness and/or flexibility of the piping 
system and its associated boundary con-
ditions, variability of the yield strength 
of piping segments/fittings in the pipe 
system, and the location under consid-
eration.  To illustrate the potential 
magnitude of this effect, the additional 
margin observed at certain locations 
along a surge line at 1 safe-shutdown 
earthquake (SSE) loading was on the 
order of a factor of 10 or more.  This 
margin was due solely to the remote 
plasticity, and not to the presence of the 
crack.  As part of this effort, it was 
shown that the nonlinearities associated 
with pipe yielding, remote from the 
crack, tended to have a more pronounced 
effect on the actual margins than the 
nonlinearities associated with the crack. 

Effect of Crack Morphology Parame-
ters on the Postulated Leakage Crack 
Size Analysis for LBB Analyses - As 
part of one of the example test cases 
considered during the course of this pro-
gram, it was shown that the choice of the 
crack morphology parameters can have a 
significant effect on the postulated leak-
age crack size, and the resultant accepta-
bility of LBB.  When using the mean 
values for the crack morphology param-
eters for IGSCC cracks1 from NUREG/ 
CR-6004, it was found that for an actual 
surge line application (where the surge 
line joins to the pressurizer), the margin 
on crack size was less than 1.5, 
compared to the margin on crack size of 
2.0 that is needed to satisfy the LBB 
approach in draft SRP 3.6.3.  
Conversely, when using the assumed 
crack morphology parameters from an 

                                                      
1 These IGSCC crack morphology parameters 
are close to those for a PWSCC. 

actual LBB submittal [0.0078 mm 
(300 micro-inches) surface roughness 
and no turns], the margin on crack size 
was almost 3.0, well in excess of the 
value needed to satisfy LBB.  This find-
ing was supported by work from the 
USNRC’s technical basis development 
for their planned Regulatory Guide for 
LBB. 

Effect of Secondary Stresses - In this 
context, the term secondary stresses 
refers to the global thermal expansion or 
seismic anchor motion type 
displacement-controlled stresses, not the 
localized through-thickness weld resid-
ual stresses.  As a result of the Task 1 
experiment and related experiments from 
the IPIRG programs, it was concluded 
that: 

Secondary stresses contribute just as 
much to the fracture process as do the 
primary membrane and primary bending 
stresses whenever the ratio of the failure 
stress to the yield stress (Ffailure/Fyield) is 
less than 1.0.  If Ffailure/Fyield is greater 
than 1.0, then secondary stresses may 
become less important in some nonlinear 
fashion.  However, this nonlinear rela-
tionship is not defined at this time, and 
limited data currently exist from which 
this relationship may be defined. 

As a result of this finding it could be 
concluded that the existing criteria in 
draft Standard Review Plan (SRP) 3.6.3 
for LBB (Ref. 4.3) for addressing sec-
ondary stresses in LBB evaluations are 
probably adequate, at least for the case 
where the piping system under consid-
eration is fabricated using lower tough-
ness shielded-metal-arc or submerge-arc 
welds.  For those cases, the secondary 
stresses are considered equally with the 
primary membrane and primary bending 
stresses.  For piping systems fabricated 
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with higher toughness tungsten-inert gas 
(TIG) welds, the draft SRP procedures 
do not consider the secondary stresses.  
However, for these higher toughness 
situations, the failure stresses should be 
high enough that yielding remote from 
the crack location should be prevalent.  
In such applications, it has been argued 
that the contribution of secondary 
stresses may not be as significant.  In 
those cases, an as yet undefined non-
linear correction to the secondary stress 
contribution has been suggested to be 
needed.  In addition, as applicants are 
seeking LBB relief for smaller and 
smaller diameter piping systems, the 
potential exists that the postulated leak-
age crack size (as a function of pipe 
circumference) may be large enough that 
the failure stress may be less than the 
yield strength, even for the case of pos-
tulated cracks in higher toughness TIG 
welds.  In that case, the secondary 
stresses may need to be considered with 
the primary membrane and bending 
stresses, contrary to the existing criteria.   

The existing flaw evaluation criteria in 
ASME Section XI for submerge-arc and 
shielded-metal-arc welds are adequate, 
especially in light of the excellent record 
that commercial nuclear piping systems 
have. 

Effect of Weld Repair Methods on the 
Residual Stress Fields and the Result-
ant Subcritical Crack Initiation/ 
Growth Behavior - An analytical 
assessment was made, using the finite 
element method, of the weld residual 
stresses in the vicinity of the hot leg to 
reactor pressure vessel (RPV) nozzle 
bimetallic weld.  The entire history of 
fabrication of the weld was included in 
the analysis, including the Inconel 
buttering, post weld heat treatment 
(PWHT), weld deposition, weld grind-

out and repair, hydro-testing, service 
temperature heat-up, and finally service 
loads.  The purpose of this assessment 
was to look at the effect of different 
weld repair procedures on the resultant 
weld residual stresses and their potential 
impact on primary water stress corrosion 
cracking (PWSCC).  The key finding 
from this effort was that from a resultant 
residual stress and PWSCC perspective, 
the inside welding followed by outside 
welding repair process was the preferred 
method of repairing one of these welds.  
This finding was consistent whether the 
concern was for axial or circumferential 
crack growth.   

Effect of Seismic Load History - As a 
result of the analysis of the alternative 
seismic load history pipe-system experi-
ment conducted as part of this program, 
it was concluded that the combined 
effect of cyclic history and material 
composition (sulfur content) resulted in 
a 25 percent reduction in load-carrying 
capacity when compared with the results 
from the first simulated seismic experi-
ment conducted in the Second IPIRG 
program.  Of this reduction, about half 
(10 to 15%) was attributed to the more 
damaging cyclic history associated with 
the BINP seismic experiment and about 
half (10 to 15%) was attributed to the 
fact that the crack in the BINP 
experiment was in the higher sulfur, 
lower toughness heat of pipe material 
DP2-A8 while the crack in the IPIRG 
experiment was in the lower sulfur, 
higher toughness heat of DP2-A8.  It 
should be noted, though, that this con-
clusion is based on data for a relatively 
high toughness material (stainless steel 
base metal) for which limit load condi-
tions should prevail.  Analysis indicated 
that for the case of a lower toughness 
material (cracks in carbon steels or 
stainless steel flux welds), in possibly a 
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larger diameter pipe, where EPFM con-
ditions probably prevail, the effect on 
the load-carrying capacity due to the 
more damaging cyclic history may result 
in as much as a 30 to 40 percent reduc-
tion in the maximum load.   

Effect of Restraint of Pressure 
Induced Bending - Near the end of the 
Second IPIRG program, an uncertainty 
analysis was conducted to identify the 
key issues, yet to be resolved, in the area 
of piping integrity.  The most significant 
issue with regards to LBB analysis that 
was identified in this uncertainty analy-
sis was that of restraint of pressure-
induced bending.  In that study, it was 
concluded that for small diameter pipe 
(on the order of 4-inch nominal diame-
ter), the margin on LBB may be over a 
factor of ten less than anticipated when 
using traditional LBB analysis in which 
this effect is not considered.  Thus, it 
was thought that this effect might be a 
key factor in future LBB applications, 
especially for small and intermediate 
diameter pipe.  However, as a result of 
the analyses conducted as part the BINP 
program, it was shown that restraint of 
pressure induced bending has only a 
minor effect on LBB.  The only times it 
could possibly play a significant role is 
for small diameter pipe, possibly 
operating at low operating stresses, or 
for steam lines, for which the leakage 
crack length is a large percent of the pipe 
circumference (approaching 50 percent 
of the pipe circumference).   

Effect of Weld Residual Stresses on 
COD Analyses for LBB Assessments – 
A preliminary analysis conducted as part 
of the uncertainty study conducted at the 
end of the Second IPIRG program 
indicated that weld residual stress effects 
could have a potentially significant 
effect on the predicted crack-opening 

displacements (COD) needed for an 
LBB assessment.  This effect was 
especially pronounced for thin-wall pipe 
operating at low stress levels.  This 
preliminary analysis suggested that the 
through-wall residual stress field in 
welded pipe could cause the crack faces 
of a through-wall crack to rotate closed 
on the outside surface, thus restricting 
the flow of fluid through the crack, to a 
much greater degree than what might be 
predicted based on existing COD 
analyses.  This restriction in flow would 
in turn cause the postulated leakage 
crack to be longer than anticipated for a 
prescribed leakage detection capability.  
Obviously, the longer-than-anticipated 
postulated leakage crack length would 
be detrimental to LBB.  As part of this 
effort several corrections to the 
GE/EPRI method were made.  As origin-
ally predicted, it was shown that the 
crack faces tend to rotate so that the 
crack on the outside surface opens less 
than on the inside surface.  Furthermore, 
it was shown that there was a critical 
stress level that must be applied in order 
to overcome the crack closure on the 
outside surface, and thus open the crack.  
However, for most practical 
applications, the effect of weld residual 
stresses on the COD, by itself, was not a 
major contributing factor for LBB 
analyses, i.e., less than a 15 to 20 percent 
effect on the margin or crack size. 

Development of Fracture Criteria for 
Through-wall Cracks in Elbows - An 
analysis methodology for predicting the 
applied J and the COD for a through-
wall crack in an elbow was developed.  
This methodology was developed in 
support of the US NRC’s initiative to 
formalize their LBB procedures through 
the publication of a new Regulatory 
Guide on LBB.  In the end, this new 
analysis methodology for 
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circumferential through-wall-cracked 
elbows was probably not needed.  The 
use of straight pipe solutions to predict 
the behavior of through-wall cracks in 
elbows is probably adequate.  The dif-
ferences in J and COD predictions 
between the new elbow through-wall 
crack analysis and existing straight pipe 
solutions (GE/EPRI) are minimal (less 
than 15 percent). 

Development of a Flaw Evaluation 
Criteria for Class 2, 3, and Balance of 
Plant (BOP) Piping - The flaw 
evaluation criteria that currently exist in 
ASME Section XI for austenitic 
(Appendix C) and ferritic (Appendix H) 
piping are for Class 1 piping systems.  
No such criteria currently exist in the 
ASME code for Class 2, 3, and BOP 
piping.  However, as inspection require-
ments for these piping systems increase, 
the need for such criteria is becoming 
more pressing.   

There are two main differences between 
Class 1 piping and Class 2, 3, and BOP 
piping.  The first is that Class 1 piping 
typically operates at higher pressures, 
and as such is typically fabricated from 
pipes with lower R/t ratios.  The criteria 
in Section XI were typically developed 
for pipes with R/t ratios of 20 or less.  
Class 2, 3, and BOP piping, e.g., service 
water systems, can be fabricated from 
pipes with R/t ratios that approach or 
exceed 80.  The second difference is that 
Class 2, 3, and BOP piping, which is 
typically fabricated from ferritic pipe, 
oftentimes operates at temperatures 
where there is a concern for transition 
temperature effects.  Activities 
associated with this task were aimed at 
addressing each of these differences.   

Effect of R/t Ratio - As part of this effort, 
a series of empirical equations was 

developed by curve fitting published 
finite element results of K-solutions and 
the associated F-functions.  It was found 
that there is a rather significant effect of 
R/t ratio on the elastic F-functions for 
higher R/t ratio pipes (i.e., there was a 
significant difference between the 
ASME Section XI Appendix H equa-
tions and the new F-function equations 
for the higher R/t ratios.)  The Appendix 
H solutions are supposedly only applica-
ble to pipes with R/t ratios of 5 to 20.  
The agreement between the Appendix H 
equations and the new equations was 
fairly good in this regime, but as would 
be expected, the solutions diverged at 
higher R/t ratios.  A major limitation 
associated with the new equations is that 
the FEA solutions which were used in 
the curve fitting process were limited to 
c/a values (half crack length divided by 
crack depth) of 32 or less.  This limits 
the applicability of these new equations 
to relatively short flaws, especially for 
the higher R/t ratio pipes where these 
equations are most needed.  For exam-
ple, for a pipe with an R/t ratio of 50, the 
limit on flaw length for a 50 percent 
deep flaw is about 10 percent of the pipe 
circumference, i.e., 2θ = 36 degrees. 

A second major activity associated with 
this task was the extension of one of the 
EPFM J-estimation schemes for surface 
cracked pipe to pipes with larger R/t 
ratios.  The existing estimation schemes 
(e.g., SC.TNP1) were developed for 
pipes with R/t ratios of approximately 5 
to 15.  As part of this effort, the SC.TNP 
analysis was modified to make it more 
applicable to pipes with higher R/t 
ratios.  The modification was made by 
adjusting the Lw term, which defines the 
distance from the crack plane at which 
the stress in the pipe approaches the 
uniform remote bending stress, i.e., the 
distance at which the effect of the crack 
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on the stress field diminishes.  For the 
modified SC.TNP analysis, the Lw term 
was defined in terms of the pipe wall 
thickness as Lw = C1*t.  The modified 
solution for J agrees much better with 
results from finite element analyses.  
The solutions developed as part of this 
program have only been developed for a 
single strain-hardening exponent (n = 5), 
but the methodology is currently being 
extended to account for different strain-
hardening exponents as part of another 
US NRC program.  

Transition Temperature Effects – The 
ASME Section XI Appendix H ferritic 
pipe flaw evaluation procedures require 
that a linear elastic (lower shelf) 
toughness value be used if the operating 
temperature is below 93°C (200°F).  
This can be a very limiting assumption.  
Consequently, a methodology for 
predicting the brittle fracture initiation 
transition temperature (FITT) of a 
surface crack in a ferritic pipe was 
developed.  This methodology is based 
on knowing, or being able to  

estimate, the 85 percent shear area tran-
sition temperature from a set of Charpy 
specimens.  Based on this analysis and 
the existing database of Charpy data for 
nuclear grade ferritic pipe, it appears that 
the probability of initiating a brittle 
fracture from a surface crack in a Class 
2, 3 or BOP piping system, even down to 
0°C (32°F), may be minimal.  
Consequently, the EPFM and limit-load 
analyses for Class 1 piping can probably 
be used with the corresponding strengths 
at the lower temperatures.  (At 
temperatures below 150°C [300°F] there 
is no effect of dynamic strain aging, so 
that the toughness could be higher at the 
lower operating temperatures.)
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NOMENCLATURE 

 
1. SYMBOLS 
 
A Crack size parameter 
B2 Stress index from ASME Section III 
c Half crack length 
ccrit Half length of critical crack 
C Factor which relates restraint length (L) to pipe stiffness (k) 
CB Slope term for bending in the weld residual stress COD analysis 
CT Slope term for tension loading in the weld residual stress COD analysis 
C1 Correction factor for Lw parameter in revised SC.TNP analysis 
E Elastic modulus 
F Elastic F-function 
FB Elastic F-function due to bending 
FT Elastic F-function due to tension 
h An elbow parameter (Relt/Rm

2) 
h1 Function in GE/EPRI method 
h2 Function in GE/EPRI method 
I Moment of inertia 
IID Intercept term for inside surface 
IOD Intercept term for outside surface 
J J-integral fracture parameter 
Japplied Applied value of J 
Je Elastic component of J 
JB

e Elastic component of J due to bending 
JT

e Elastic component of J due to tension 
Jp Plastic component of J 
J-R J-resistance 
k Pipe stiffness 
K Stress intensity factor 
KB Bending component of the stress intensity factor 
KT Tension component of the stress intensity factor 
L Restraint length 
L1 Short restraint length 
L2 Long restraint length 
Lw Distance parameter in SC.TNP analysis from the crack plane to the 

location where the stress in the pipe is no longer influenced by the crack 
M Margin associated with load combination method in LBB analysis 
M Moment 
Melbow Moment in an elbow 
Mmax Maximum moment 
Mpipe Moment in a pipe 
Mx Bending moment about x-axis 
My Bending moment about y-axis 
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n Strain hardening exponent 
p Pressure 
P Applied load 
Pb Bending stress 
Pe Thermal expansion stress 
Pm Membrane stress 
rCOD Correction factor that accounts for restraint of pressure-induced bending 

on the crack-opening displacements 
R Pipe radius 
Rel Bend radius of an elbow 
Rm Mean radius 
Sm ASME Code Design Stress 
S1 Earthquake design magnitude in Japan 
t Wall thickness 
t Time 
T Temperature 
V Functions in GE/EPRI analysis for predicting COD 
Z ASME Section XI stress multipliers to account for low toughness 
  
" Curve fitting parameter in Ramberg-Osgood relationship 
$ Stress inversion angle in Net-Section-Collapse analysis 
* Crack opening displacement 
*e Elastic component of COD 
*p Plastic component of COD 
*ID COD on inside surface 
*OD COD on outside surface 
*T Total crack opening displacement 
g Strain 
ge Elastic component of strain 
gp Plastic component of strain 
g0 Reference strain 
F Stress 
FB Bending stress 
Ff Flow stress 
Fm Membrane stress 
F0 Reference stress 
FT Stress due to tension loads 
Fu Ultimate strength 
Fy Yield strength 
σ ∞  Remote stress 
σ ∞

critical  Critical remote stress that must be overcome for cracks to be open when 
affected by weld residual stresses 

2 Half crack angle 
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2. ACRONYMS AND INITIALISMS 
 
AEC-ROC Atomic Energy Commission – Republic of China 
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing and Materials 
BINP Battelle Integrity of Nuclear Piping 
BOP Balance of Plant 
CEA Commissariat A L’Energie Atomique (France) 
COD Crack-opening displacement 
CRIEPI Central Research Institute of Electric Power Industry (Japan) 
C(T) Compact (tension)  
DPZP Dimensionless plastic zone parameter 
DTT Dynamic tear test 
DWTT Drop weight tear test 
Emc2 Engineering Mechanics Corporation of Columbus 
EPFM Elastic plastic fracture mechanics 
EPRI Electric Power Research Institute 
FEA Finite element analysis 
FITT Fracture initiation transition temperature 
FPTT Fracture propagation transition temperature 
GE General Electric 
IGSCC Intergranular stress corrosion cracking 
INER Institute of Nuclear Energy Research (Taiwan) 
IPIRG International Piping Integrity Research Group 
KEPRI Korea Electric Power Research Institute 
KINS Korean Institute of Nuclear Safety 
KOPEC Korean Power Engineering Company 
LBB Leak-Before-Break 
LEFM Linear elastic fracture mechanics 
MPC Materials Property Council 
NRC Nuclear Regulatory Commission 
NSC Net-Section-Collapse 
OD Outside diameter 
PICEP PIpe Crack Evaluation Program (leak rate code) 
PIFRAC PIping FRACture mechanics material property database 
PWHT Post-weld heat treat 
PWR Pressurized water reactor 
PWSCC Primary-water stress-corrosion cracking 
QS Quasi-static 
RPV Reactor pressure vessel 
SAM Seismic anchor motion 
SAW Submerge-arc weld 
SEN(T) Single-edge notch (tension) 
SF Safety factor 
SG Steam generator 
SIS Safety injection system 
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SMAW Shielded-metal-arc weld 
SQUIRT Seepage Quantification of Upsets In Reactor Tubes 
SRP Standard Review Plan 
SSE Safe shutdown earthquake 
TAG Technical Advisory Group 
TIG Tungsten-inert-gas weld 
TWC Through-wall crack 
US United States 
USNRC United States Nuclear Regulatory Commission 
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1.  INTRODUCTION 

Over the past 15 to 20 years, significant 
research has been conducted to further the 
understanding of the fracture behavior of 
piping and piping systems in commercial 
nuclear power plants.  While the results of 
these research programs have significantly 
advanced the state-of-the-art in the area of 
piping fracture mechanics, a number of key 
technical issues remained to be resolved in 
order to develop the necessary technical 
basis for codifying these results through the 
rulemaking process.  These unresolved 
issues were first identified near the end of 
the Second International Piping Integrity 
Research Group program (IPIRG-2) in a 
report entitled “Deterministic and 
Probabilistic Evaluations for Uncertainty in 
Pipe Fracture Parameters in Leak-Before-
Break and In-Service Flaw Evaluations,” 
Ref. 1.1.  These issues were then further 
prioritized through a series of piping review 
meetings, sponsored by the USNRC, aimed 
at prioritizing these issues in light of 
shrinking research budgets.   

The Battelle Integrity of Nuclear Piping 
(BINP) program was developed to address 
what were perceived to be the most critical 
outstanding issues.  The program was 
structured as a multi-client, cooperative pro-
gram, similar to the structure of the IPIRG 
programs.  The four organizations that 
funded this program and ultimately provided 
direction for its conduct are: 

• Central Research Institute of Electric 
Power Industry (CRIEPI) in Japan, 

• Institute of Nuclear Energy Research 
(INER) in Taiwan that led a consortium 
of organizations from Taiwan, including 
the Atomic Energy Commission-
Republic of China (AEC-ROC) and 
Taiwan Power Company, 

• Korean Institute of Nuclear Safety 
(KINS) that led a consortium of 
organizations from Korea, including 
Korean Electric Power Research 
Institute (KEPRI) and Korean Power 
Engineering Company (KOPEC), and 

• Nuclear Regulatory Commission in the 
United States. 

The program was structured as a series of 
independent tasks, each focused on 
addressing one of the outstanding technical 
issues identified in Reference 1.1 and/or the 
NRC piping review committee meetings.  
The impetus behind these tasks was devel-
oping or advancing the technical basis for 
either in-service flaw evaluation or leak-
before-break (LBB) assessments.  The tasks 
ultimately funded as part of this program 
were: 

• Task 1 – Experimental Assessment of 
the Effects of Secondary Stresses on 
Pipe Fracture Behavior 

• Task 2 – Pipe-System Experiment with 
an Alternative Seismic Input Function 

• Task 3 – Assessment of Actual Margins 
in Plant Piping 

• Task 4 – Assessment of Pipe-System 
Boundary Condition Effects on Leak-
Before-Break Analysis 

• Task 7 – Development of Flaw 
Evaluation Criteria for Class 2, 3, and 
Balance-of-Plant Piping 

• Task 8 – Resolution of Issues of Interest 
to Selected Members 

 Subtask 8.1 – Development of a J-
estimation Scheme for Through-Wall 
Cracks in Elbows 

 Subtask 8.2 – Evaluation of the Hot-
Leg Piping to Reactor Pressure 
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Vessel Nozzle Bimetallic Weld Joint 
Integrity for the V. C. Summer 
Nuclear Power Plant 

• Task 9 – Effect of Weld Residual 
Stresses on Crack-Opening-
Displacement (COD) Predictions for 
Leak-Before-Break Analyses 

In addition, two round-robin analyses were 
conducted as part of this program during 
which the program participants provided 
independent solutions to the problems.  
These solutions then in turn provided a part 
of the basis for two of the technical tasks 
conducted as part of BINP.  The two round-
robin analyses were: 

• First round robin on the effect of the 
restraint of piping system boundary 
conditions on crack-opening 
displacement (COD) predictions for 
LBB analyses.  The results from this 
round robin fed into Task 4. 

• Second round robin on the effect of pipe 
radius to thickness (R/t) ratio on elastic-
plastic fracture mechanics (EPFM) 
surface-cracked pipe J-estimation 
schemes.  The results from this round 
robin fed into Task 7. 

This final report for the BINP program is 
structured as a two volume report.  
Volume 1 provides a summary and implica-
tions of the results from both a leak-before-
break and in-service flaw evaluation per-
spective.  Volume 2 is a series of detailed 
appendices documenting the detailed results 
from the various tasks.   

1.1  References 

1.1  Ghadiali, N., Rahman, S., Choi, Y. H., 
and Wilkowski, G., “Deterministic and 
Probabilistic Evaluations for Uncertainty in 
Pipe Fracture Parameters in Leak-Before-
Break and In-Service Flaw Evaluations,” 
NUREG/CR-6443, June 1996. 
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2.  IMPLICATIONS OF RESULTS 

The impetus behind the various technical 
tasks undertaken as part of the BINP pro-
gram was the advancement of the technical 
basis for either leak-before-break (LBB) or 
in-service flaw evaluation assessments.  In 
this section of this report the implications of 
the results from the various technical tasks 
on these two subjects will be discussed.  
First, the implications related to LBB assess-
ments will be discussed, and then those 
related to in-service flaw evaluations.   

2.1  Implications of Results on Leak-
Before-Break Analyses 

A number of the technical tasks conducted 
as part of this program had potential impli-
cations with regards to LBB analyses.  
These included: 

• Task 1 – Role of Secondary Stresses on 
Pipe Fracture 

• Task 3 – Assessment of Actual Margins 
in a Plant Piping Analyses 

• Task 4 – Effect of Restraint of Pressure 
Induced Bending on the Crack-Opening 
Displacement (COD) Analyses for LBB 
Assessments 

• Task 8 – Development of a J-estimation 
Scheme for Through-Wall Cracks in 
Elbows 

• Task 9 – Effect of Weld Residual 
Stresses on COD Predictions for LBB 
Analyses 

In the sections that follow, each effect will 
be discussed separately.  In the next section 
of this report (Section 3) a series of sample 
test case problems will be presented to 
illustrate the impact that these effects might 
have.   

2.1.1  Role of Secondary Stresses on Pipe 
Fracture in LBB Evaluations 

The crack stability analysis for austenitic 
steel piping in the existing LBB evaluation 
procedures in the USNRC draft Standard 
Review Plan (SRP) Section 3.6.3 (Ref. 2.1) 
is based on a modified limit-load analysis.  
Traditional limit-load analysis is modified 
by the inclusion of a stress multiplier (Z) in 
the crack-driving-force term to account for 
cracks in lower toughness shielded-metal arc 
and submerge-arc welds (SMAW and SAW) 
or in ferritic steel base metal.  In addition, 
for these lower toughness materials, the 
combined thermal expansion stress at 
normal operating conditions (Pe) is included 
with the primary membrane and bending 
stress terms in the crack-driving force side 
of the stability analysis equation, i.e., the 
left-hand side of Equation 2.1. 

( ) ( ) ( )( )θβ
π
σ

sinsin2
2

−=++ f
ebm ZPPPM    

(2.1) 

where, 

M = the margin associated with the load 
combination method selected for the 
analysis (i.e., absolute or algebraic sum),  

Ff = flow stress, 
Pm = the combined membrane stress, including 

pressure, deadweight and seismic 
components, 

Pb = the combined primary bending stress, 
Pe = the combined thermal expansion stress at 

normal operating conditions, 
2 = half angle in radians of the postulated 

circumferential through-wall flaw, 
$ = stress inversion angle, i.e., angle in radians 

from the point 180 degrees removed from 
the crack centerline to the neutral axis of 
the pipe when accounting for the presence 
of the through-wall crack, and 
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Z = stress multiplier to account for the fact 
that the crack is located in a lower 
toughness material. 

For higher toughness tungsten inert gas 
(TIG) welds and austenitic wrought base 
metals, the crack-driving force term in the 
LBB evaluation procedures in draft SRP 
3.6.3 does not include either the thermal 
expansion stresses or the stress multiplier 
term (Z).  The crack-driving force term (left-
hand side of Equation 2.1) in draft SRP 3.6.3 
for austenitic wrought base metals and TIG 
welds is reduced to: 

( )bm PPM +                               (2.2) 

The inclusion of the thermal expansion 
stresses in the LBB evaluation procedures 
for postulated cracks in SMAW and SAW is 
consistent with wording in NUREG-1061 
Volume 3 (Ref. 2.2) which states, 

“The fracture mechanics analyses 
described in subsequent sections of this 
report should include thermal expansion 
stresses, which are conservatively 
included as primary stresses.  The Task 
Group further believes that other 
secondary stresses (e.g., through-the-
thickness stresses) do not contribute 
significantly to crack driving potential 
and, in view of the conservative treat-
ment of thermal expansion stresses, can 
be neglected.” 

This philosophy for the treatment of thermal 
expansion stresses is also similar to that 
used in the ASME Section XI flaw 
evaluation criteria for cracks found in 
SMAW and SAW in austenitic piping in 
Appendix C of ASME Section XI2.  The 
exception is that when the thermal expan-

                                                      
2 Further discussion of the impact of secondary 
stresses on pipe flaw evaluation criteria is reserved 
for Section 2.2 of this report. 

sion stresses in Appendix C are included for 
cracks in SMAW and SAW, they are 
included with a safety factor of 1.0 whereas 
the primary membrane and bending stresses 
are included with the full safety factors of 
2.77 for normal operating conditions and 
1.39 for emergency and faulted conditions.  
The crack-driving force term in Appendix C 
for SMAW and SAW is: 

( )ZSFPPPSF ebm /++            (2.3)  

Comparing Equation 2.3 with the left-hand 
side of Equation 2.1, one can see that the 
crack-driving force terms for LBB and the 
in-service flaw evaluation are similar, with 
the exception that the LBB criteria includes 
the thermal-expansion stress term with the 
full safety factor whereas the flaw evalua-
tion criteria from ASME Section XI 
Appendix C for flaws in lower toughness 
austenitic flux welds includes the thermal 
expansion stresses with a safety factor of 
1.0.  For cracks in higher toughness 
austenitic wrought base metals and TIG 
welds, the crack-driving force term in 
Appendix C (see Equation 2.4) is consistent 
with that in draft Standard Review Plan 
(SRP) Section 3.6.3 (see Equation 2.2). 

( )bm PPSF +                               (2.4) 

As a further point of reference, the British 
R6 approach (Ref. 2.3) also addresses the 
issue of primary versus secondary stresses.  
The R6 procedures classify primary stresses 
as those stresses that arise from loads that 
contribute to plastic collapse and secondary 
stresses as those stresses that arise from 
loads that do not contribute to plastic 
collapse.  The R6 procedures provide further 
clarification on the issue by saying: 

“The classification of stresses into these 
two types is a matter of some judgment.  
Primary stresses are produced by applied 
external loads such as pressure, 
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deadweight or interaction from other 
components.  Thermal or other displace-
ment-induced stresses must often be 
classified as primary stresses at the 
region of the defect if there is significant 
elastic follow-up.  These stresses will 
not, in general, be self equilibrating. 

Secondary stresses are generally 
produced as a result of internal mismatch 
caused by, for example, thermal 
gradients and welding processes.  These 
stresses will be self equilibrating, i.e., 
the net force and bending moment will 
be zero.  

Thermal and residual welding stresses 
which are self-equilibrating in the whole 
structure may be not self-equilibrating 
on the section containing the flaw.  Such 
stresses are not necessarily classifiable 
as secondary stresses.  If in doubt about 
the stress category primary stresses 
should be assumed.” 

Based on the above discussion there appears 
to be a level of uncertainty as to how to treat 
thermal expansion stresses in a LBB evalua-
tion, or for that matter in in-service flaw 
evaluations, i.e., are they included, and if so, 
what safety factor should be applied.  This 
uncertainty was first addressed during the 
analysis of a series of pipe-system experi-
ments from the First International Piping 
Integrity Research Group (IPIRG) program 
(Ref. 2.4).  The results from the IPIRG pipe-
system experiments indicated that for large 
surface cracks, where the failure stresses are 
below the yield strength of the uncracked 
pipe, the displacement-induced thermal 
expansion and seismic anchor motion 
(SAM) stresses contributed just as much to 
the fracture process as did the primary 
stresses, see Figure 2.1.  (Similar analysis of 
the experimental results from the through-
wall-cracked pipe-system and quasi-static 

bend experiments from the Second IPIRG 
program yielded a similar conclusion as did 
finite element analysis of a through-wall-
cracked pipe system, conducted as part of 
the Margin Assessment task of this program 
(Task 3)).   

Figure 2.1 shows a plot of the maximum 
experimental stress normalized by the Net-
Section-Collapse (NSC) stress for five 
quasi-static bend and five pipe-system 
experiments conducted as part of the IPIRG 
(Ref. 2.4) and related programs (Refs. 2.5 
and 2.6).  The crack sizes in each of these 
experiments were relatively large, such that 
the failure moments were low enough that 
plasticity was restricted to the crack section, 
especially in light of the fact that the bulk of 
the piping system (excluding the test 
specimen) was fabricated from higher 
strength carbon steel pipe.  In Figure 2.1, the 
maximum experimental stresses have been 
normalized by the NSC stress to account for 
slight differences in pipe size and crack size.  
For each experiment, the maximum stress 
has been broken down into its various stress 
components, i.e., primary membrane, pri-
mary bending, seismic anchor motion, and 
thermal expansion.  (For the quasi-static 
bend companion experiments, the only stress 
components applicable are primary mem-
brane and primary bending [quasi-static 
bending].)  From Figure 2.1, it can be seen 
that if the thermal expansion and seismic 
anchor motion stresses are ignored in the 
stress terms for the pipe-system 
experiments, then the normalized failure 
stresses for the pipe-system experiments 
would only be 40 to 60 percent of the 
normalized failure stresses for the quasi-
static bend experiments.  This suggests that 
these displacement-induced stresses do 
contribute to fracture, at least for the case of 
large surface cracks where plasticity is 
limited to the cracked section.
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Figure 2.1  Comparison of the results from the IPIRG-1 pipe-system experiments  

with companion quasi-static, four-point bend experiments demonstrating  
how global secondary stresses, such as thermal expansion and  

seismic anchor motion stresses, contribute to fracture 
 

This phenomenon was studied further as part 
of Task 1 of this program.  This task 
involved a stainless steel SAW pipe-system 
experiment in which the actuator was 
intentionally offset at the start of the test to 
simulate a larger thermal expansion stress 
component.  (Details of this Task 1 
experiment are provided in Appendix A of 
this report.)  From this experiment there are 
a couple of points of note which support the 
findings from the IPIRG-1 program.  First, 
the maximum moment from this experiment 
was about the same as that for a companion 
stainless steel weld experiment (with 
nominal thermal expansion) from IPIRG-1, 
see Figure 2.2.  Second, the crack actually 
initiated while initially offsetting the 
actuator to simulate the larger thermal 
expansion stress.  Both of these findings 
support the contention that the thermal 
expansion stresses (displacement-induced 
stresses) are not less detrimental than the 
primary membrane and bending stresses, at 
least for these test conditions for which the 

stresses at failure for the uncracked pipe 
were less than the yield strength. 

For such conditions (i.e., limited yielding), 
there is the potential for elastic follow-up.  
Section III of the ASME Code recognizes 
this potential in its local overstrain criteria in 
paragraph NC-3672.6(b).  This paragraph 
implies that global secondary stresses, such 
as thermal expansion and seismic anchor 
motion stresses, can act as primary stresses 
under certain conditions, such as when the 
weaker or higher stressed portions of the 
piping system are subjected to strain 
concentrations due to elastic follow-up of 
the stiffer or lower stressed portions of the 
piping system.  One obvious example of this 
is the IPIRG pipe system in which a large 
crack was introduced.  Consequently, the 
resultant stresses for the uncracked pipe 
sections were less than the yield strength at 
the time of failure of the cracked section.  
The implication is that the safety factor for
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Figure 2.2  Comparison of moment-time plots for IPIRG-1 Experiment 1.3-5 and  
BINP Task 1 experiment 

 
the displacement-induced stresses may be a 
function of the ratio of the failure stress to 
yield strength.  If the failure/yield stress 
ratio is less than 1.0, then the displacement-
induced thermal expansion and seismic 
anchor motion stresses should be treated as 
primary stresses for fracture.  If the opposite 
holds true (that is, if the failure/yield 
strength ratio is greater than 1.0), then these 
displacement-induced (secondary) stresses 
may become less important with some 
nonlinear function.   

At this time, however, no experimental data 
are known to exist for which the failure 
stresses were less than the yield strength of 
the uncracked pipe.  In light of this lack of 
data, quantifying this nonlinear function 
would be difficult at best.  Consequently, the 
most defensible course of action would be to 
leave the criteria in draft SRP 3.6.3 as is and 
to consider the thermal expansion stresses 
equal with the primary bending and 
membrane stresses, at least for the case of 

postulated cracks in lower toughness SMAW 
and SAW. 

2.1.2  Impact of Actual Margins for LBB 
Evaluations 

Battelle and Emc2 recently completed a 
study for the US NRC in which they devel-
oped the technical basis for a new Regula-
tory Guide on leak-before-break (LBB), 
Ref. 2.7.  That effort proposes a tiered 
approach to LBB.  The first tier of analysis 
(Level 1) was designed to be the simplest of 
the three levels and to provide a 
conservative assessment of LBB accept-
ability, and yet still be of sufficient accuracy 
that piping systems that readily pass the 
existing draft SRP 3.6.3 criteria (e.g., main 
coolant loop piping) can pass this Level 1 
criteria.  The Level 1 approach was 
structured such that one did not need to use 
sophisticated leak rate codes in the analysis, 
but merely a series of simple empirically-
derived algebraic expressions or closed-form 
solutions from which one could estimate the 
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postulated leakage crack size.  In addition, 
instead of having to use more sophisticated 
J-estimation scheme analyses to calculate 
the allowable stresses for the postulated 
crack size, the Level 1 fracture stability 
analysis was based on the simple ASME 
Section XI limit-load type analysis, 
modified as necessary by the ASME Section 
XI Z-factors to account for the postulated 
crack being located in a lower-toughness 
stainless steel flux weld.   

The next level of complexity for LBB 
assessments will be the Level 2 method-
ology.  The Level 2 methodology is similar 
in scope to the existing draft SRP 3.6.3 
methodology except that it incorporates 
many of the enhancements that have resulted 
from research over the last 15 years.  Two of 
these enhancements, i.e., the effect of 
restraint of pressure-induced bending on the 
crack-opening displacements (COD) for 
LBB analyses and the effect of weld residual 
stresses on the CODs for LBB analyses, will 
be discussed next.  It is envisioned that this 
level of assessment (Level 2) would be used 
in the vast majority of future LBB 
applications.   

The final level of assessment (Level 3) is the 
most complex of the three levels of deter-
ministic analyses, requiring the greatest 
amount of information/data for its applica-
tion.  In all likelihood, this level of analysis 
would only be used for those cases where 
LBB cannot be demonstrated using the sim-
pler Level 1 or 2 methods.  This level of 
analysis will involve a very detailed deter-
ministic analysis, including nonlinear stress 
analyses and possibly incorporating non-
linear behavior of the cracked section.  The 
nonlinear stress analysis will be used to take 
advantage of the inherent margins that exist 
when one invokes an elastic analysis on a 
nonlinear problem.  By incorporating plas-
ticity into the modeling, energy that would 
have otherwise gone into driving the crack 

will be absorbed in plastically deforming the 
surrounding uncracked pipe material.  As 
part of Task 3 of this program a quantitative 
assessment was made as to the magnitude of 
these actual margins for representative 
piping systems.   

The bottom line from this Task 3 effort is 
that the additional margin one might realize 
by using nonlinear analysis, instead of linear 
analysis, could be significant.  Of all the 
effects studied as part of this program, this 
effect appears to have the potential of 
making the most impact on either LBB or 
in-service flaw evaluations.  Additional mar-
gins on the order of 2 to 3 are not unrealistic 
when one considers plasticity in the 
uncracked pipe sections.  In the example 
problem considered in Section 3, an 
additional margin of approximately 2.5 was 
realized by conducting a nonlinear 
uncracked pipe analysis in lieu of an elastic 
uncracked pipe analysis.  For this example 
test case, the additional margin was over 10 
when the combined effect of remote piping 
system plasticity and plasticity due to the 
crack was considered.  Furthermore, detailed 
finite element analyses conducted as part of 
this program showed that the additional 
margin observed at certain locations along a 
surge line at one safe-shutdown earthquake 
(SSE) loading was on the order of 10 or 
more.  This margin was due solely to the 
remote plasticity and not the presence of the 
crack.  This effect had by far the biggest 
impact of any of the topics considered 
directly as part of this program3.  Thus, if 
                                                      
3 Another effect that was also found to have a pro-
nounced impact on LBB considerations was the 
choice of the crack morphology parameters used in 
the leak-rate analysis.  While not directly considered 
as part of the BINP program, it was indirectly con-
sidered as part of the assessment of the impact of 
restraint of pressure-induced bending on LBB in one 
of the example problems in Section 3 of this report.  
Furthermore, it was considered in detail in a related 
US NRC program conducted at Battelle and Emc2 
(Ref. 2.7).  As part of the example considered in 
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one finds oneself in a situation where one is 
having a hard time demonstrating LBB for a 
particular application, one logical source of 
relief may be found by invoking a Level 3 
type LBB analysis, and conducting a non-
linear stress analysis of the piping system 
under consideration.  The calculated 
moments and forces from that stress analysis 
are compatible with those in an elastic-
plastic fracture mechanic analysis. 

2.1.3  Effect of the Restraint of Pressure 
Induced Bending on the Crack-Opening 
Displacements (COD) for LBB 
Evaluations 

One of the technical areas of concern in the 
existing procedures in draft SRP 3.6.3 for 
LBB evaluations is the prediction of the 
crack-opening displacement needed for 
estimating the postulated leakage crack size 
for a prescribed leakage detection capability.  
Two specific concerns in this regard that 
were identified near the end of the Second 
IPIRG program (Ref. 2.9) are the effect of 
the restraint of pressure-induced bending 
and the effect of weld residual stresses on 
the COD predictions for LBB evaluations.  
In this section, the impact that restraint of 
pressure-induced bending has on the COD 
predictions, and subsequently the LBB 
assessment, will be discussed.  In the section 
that follows, the impact of weld residual 
stresses will be discussed. 

As part of Task 4 of this program, the effect 
of restraint of pressure-induced bending on 
the crack-opening displacements (COD) for 
LBB evaluations was considered.  Typical 
COD analyses used in past LBB submittals 
                                                                                
Section 3, it was shown that the choice of the crack 
morphology parameters can have a significant impact 
(factor of 2) on the postulated leakage crack size.  
This finding is supported by findings from a recent 
paper by Rudland, et. al. (Ref. 2.8).  This effect, 
along with the effect of actual margins currently 
under discussion, have by far the greatest impact on 
LBB of any of the issues raised in recent years.   

calculated the COD across the center of the 
crack for a pipe under bending and axial 
tension (from pressure and other loads), but 
all these models assumed the pipe was an 
end-capped condition with free rotation 
conditions at the ends.  Real pipe systems 
have rotation restraints at their terminal 
ends, which will reduce certain COD 
contributions.  The COD contribution of 
concern is that from the axial membrane 
loads and how they induce a bending 
contribution to the COD due to the 
eccentricity created from the neutral axis 
shift of the crack plane.  Note that although 
this is referred to as “restraint of pressure-
induced bending”, it is actually restraint of 
bending from any axial membrane stress 
component, including seismic, thermal 
expansion dead-weight etc. 

From the Task 4 efforts, it was found that 
the COD for the case where the piping 
system was restrained (CODres) was related 
to the COD for an unrestrained pipe 
(CODunres) by a factor rCOD, i.e.,  

unresCODres CODrCOD =           (2.5) 

The factor rCOD, which is 1.0 or less, was 
found to be a function of the crack size (as a 
percent of the pipe circumference) and the 
restraint length (normalized by the pipe 
diameter, i.e., L/D).  Basically, the longer 
the normalized crack length (2c/BD), the 
greater the effect of restraint.  In practice the 
longer normalized crack lengths (2c/BD) 
tended to be associated with smaller dia-
meter pipe since the actual crack lengths 
(2c) for a prescribed leakage detection 
capability are nearly independent of pipe 
diameter.  Steam lines would similarly tend 
to have longer cracks than subcooled water 
lines for a given leak rate.  In a similar vein, 
the closer the section under evaluation was 
to a restraint, i.e., the smaller the L/D, the 
greater the effect of restraint.  This effect of 
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restraint can thus be expected to be biggest 
for applications where the pipe diameter is 
small and the restraint length is short or 
close to a terminal end.   

Two separate analyses were developed as 
part of this task.  One was for the case where 
the restraint was fairly symmetric, i.e., the 
restraint lengths on either side of the section 
under consideration were about the same, 
i.e., L1/D = L2/D.  Practically speaking, 
there are not many applications where this 
occurs.  The more common application is 
where the restraint is asymmetric, and the 
two restraint lengths on each side of the 
section under consideration are not the 
same, i.e., L1/D < L2/D.  For this set of con-
ditions, an entirely different set of equations 
was developed for predicting the rCOD value 
than for the symmetric case.  However, the 
set of equations developed for the asym-
metric case were only developed for a single 
set of pipe R/t ratios, i.e., R/t = 10.  The 
symmetric equations that were developed 
were independent of R/t.   

Furthermore, as part of this effort, it was 
shown that the restraint length was a func-
tion of the stiffness (k = M/2) of the piping 
system at the location under consideration.  
An empirical analysis was developed where 
the restraint length was related to the pipe 
stiffness through a constant (C), which is a 
function of the second moment of inertia (I) 
of the pipe cross section.  Unfortunately, this 
empirical relationship was only valid for 
pipes with moments of inertia greater than 
10-4 m4 (240 inch4), which equates to pipes 
10-inch diameter, Schedule 80 and greater. 

In order to assess the magnitude of this 
effect on applications of potential interest 
from an LBB perspective, a finite element 
model of a three-loop Westinghouse primary 
piping system was analyzed.  The model 
included the hot leg, cold leg, cross-over leg, 
surge line, and one of the safety-injection 

systems, as well as the major hardware com-
ponents associated with this system, e.g., 
reactor pressure vessel, steam generator, 
reactor coolant pump, and pressurizer.  Anal-
yses were conducted at 18 potentially LBB 
sensitive locations along the various piping 
systems.  The location thought to be of 
possible greatest concern was where the 
surge line joined to the pressurizer, because 
it involves relatively small diameter pipe 
(14-inch versus approximately 30-inch) and 
high restraint.  From an ANSYS finite 
element analysis of the piping system, it was 
found that the short restraint length (L1/D) 
was 0.14, i.e., 14 percent of the pipe 
diameter, indicative of a highly restrained 
location.  However, due to the length and 
relative flexibility of the surge line, the long 
restraint length was 29 times the pipe 
diameter (L2/D = 29).    

To see the effect of this restraint condition 
on an LBB evaluation, one must first cal-
culate the COD and crack length for the case 
of an unrestrained pipe.  Using the 
Windows® version of SQUIRT 
(Version 1.1) and assuming crack morphol-
ogy parameters for an IGSCC crack, one can 
estimate the crack length and COD for the 
unrestrained case using the loads and 
thermo-hydraulic conditions for normal 
operations, and the prescribed leakage detec-
tion capability of the plant under considera-
tion, in this case 1.9 lpm (0.5 gpm).  The 
resultant leakage crack size was found to be 
on the order of 20 percent of the pipe cir-
cumference.  Using the equations developed 
as part of this effort for the asymmetric case 
(even though the R/t ratio for this applica-
tion is closer to 5 than 10), one sees that the 
effect of restraint on the crack-opening 
displacement, and thus the corresponding 
postulated leakage crack length, is less than 
1 percent.  (If the longer restraint length had 
been closer to 5 times the pipe diameter than 
29 times, then the effect would have been on 
the order of 20 to 25 percent.)  Thus, this 
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analysis (even though it may not be 
technically valid due to R/t constraints) 
tends to show that piping systems of this 
size and flexibility are probably not 
significantly impacted by the effect of 
restraint of pressure-induced bending.  If 
one wanted to consider a smaller diameter 
piping system, such as a 6-inch diameter 
safety injection system (SIS) line, with an 
associated longer normalized leakage crack 
length, then this effect may be more 
pronounced, but to do so would violate the 
relationship between restraint length (L/D) 
and pipe stiffness (k) developed as part of 
this effort.  Some other means of quantifying 
the restraint lengths to use in this analysis 
would have to be developed.   

The bottom line is that unless the piping sys-
tem is very small diameter (such that the 
leakage crack length is a large percent of the 
pipe circumference), this effect is probably a 
second order effect at best, and can probably 
be safely ignored.  To apply it to smaller 
diameter pipe, where the effect may be more 
pronounced, additional effort is required to 
develop the appropriate relationship to 
define the restraint lengths.   

2.1.4  Effect of Weld Residual Stresses on 
COD Predictions for LBB Evaluations  

If cracks develop in and around welds, as is 
most often the case, weld-induced residual 
stresses in and around the girth weld may 
cause the crack to be closed (or to be open 
less than anticipated) even though traditional 
COD analyses would suggest otherwise.  
Earlier studies have shown that pipe welding 
produces high residual stresses with a sharp 
stress gradient through the thickness 
(Ref. 2.10).  For thicker pipe, this stress 
gradient is typically tension-compression-
tension through the thickness.  For thinner 
wall pipe, this stress gradient is typically 
tension to compression through the thick-
ness from the inside surface out.  Thus, for 

thinner pipe these weld residual stresses tend 
to open the crack on the inside surface and 
close the crack on the outside surface.  As a 
result of these through thickness stress gra-
dients, the crack-opening displacements are 
effectively less than what one would predict 
based on traditional COD analyses methods, 
such as those developed at General Electric 
for the Electric Power Research Institute, 
i.e., the GE/EPRI method (Ref. 2.11).  As a 
result of the smaller effective COD (at least 
on the outside surface), the crack length for 
a prescribed leak-rate detection capability 
will be longer than predicted based on 
thermal hydraulic models, such as SQUIRT 
(Ref. 2.12) or PICEP (Ref. 2.13).  This 
longer postulated through-wall-crack length 
reduces the actual margin if the effects of 
the weld residual stresses are not properly 
considered.   

As part of this effort, correction factors to 
the GE/EPRI equations to account for the 
effects of the weld residual stresses on the 
crack-opening displacements were devel-
oped.  (Details of this development process 
are presented in Appendix H.)  The basic 
GE/EPRI expression for COD, as shown in 
Equation 2.6, specifies that the crack-
opening displacement (*) is a function of the 
applied remote stress (F∞), the half crack 
length (a), and a non-dimensional function 
from the GE/EPRI methodology (V1), which 
is a function of the normalized crack depth 
(a/t) and the R/t ratio of the pipe.   
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Analyses undertaken as part of Task 9 of the 
BINP program showed that there is a critical 
stress (F∞critical) that is a function of the 
normalized crack depth (a/t), R/t ratio of the 
pipe, and wall thickness of the pipe (t).   If 
the remote applied stress (F∞) was below 
this critical stress value, then the crack on 
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the outside surface of the pipe would remain 
closed.  Values for these critical stress values 
for tension and bending loading are provided 
in Tables 2.1 and 2.2.  (The shaded areas in 
Table 2.1 represent those cases where the 
crack would be predicted to be closed at the 
normal operating pressure of a pressurized 
water reactor (PWR), 15.5 MPa (2,250 psi).)  
If the remote applied stress was above this 
critical stress value, then the COD, corrected 
for weld residual stress effects, was found to 
be a function of the basic GE/EPRI value, 
corrected by a slope term, C, and an 
intercept term I, that are functions of a/t, R/t, 
and t, see Equation 2.7. 
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   (2.7) 

Figure 2.3 shows a comparison plot of the 
basic GE/EPRI COD values with the weld 
residual stress corrected values for the case 
of a quarter circumference long through-
wall crack (2 = B/4), R/t ratio of 10, and 
pipe wall thickness of 15.0 mm 0.59 inches) 
for remote tensile loading.  As evident in 
Figure 2.3, two separate intercept terms, I, 
are needed, one for the inside pipe surface 
and one for the outside pipe surface.  
Tabulated values for C for remote tension 
and bending (CT and CB) and I for both the 
inside and outside pipe surfaces (IOD and IID) 
are provided in Tables 2.3 through 2.6.  
Certain thermal hydraulics models, like 
SQUIRT, allow the user to input COD 
values for both the inside and outside pipe 
surface.  Values for the basic GE/EPRI V1 
functions for tension and bending are 
provided in Reference 2.11 and Table 2.7. 
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Table 2.1  Critical values of remote axial tension membrane stress that need to be exceeded 
to allow for crack opening with weld residual stress* 

  Critical Remote Tension Stress, MPa (ksi) 
  Thickness mm, (in.) 

R / t 2/B 7.5 (0.295) 15.0 (0.59) 22.5 (0.886) 30.0 (1.181) 
5 1/16 133.0, (19.3) 105.0, (15.2) 44.0, (6.39) 31.5, (4.56) 
5 1/8 134.6, (19.5) 48.5, (7.03) 25.0, (3.63) 20.6, (2.99) 
5 1/4 83.7, (12.1) 28.7, (4.17) 14.7, (2.14) 10.8, (1.57) 
5 1/2 21.2, (3.7) 9.61, (1.39) 3.98, (0.58) 0.00 

10 1/16 84.7, (12.3) 35.7, (5.17) 22.0, (3.18) 13.0, (1.89) 
10 1/8 52.5, (7.62) 24.7, (3.58) 13.4, (1.94) 9.45, (1.37) 
10 1/4 33.4, (4.85) 16.7, (2.42) 8.65, (1.25) 5.06, (0.73) 
10 1/2 11.3, (1.64) 4.50, (0.65) 2.42, (0.35) 0.00 

20 1/16 28.7, (4.16) 6.54, (0.45) 9.35, (1.36) 5.29, (0.77) 
20 1/8 21.7, (3.15) 3.82, (0.55) 5.78, (0.84) 0.43, (0.06) 
20 1/4 16.1, (2.33) 2.08, (0.30) 3.50, (0.51) 2.18, (0.32) 
20 1/2 4.83, (0.70) 0.65, (0.09) 1.00, (0.15) 0.00 

*Grayed cells indicate that the crack would remain closed at an operating pressure of 15.5 MPa (2,250 psi) 
 
 
 
Table 2.2  Critical values of remote bending stresses (FB

∞
Critical) for moment loading 

  Critical Remote Bending Stress, MPa (ksi) 
  Thickness mm, (in.) 

R / t 2/B 7.5, (0.295) 15.0, (0.59) 22.5, (0.886) 30.0, (1.181) 
5 1/16 231.4, (33.6) 127.6, (18.5) 44.5, (6.45) 36.3, (5.26) 
5 1/8 191.0, (27.7) 54.9, (7.96) 29.2, (4.23) 23.8, (3.45) 
5 1/4 77.2, (11.2) 57.8, (8.39) 19.9, (2.89) 14.6, (2.12) 
5 1/2 41.3, (5.99) 26.8, (3.88) 8.62, (1.25) 2.57, (0.37) 

10 1/16 96.3, (14.0) 37.6, (5.45) 23.0 (3.34) 13.9, (2.02) 
10 1/8 51.6, (7.49) 25.5, (3.70) 14.2, (2.06) 9.93, (1.44) 
10 1/4 54.3, (7.88) 20.3, (2.94) 10.3, (1.50) 6.42, (0.93) 
10 1/2 31.8, (4.60) 10.8, (1.57) 5.36, (0.78) 2.43, (0.35) 

20 1/16 31.7, (4.60) 12.9, (1.87) 9.45, (1.37) 5.72, (0.83) 
20 1/8 24.0, (3.48) 9.65, (1.40) 6.00, (0.87) 4.85, (0.70) 
20 1/4 22.7, (3.29) 7.58, (1.10) 4.46, (0.65) 3.63, (0.53) 
20 1/2 17.6, (2.55) 5.51, (0.80) 3.12, (0.45) 2.83, (0.41) 
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Figure 2.3  GE/EPRI tension equation modification for the case of θ= B/4 
R/t = 10, and 15 mm (0.59 each) thick pipe 

 

 

Table 2.3  CT values for tension loading 
Thickness, mm (inch)  

7.5 (0.295) 15.0 (0.59) 22.5 (0.886) 30.0 (1.181) 
R/t 2/B CT 

5 1/16 0.869 1.007 0.789 0.813 
5 1/8 0.906 0.959 0.861 0.899 
5 1/4 0.731 0.744 0.722 0.726 
5 1/2 0.852 0.862 0.827 0.868 

10 1/16 0.883 0.769 0.806 0.817 
10 1/8 0.918 0.825 0.803 0.847 
10 1/4 0.650 0.651 0.617 0.661 
10 1/2 0.762 0.758 0.709 0.767 
20 1/16 0.786 1.517 0.769 0.801 
20 1/8 0.766 1.795 0.720 0.765 
20 1/4 0.572 1.526 0.515 0.587 
20 1/2 0.806 1.524 0.638 0.810 
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Table 2.4  CB values for moment loading 
Thickness, mm (inch)  

7.5 (0.295) 15.0 (0.59) 22.5 (0.886) 30.0 (1.181) 
R/t 2/B CB 

5 1/16 0.397 0.711 0.586 0.608 
5 1/8 0.874 0.672 0.662 0.676 
5 1/4 0.480 0.574 0.549 0.573 
5 1/2 0.369 0.446 0.410 0.441 

10 1/16 0.699 0.706 0.651 0.695 
10 1/8 0.641 0.703 0.660 0.686 
10 1/4 0.501 0.541 0.489 0.520 
10 1/2 0.258 0.276 0.253 0.266 
20 1/16 0.763 0.758 0.749 0.776 
20 1/8 0.677 0.700 0.661 0.698 
20 1/4 0.376 0.384 0.355 0.382 
20 1/2 0.105 0.106 0.101 0.105 

 
 
 
 
 
 

Table 2.5  IOD values 
Thickness, mm (inch)  

7.5 (0.295) 15.0 (0.59) 22.5 (0.886) 30.0 (1.181) 
R/t 2/B IOD 

5 1/16 -0.00256 -0.00240 -0.00074 0.00038 
5 1/8 -0.00288 -0.00119 -0.00053 0.00049 
5 1/4 -0.00271 -0.00086 -0.00040 0.00050 
5 1/2 -0.00295 -0.00112 -0.00042 0.00055 

10 1/16 -0.00172 -0.00060 -0.00037 0.00019 
10 1/8 -0.00132 -0.00055 -0.00028 0.00026 
10 1/4 -0.00103 -0.00051 -0.00024 0.00027 
10 1/2 -0.00147 -0.00058 -0.00028 0.00033 
20 1/16 -0.00051 -0.00022 -0.00016 0.00009 
20 1/8 -0.00051 -0.00021 -0.00012 0.00012 
20 1/4 -0.00055 -0.00019 -0.00010 0.00014 
20 1/2 -0.00086 -0.00024 -0.00013 0.00021 
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Table 2.6  IID values 
Thickness, mm (inch)  

7.5 (0.295) 15.0 (0.59) 22.5 (0.886) 30.0 (1.186) 
R/t 2/B IID 

5 1/16 0.00214 0.00016 0.00028 -0.00050 
5 1/8 0.00207 0.00082 0.00039 -0.00038 
5 1/4 0.00139 0.00073 0.00027 -0.00025 
5 1/2 -0.00012 -0.00001 0.00001 0.00004 

10 1/16 0.00071 0.00019 0.00020 -0.00022 
10 1/8 0.00082 0.00029 0.00026 -0.00019 
10 1/4 0.00076 0.00022 0.00018 -0.00013 
10 1/2 -0.00014 -0.00004 0.00001 0.00002 
20 1/16 0.00033 0.00004 0.00007 -0.00009 
20 1/8 0.00038 0.00008 0.00009 -0.00009 
20 1/4 0.00028 0.00007 0.00007 -0.00007 
20 1/2 -0.00017 -0.00003 -0.00001 0.00004 
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Table 2.7  V1 values for bending from  
Tables 4.3 and 4.8 of Reference 2.14 

2/B  
R / t 1 / 16 1 / 8 1 / 4 1 / 2 

5 1.234 1.388 2.008 5.331 
10 1.206 1.480 2.379 7.165 
20 1.111 1.482 3.079 11.585 

 
For the combined load case of tension plus 
bending, the expression in Equation 2.8 
should be used.  For the COD on the outside 
surface (*OD), the outside surface intercept 
value (IOD) is used.  For the COD on the 
inside surface (*ID), the inside surface 
intercept value (IID) is used.   
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The end result of this work is a more robust 
crack-opening displacement analysis that 
accounts for the effects that weld residual 
stresses have on the COD, and in turn the 
postulated through-wall-crack length.  
Ignoring this effect will lead to a nonconser-
vative assessment of the length of the postu-
lated through-wall crack, and thus a noncon-
servative LBB assessment.  A quantitative 
assessment of the impact of this effect will 
be made in Section 3 of this report when a 
series of example problems are presented. 

At this time, this modified-COD analysis 
that accounts for weld residual stresses has 
been incorporated into a new version of the 
SQUIRT code.  The incorporation of this 
modified methodology was made as part of 
a separate ongoing US NRC sponsored 
program at Battelle and Emc2.  In the 
SQUIRT4 module4 of  this new version of 

                                                      
4 The SQUIRT4 module is the module that allows for 
the determination of a postulated through-wall-crack 
length for a prescribed leak rate for a given set of 
load and pipe geometry/material conditions. 

SQUIRT, the user has the option of either 
using the original GE/EPRI COD express-
ions or the revised expressions for COD that 
account for weld residual stresses. 

In addition to developing these correction 
factors to account for the effects of weld 
residual stresses on the COD values for 
uniform welds (nominally the same residual 
stress field around the entire pipe circum-
ference), the effect of weld starts and weld 
stops on the COD values was examined.  
From 3-dimensional finite element analyses, 
the key finding from this effort was that the 
cracks in the vicinity of the start-stop are 
more open than those placed 180 degrees 
away from the start-stop region, where the 
effects of start-stops should be the smallest.  
As a result, ignoring the effects of start-stops 
will lead to a conservative estimate of the 
postulated through-wall-crack length from 
an LBB perspective.  This is because the 
postulated through-wall-crack length is 
back-calculated from an assumed crack-
opening area for a prescribed leak rate.  This 
area is based on the COD and the crack 
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length.  Thus, if the crack is more open in 
the region of the start-stop than would be 
predicted by ignoring the start-stop effects, 
then the postulated through-wall-crack 
length would actually be shorter in the start-
stop region than would be predicted from an 
analysis that ignores the start-stop effects.  
Thus, ignoring the start-stop effects would 
be conservative.  Of note is that only one 
pipe geometry and size was evaluated in this 
analysis.  Therefore, the results should be 
viewed more qualitatively than 
quantitatively.  A range of pipe sizes and 
radius-to-thickness ratios should be studied 
to obtain a better understanding of the start-
stop effects for a wider range of situations. 

2.1.5  Development of a J-estimation 
Scheme for Through-wall Cracks in 
Elbows that could be used in the Stability 
Analysis of a LBB Evaluation 

In the past, leak-before-break (LBB) assess-
ments of piping systems have typically not 
specifically addressed the issue of pipe 
fittings, such as elbows and tee joints.  One 
reason is the lack of a predictive COD 
analysis or a fracture stability criterion for 
through-wall cracks in such geometries.  
Most of the available COD and fracture 
stability criteria are for cracks in straight 
pipe.  In the past, if one wanted to consider a 
crack in an elbow, about the only means 
available was finite element analyses.  As 
part of the Second IPIRG program, a 
surface-crack J-estimation scheme for 
elbows was developed (Ref. 2.15).  This 
methodology used simple influence 
functions, based on ASME Section III stress 
indices, along with existing straight-pipe 
solutions, to predict the fracture response of 
a surface-cracked elbow.  The use of these 
stress indices, along with existing straight-
pipe J-estimation methods, showed promise 
in predicting the fracture response of 
surface-cracked elbows.   

However, in order to make an LBB assess-
ment of an elbow (or other pipe fitting), a 
through-wall-crack solution is needed.  As 
part of Task 8 of the BINP program, such an 
estimation scheme was developed.  (See 
Appendix F for the details of this develop-
ment process.)  Both axial flank cracks and 
circumferential cracks along the intrados 
and extrados were considered.  Solutions 
were compiled for pure pressure, pure bend-
ing, and combined pressure and bending.  
Ultimately, it was hoped that this estimation 
scheme could be used to validate a method-
ology in which simple influence functions, 
such as the ASME stress indices, could be 
used in conjunction with straight-pipe 
through-wall-crack solutions to predict the 
crack-opening displacement and the fracture 
behavior of cracked elbows.   

Elastic-plastic estimation schemes used to 
estimate either the crack-opening displace-
ments (*) or the crack-driving force (using 
the J-integral parameter) are based on the 
concept of proportional loading.  If a 
cracked body is loaded in a proportional 
manner, such that the constitutive response 
is adequately modeled via deformation 
theory plasticity, then Illyushin has shown 
that the deformations, stresses, and energies 
(e.g., J-integral) are proportional to a load 
parameter, material parameters, and 
geometric quantities.   

The estimation of J is typically written as: 
pe JJJ +=                        (2.9) 

where,  

J  = total estimated value of J, 
Je = the elastic component of J, and 
Jp = the plastic component of J. 

In the past, it has been observed that devel-
oping elastic-plastic estimation schemes 
using the separate elastic and plastic com-
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ponents provides a reasonable estimate for 
engineering purposes.  Typically, the con-
stitutive material response is assumed to 
follow the Ramberg-Osgood relationship 
where, 

  
n
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where, 

F0 = the reference stress, 
,0 = the reference strain (F0/E), 
n = the strain hardening exponent, and 
" = a material constant. 

The estimation scheme for crack-opening 
displacement (*) is written as: 

peT δδδ +=                        (2.11) 

where, 

*T = total crack-opening displacement, 
*e = elastic component of the crack-

opening displacement, and 
*p = plastic component of the crack-

opening displacement. 

The elbow analysis was developed 
following this basic approach and was 
structured in the motif of the GE/EPRI J-
estimation scheme analysis for through-wall 
cracks in straight pipe.  A series of influence 
functions based on curve-fit analyses of 
finite element results were developed.  
These functions are tabulated in Appendix F.  
These influence functions (F-functions for 
the elastic component of J, V1 for the elastic 
component of COD, h1 for the plastic 
component of J, and h2 for the plastic 
component of COD), are functions of the 
crack geometry, crack size, R/t ratio, strain-
hardening exponent (n), and applied load.  
With these functions, the elastic and plastic 
components of J and COD can be readily 

calculated using a series of algebraic 
expressions, i.e.,  
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The subscripts T and B in Equations 2.12 
and 2.13 refer to the contribution to J and 
COD from the tension and bending loads, 
respectively.   

As part of this effort a limited number of 
finite element solutions were developed and 
a J-estimation scheme with h-function fits 
through these solutions was derived.  
However, the complexity of this methodol-
ogy and the limited scope of solutions devel-
oped limited the applicability of this 
approach.  As such, it was desirable to see if 
a simplified solution based on the ASME 
stress indices could be developed from these 
basic results that would be applicable over a 
wider range of through-wall cracks in 
elbows.  The goal was to see if this simpli-
fied approach could be crafted in the motif 
of the simplified surface-crack solution 
developed for surface cracks in elbows as 
part of the Second IPIRG program 
(Ref. 2.15).  This involved comparing the 
elbow results to those for a circumferential 
through-wall crack in a straight pipe of the 
same dimensions and with the same material 
properties.  The straight-pipe J-estimation 
schemes considered were the GE/EPRI 
method (Ref. 2.11) and the LBB.ENG2 
method (Ref. 2.14).   

)(4)(4
11 BV

E
atV

E
a BTe

B
e
Te

σσδδδ +=+=



 

20 

From Reference 2.15 it was found that for 
surface cracks that the ratio of the straight 
pipe to elbow moment values at the same J 
value was constant as the J value increased 
for applied J values generally greater than 
100 kJ/m2 (570 in-lbs/in2), which is near the 
lower bound of the toughness range for most 
nuclear piping materials, except perhaps 
some aged cast stainless steels.  In 
Reference 2.15, these constant ratios of 
straight pipe to elbow moment values were 
plotted against the ASME Section III stress 
indices for elbows, e.g., the B2

5 stress index 
for primary bending.  What was found was 
that the Mpipe/Melbow values increased in a 
linear fashion with B2, but were generally 
less than B2, i.e.,  

Mpipe/Melbow < B2                       (2.16) 

Consequently, a conservative assessment of 
the moment-carrying capacity of a surface-
cracked elbow could be made by dividing 
the straight-pipe solution (e.g., SC.TNP1 
solution) by the ASME B2 stress index.   

A similar analysis approach was followed 
for though-wall-cracked elbows.  As part of 
this analysis, it was found that for cir-
cumferential through-wall cracks in elbows, 
the ratio Mpipe/Melbow was essentially 1.0, 
independent of the B2 stress index, see 
Figure 2.4.  What this implies is that one can 
use a straight-pipe solution (either GE/EPRI 
or LBB.ENG2) to predict the fracture 
stability behavior (moment-carrying 
capacity) of a circumferential through-wall 
crack in an elbow.  For axial flank cracks, 

                                                      
5 Article NB-3683.7 of Section III of the ASME Code 
defines the B2 stress index for an elbow as 

 
B2 = 1.3h2/3; B2 > 1.0 

where,  
h = tRel/Rm

2, 
t = wall thickness, 
Rel = radius of curvature of the elbow, and 
Rm = mean radius of the elbow cross section. 

the ratio of Mpipe to Melbow increased as the 
stress index B2 increased, but was generally 
less than B2, see Figure 2.5.  Consequently, a 
conservative approach would be to use the 
straight-pipe solution, but divide the 
straight-pipe moment solution (from either 
GE/EPRI or LBB.ENG2) by the elbow B2 
index in order to predict the moment 
capacity of an axial crack along the flank of 
an elbow.  This approach for predicting the 
fracture behavior of through-wall-cracked 
elbows could be readily incorporated into 
the new Regulatory Guide for LBB the NRC 
is currently formulating.   

To make an assessment of crack-opening 
displacements (COD), however, one must 
rely more on the full J-estimation scheme as 
outlined in Appendix F.  No such assessment 
for COD was made in this effort.  Caution 
should be used in trying to apply this same 
approach for the COD values in that the 
COD should be for elastic loading where the 
constant moment ratio that occurs under 
plastic loading does not exist.  It should be 
noted that some linear-elastic fracture 
mechanics (LEFM) COD solutions do exist 
in the open literature (Ref. 2.16). 

2.2  Implications of Results on In-Service 
Flaw Evaluations 

A number of the technical tasks conducted 
as part of this program had implications with 
regards to in-service flaw evaluations.  
These included: 

• Task 1 – Role of Secondary Stresses on 
Pipe Fracture 

• Task 3 – Assessment of Actual Margins 
in a Plant Piping Analyses 

• Task 7 – Development of Flaw 
Evaluation Criteria for Class 2, 3, and 
Balance of Plant (BOP) Piping 

In the sections that follow each of these 
effects will be discussed separately.   
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Figure 2.4  Ratio of circumferentially through-wall-cracked pipe-to-elbow moments for  
constant applied J values versus the ASME B2 stress index for the elbow 
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2.2.1  Role of Secondary Stresses on In-
Service Flaw Evaluation Procedures 

The issue of how to treat secondary stresses 
for in-service flaw evaluation procedures is 
the same as for leak-before-break (LBB) 
analyses.  Currently existing experimental 
data indicate that global secondary stresses 
(i.e., displacement-induced stresses), such as 
thermal expansion and seismic anchor-
motion stresses, contribute just as much to 
pipe fracture as do primary membrane and 
bending stresses.  There is the question as to 
whether this statement is universally true, 
i.e., does it apply to the case where the 
neighboring uncracked pipe is plastically 
deformed.  If such is the case, then some 
would argue that these displacement-
induced secondary stresses may not play as 
significant a role in the fracture process as 
the primary membrane and bending stresses.  
Some have suggested, in cases such as this, 
that the displacement-induced secondary 
stresses should be combined with the 
primary stresses in some nonlinear fashion.   

Such may have been the thought process of 
the authors of the ASME Section XI flaw 
evaluation criteria for Class 1 piping.  
Essentially they ignore thermal expansion 
type stresses altogether in both Appendix C 
for austenitic piping and Appendix H for 
ferritic piping for the case of higher tough-
ness materials where limit-load conditions 
exist.  For these conditions, the stresses 
necessary to drive the crack are probably 
sufficient that plasticity remote from the 
crack section may be extensive.  For lower 
toughness materials (such as SMAW and 
SAW), where elastic-plastic fracture 
mechanics (EPFM) conditions exist and 
plasticity away from the crack plane is 
probably limited, they include the thermal 
expansion stresses in the applied stress term, 
but only with a safety factor of 1.0.  For the 
primary membrane and bending stresses, 
they include the full safety factors of 2.77 

for normal operating conditions and 1.39 for 
emergency and faulted conditions.   

In light of the fact that the results from this 
program and the prior IPIRG programs 
suggest that secondary stresses be 
considered with more vigor than they have 
in the past, one means of doing so would be 
to have the safety factor for thermal 
expansion stresses be a function of the 
applied stress level.  

2.2.2  Impact of Using Actual Margins 
from Plant Piping Analyses for In-Service 
Flaw Evaluations 

As was the case for LBB applications, using 
a nonlinear analysis instead of an elastic 
analysis to define the stresses in the piping 
system can have a significant effect on the 
allowable flaw size from an in-service flaw 
evaluation perspective.  The additional mar-
gins on moment from the LBB perspective 
are equally available in an in-service flaw 
evaluation.  These additional margins can 
then in turn have a significant effect on the 
allowable flaw size.  An example test case 
described in Section 3 of this report showed 
that one could allow a 60 percent deeper 
flaw to exist (for the same flaw length) when 
one used a nonlinear analysis to define the 
stresses instead of a linear elastic analysis.   

2.2.3  Development of Flaw Evaluation 
Criteria for Class 2, 3, and BOP Piping 

The flaw-evaluation criteria that have been 
developed over the years, and have been 
incorporated in Section XI of the ASME 
Code, are for Class 1 piping systems only.  
However, as Class 2, 3, and BOP piping 
systems are inspected more frequently due 
to increased inspection requirements in the 
ASME Code, a means of assessing flaws 
found through these inspections is needed.  
In addition, as plants age, flaws are more 
likely to become a potential problem.  It is 
also of note that some Class 2, 3, and BOP 
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piping systems may be more important than 
their Class 1 counterparts relative to plant 
risk analyses from a core-damage frequency 
perspective.   

As such, the objective of Task 7 was to 
develop data and analysis procedures in 
support of establishing flaw evaluation 
procedures for Class 2, 3, and BOP piping.  
(For a more detailed description of this 
development effort, the reader is referred to 
Appendix E.)  This initial development of a 
technical basis for a flaw evaluation criteria 
for Class 2, 3, and BOP piping addressed 
two main issues not particularly relevant to 
Class 1 piping.  One is the fact that Class 2, 
3, and BOP piping systems typically operate 
at lower operating pressures, and as such are 
often fabricated from pipe with higher R/t 
ratios than those used in Class 1 piping sys-
tems.  The second is the fact that these 
piping systems often operate at lower tem-
peratures than the Class 1 systems, and as 
such, may be susceptible to transition tem-
perature effects if fabricated from ferritic 
pipe.   

2.2.3.1  Effect of R/t Ratios on the 
Fracture Behavior of Class 2, 3, and BOP 
Piping 

As part of this effort, the effect of the pipe 
R/t ratio on the fracture behavior of Class 2, 
3, and BOP piping in both the linear elastic 
(LEFM) regime as well as the elastic-plastic 
(EPFM) regime was investigated.  In addi-
tion, previously it was shown that the R/t 
ratio had an effect on the load-carrying capa-
city of cracked pipe under limit-load condi-
tions (Ref. 2.5 and 2.17).  Figure 2.6 shows 
a plot of the ratio of the experimental stress 
to the predicted Net-Section-Collapse 
(Ref. 2.18) stress (NSC) as a function of R/t 
ratio for a series of experiments that were 
predicted to fail under limit-load conditions 
based on the Dimensionless-Plastic-Zone-
Parameter (DPZP) screening criterion 

(Ref. 2.19).  As can be seen from Figure 2.6, 
the higher the R/t ratio, the lower the experi-
mental stress when compared with the pre-
dicted limit-load stress, i.e., NSC stress.  It 
has been hypothesized that this reduction in 
load-carrying capacity stems from the pipe 
cross section ovalizing more for the thinner, 
higher R/t ratio pipes.  As part of this pro-
gram, additional data were to have been gen-
erated for a pipe section with a higher R/t 
ratio than those in Figure 2.6.  However, 
preliminary analysis suggested that to con-
duct such an experiment would require a 
significant internal pipe pressure be simul-
taneously applied with the bending moment 
to preclude the pipe section from buckling 
on the compressive side of the pipe.  This 
internal pipe pressure would not only mini-
mize the potential for buckling, but it would 
also limit the amount of ovalization occur-
ring, thus complicating any post-test 
analysis through the addition of another 
variable in the analysis, i.e., pressure.  As 
such it was decided to forego the conduct of 
the one planned high R/t ratio, limit-load 
pipe experiment and to redirect the resources 
from that effort to other related efforts in 
this flaw-evaluation criteria development 
process.  In the sections that follow, the 
effect of R/t ratio on the elastic F-functions 
and elastic-plastic J-estimation scheme 
analyses will be presented.   

Effect of R/t Ratio on the Elastic 
F-functions – As part of this effort, the 
fracture behavior of flawed piping operating 
in the linear-elastic fracture mechanics 
(LEFM) regime was investigated.  The 
crack-driving force under LEFM conditions 
is typically expressed in terms of the stress 
intensity factor (K), where the expression 
for K is: 
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Figure 2.6  Plot of the ratio of the experimental stress to the predicted NSC stress as a  
function of pipe R/t ratio for pipes expected to fail under limit-load conditions 

 
aFK πσ=                     (2.17) 

where,  

K = stress intensity factor, 
F = elastic F-function 
F = remote applied stress, and 
a = crack size. 

Currently, for Class 1 ferritic piping, Section 
XI, Appendix H limits the applicability of 
the F-functions they report to pipes with R/t 
ratios of less than 15.  While this limitation 
is acceptable for Class 1 ferritic piping, it is 
much too restrictive for Class 2, 3, and BOP 
piping, which typically are fabricated from 
thinner wall pipes with much larger R/t 
ratios.  In order to address this limitation, 
researchers working for The Materials 
Property Council (MPC) in the United States 
(Ref. 2.20) and researchers at CEA in France 
(Ref. 2.21) have developed an extensive 
database of numerical solutions for F using 

the finite element method for a variety of 
pipe and circumferential surface flaw 
geometries (flaw depth (a/t) and flaw length 
[c/a or 2/B]), pipe R/t ratios, and crack 
locations and loading conditions (i.e., 
internal flaw loaded in tension, internal flaw 
loaded in bending, external flaw loaded in 
tension, and external flaw loaded in 
bending).  As part of this effort in the BINP 
program, these tabulated numerical results 
were curve fit to a series of mathematical 
expressions, with the goal of including these 
mathematical expressions into a code 
useable expression.  The detailed 
mathematical expressions, with the appli-
cable coefficients developed from the curve-
fitting operations, are provided in Appendix 
E.  Algebraic expressions of F as a function 
of flaw depth (a/t), flaw length (c/a or 2/B), 
and pipe R/t ratio were developed for 
internal and external circumferential flaws 
loaded in both tension and bending.   
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Figure 2.7  Comparison of new Class 2, 3, and BOP F-functions and F-functions in  
ASME Section XI Appendix H for a crack aspect ratio (c/a) of 16 and a pipe  

with an R/t ratio of 40 for internal circumferential cracks subject to pure bending. 
 

Figure 2.7 shows a comparison between the 
existing ASME Section XI Appendix H 
F-functions and the newly developed 
F-functions from this effort as a function of 
crack depth for the case of an internal crack 
loaded in bending for a normalized crack 
length (c/a) of 16 and for a pipe with an R/t 
ratio of 40.  As can be seen from this 
example, for the flaw depth less than the 
workmanship standards (a/t < ~0.1), the 
difference in the F-function is near zero, 
however, as the crack depth (a/t) increases, 
the difference becomes much more substan-
tial.  For a very deep crack (75 percent 
through the thickness), the difference is 
nearly 45 percent.  Consequently using the 
existing F-functions in Section XI to predict 
the behavior of flaws in Class 2, 3, or BOP 
piping with much higher R/t ratios would 
result in a significant underprediction of the 
crack-driving force, resulting in a noncon-

servative in-service flaw-evaluation assess-
ment, at least for this set of conditions. 

Effect of R/t Ratio on Elastic-Plastic 
Fracture Mechanics (EPFM) J-estimation 
Scheme Analyses – This effort involved the 
development of analyses to evaluate circum-
ferential surface flaws in nuclear pipe with 
pipe radius-to-thickness (R/t) ratios greater 
than 15 that operate in the EPFM regime.  
The effort used finite element analyses to 
assess the crack-driving force for higher R/t 
ratio pipe.  This was done for internal 
circumferential surface-flawed pipe for pure 
bending or bending with a hoop stress equal 
to Sm for typical austenitic and ferritic pipe 
steels.  These finite element results were 
then compared with existing J-estimation 
schemes available in the NRCPIPES com-
puter code.  The objective was to determine 
whether a correction factor could readily be 
applied to one of the estimation schemes 
currently available in NRCPIPES to obtain a 
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more accurate estimation of the applied J 
(i.e., crack driving force) versus moment 
behavior for higher values of R/t, rather than 
to develop a new J-estimation scheme 
procedure that would require a separate 
option to be programmed into the 
NRCPIPES code.   

It was found that it was probably best to 
incorporate a correction factor into the 
SC.TNP methodology.  SC.TNP already 
allows for the use of a weighting function 
(Lw) to obtain better agreement with finite 
element analyses for particular geometry 
and material inputs.  Lw is the distance 
down the length of the pipe away from the 
crack plane where the stresses first equal the 
remote stress in the pipe, i.e., the effect of 
the crack on the stresses is diminished.  A 
detailed matrix of analyses was conducted in 
which this correction factor (Lw = C1*t, 
where t is the pipe wall thickness) was 
systematically varied such that the J values 
from the estimation scheme were within 10 
percent of the finite element results for the 
range of JIc values representative of nuclear 
grade piping materials.  Regression analysis 
of the results from these analyses produced a 
relationship of the form shown in 
Equation 2.18.   
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The coefficients prescribed for Equation 
2.18 (a1, x0, y0, b, and c), which are provided 
in Table 2.8, were developed for the case 
where the strain-hardening exponent (n) was 
5.  Hence, Equation 2.18 using these coeffi-
cients is only valid for this case, n = 5.  
Additional analyses are being developed as 
part of another USNRC program being 
conducted at Battelle and Emc2 where this 
expression and related coefficients are being 
updated to be applicable to a wider range of 

values of the strain-hardening exponent (n).  
Nevertheless, a strain-hardening exponent of 
5 is typical of ferritic and austenitic base 
metals. 

Figure 2.8 shows a comparison plot of the 
J versus moment results from the modified 
SC.TNP analysis (Lw = C1*t; open circles 
in figure) with FEA results (closed circles) 
for the case of a/t = 0.5, 2/B = 0.25, no inter-
nal pipe pressure, and R/t = 40.  Also 
included in Figure 2.8 for comparison are 
the J versus moment results from the 
SC.TNP1 (closed squares) and SC.TNP2 
(open squares) analyses, where Lw = t and 
(n-1)*t, respectively.  As can be seen in this 
figure, the modified SC.TNP analysis (Lw = 
C1*t) agrees nearly perfectly with the FEA 
results.  The SC.TNP2 analysis slightly 
underpredicts J for a given moment value, 
while the SC.TNP1 analysis significantly 
underpredicts J.  Although the SC.TNP1 
method does not match the finite element 
results very well, it is the best of all the 
J-estimation schemes in predicting the 
experimental results, at least from a load/ 
moment perspective (Ref. 2.17).  This has 
been attributed in part to a compensating 
error from using fracture toughness data 
from the L-C orientation in analyzing a 
crack growing in the L-R orientation.  
Figure 2.9 shows some data for A106 Grade 
B pipe material in which the toughness, 
measured in terms of Charpy Energy, in the 
L-R direction (Curve D from Specimen D) 
is significantly higher than the toughness in 
the L-C direction (Curve C from Specimen 
C).  Thus, the error in using the lower 
applied J from the SC.TNP1 analysis 
(Lw = t) is offset by the error of using 
fracture toughness data from a lower 
toughness orientation, i.e., the L-C direction.  
Also, the difference in constraint between 
the fracture toughness specimens and the 
surface-cracked pipe may contribute to the 
difference in moment predictions.  
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Table 2.8  Surface regression coefficients for C1 in Equation 2.18 
Coefficient 2/B = 0.25 

Pi = 0 
2/B = 0.50 

Pi = 0 
2/B = 0.25 
Pi = f(Sm) 

2/B = 0.50 
Pi = f(Sm) 

a1 18.89 5.021 25.16 3.692 
b 0.1936 0.1999 0.1981 0.2317 
c 29.01 36.44 31.76 46.55 
x0 0.7528 0.6656 0.6871 0.6013 
y0 59.29 58.03 63.30 61.76 
R2 0.9934 0.9841 0.9885 0.9018 
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Figure 2.8  Comparison of J versus moment results for various SC.TNP analyses  
with finite element results for the case of no pressure,  

2/B = 0.25, a/ t= 0.5 and R/t = 40 
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Figure 2.9  Toughness anisotropy of ASTM A106 Grade B pipe 

 

(This difference in toughness and constraint 
between specimens was another topic of 
investigation and will be discussed further in 
the next section of this report.)  The 
SC.TNP1 method does a poor job of 
matching the FEA applied J values and a 
good job of matching the experimental 
results, while the SC.TNP2 method tends to 
significantly underpredict the experimental 
loads from the pipe experiments.  
Furthermore, based on the J versus moment 
results from Figure 2.8, one would expect 
that the newly modified version of SC.TNP 
would do so to an ever greater extent.  
Consequently, for a flaw evaluation criteria 
one would need to address the discrepancies 
with the modified SC.TNP approach in load 
predictions due to toughness orientation and 
constraint effects, or accept the inherent 
conservatism of using the modified SC.TNP 
analysis as a fracture criterion.   

The advantage of the modified SC.TNP 
analysis from a Class 2, 3, and BOP piping 
flaw evaluation criteria perspective is its 
potentially greater applicability to pipes with 
higher R/t ratios.  Figure 2.10 shows the 
results of analyses of unpressurized 28-inch 
diameter pipes with R/t ratios of 5 and 60 
with 25 percent long (2/B = 0.25) by 
50 percent deep (a/t = 0.5) cracks.  From 
Figure 2.10 it can be seen that for the case of 
a pipe with an R/t ratio of 5 (diamonds in 
Figure 2.10), the applied J value (for the 
same applied moment6 value) for the modi-
fied SC.TNP analysis (Lw = C1*t) is 1.55 
times the applied J value from the original 
SC.TNP analysis (Lw = t).     

                                                      
6 The applied moment value chosen for this 
assessment was the maximum moment from the 
modified SC.TNP analysis. 
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Figure 2.10  Comparison of applied J versus moment curves from the original  
SC.TNP (Lw = t) and modified SC.TNP (Lw = C1*t) analyses for 28-inch diameter  
pipes with R/t ratios of 5 and 60 and cracks 25 percent of the pipe circumference  

long and 50 percent of the pipe wall thickness deep 
 

For the case of a pipe with an R/t ratio of 
60 (squares in Figure 2.10), the applied J 
value for the modified SC.TNP analysis is 
3.1 times the applied J value from the 
original SC.TNP analysis.   

The implication is that the original SC.TNP 
analysis (SC.TNP1; Lw = t) may overpredict 
(i.e., nonconservatively predict) the actual 
moment-carrying capacity of a cracked pipe 
section for very high R/t ratio pipe.  The 
rationale for this assertion is the following: 

• The Japplied from the original SC.TNP 
analysis is less than the Japplied from the 
modified SC.TNP analysis (and thus the 
FEA) since it has been shown that the 
Japplied values for the modified SC.TNP 
analysis and FEA agree so well for all 
values of R/t considered. 

• The original SC.TNP analysis does a 
good job (typically within 10 percent) of 
predicting the maximum loads from full-
scale surface-cracked pipe experiments 
for the case where the R/t ratio is less 
than 15.  This observation has been 
attributed to the lower values of Japplied 
for the SC.TNP analyses being offset by 
the use of fracture toughness data from 
the lower toughness L-C orientation, and 
possible constraint effects.  Thus, con-
sidering Figure 2.10, for the case where 
the R/t ratio is 5, the lower Japplied value 
from the original SC.TNP analysis (with 
respect to FEA) is being offset by a cor-
responding increase (55 percent) in frac-
ture toughness in the L-R orientation 
when compared with the L-C 
orientation. 

• If the effect of orientation on toughness 
remains roughly constant (55 percent 
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increase in L-R orientation when com-
pared with the L-C orientation), then as 
the R/t ratio increases, and the Japplied 
value from the modified SC.TNP anal-
ysis (and FEA) becomes greater with 
respect to the Japplied values from the 
original SC.TNP analysis, then the use 
of the lower toughness L-C data may no 
longer totally offset the lower Japplied 
values from the original SC.TNP 
analysis.   

Consequently, one might expect that the 
original SC.TNP analysis may begin to 
overpredict (i.e., nonconservatively predict 
from a flaw evaluation perspective) the 
moment-carrying capacity of a cracked pipe 
section for the case of high R/t ratio pipes 
such as used in Class 2, 3, and BOP piping 
systems.  Furthermore, this overprediction 
may be significant considering the fact that 
the modified SC.TNP applied J value, with 
respect to the original SC.TNP applied 
J value, for the higher R/t ratio case was 
twice the relative applied J values for the 
lower R/t ratio case.  Consequently, for high 
R/t ratio pipes, such as those often used in 
Class 2, 3, and BOP applications, the orig-
inal SC.TNP analysis (SC.TNP1; Lw = t) 
may not be adequate.  Based on the logic 
presented above, it may significantly over-
predict (maybe by as much as a factor of 
two) the actual moment-carrying capacity of 
the cracked-pipe section.  Thus, one must 
use a more robust analysis, such as the mod-
ified SC.TNP analysis (Lw = C1*t), as a 
flaw evaluation criterion for these classes of 
piping.  

2.2.3.2  Effect of Lower Operating 
Temperatures on the Fracture Behavior  
Class 2, 3, and BOP Piping Systems 

As part of this effort a methodology was 
developed and subsequently verified in 
which one could predict the lowest 
temperature where ductile initiation occurs 

for a surface-cracked ferritic pipe from the 
85 percent shear area transition temperature 
from Charpy impact tests.  Obviously, if 
Charpy data exists for the actual piping 
material under consideration, that would be 
preferred.  However, in the absence of actual 
data, A106 Grade B shear area versus 
temperature data was extracted from the 
PIFRAC (Ref. 2.22) database and plotted in 
Appendix E (see Figure E.44).  From that 
figure it can be seen that the mean value of 
the 85 percent shear area transition tempera-
ture is approximately 65°C (149°F) while 
the upper-bound Charpy transition tempera-
ture is about 75°C (167°F).  The steps in 
determining the lowest ductile initiation 
temperature or the fracture initiation transi-
tion temperature (FITT) for a surface-
cracked pipe from the Charpy 85 percent 
shear area transition temperature are as 
follows: 

• First the fracture propagation transition 
temperature (FPTT) for a full-thickness 
drop-weight-tear test (DWTT) specimen 
can be estimated as a function of the 
pipe wall thickness using a relationship 
such as found in Figure 2.11.  The FPTT 
is the lowest temperature where a crack 
dynamically propagates as a ductile frac-
ture, rather than a brittle crack.  From 
this figure it can be seen that the thicker 
the pipe, the higher the full-size FPTT 
with respect to the Charpy 85 percent 
shear area transition temperature.   

• Next, knowing the FPTT for the full-
thickness specimen, one can estimate the 
fracture initiation transition temperature 
(FITT) for a through-wall-cracked pipe 
using a relationship such as is shown in 
Figures E.34 and E.35.  These figures 
show that the FITT for the through-wall-
cracked pipe is 33 to 50°C (60 to 90°F) 
lower than the full-size FPTT from a 
drop weight tear test specimen.  Taking 
the conservative approach, one would 
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assume that the FITT is 33°C (60°F) 
lower than the FPTT for a DWTT 
specimen.   

• Finally, one could use the relationship 
shown in the upper figure in Figure E.40 
to estimate the shift in FITT between a 
through-wall-cracked pipe and a surface-
cracked pipe.  As can be seen in this fig-
ure, this shift is a function of the crack 
depth (a/t ratio).  For deep cracks 
(greater than 50 percent of the pipe wall 
thickness), this shift in transition temper-
ature is approximately 31°C (55°F), i.e., 
the FITT for the surface crack is approx-
imately 31°C (55°F) lower than the 
FITT for a through-wall crack.  For shal-
lower flaws, this shift increases.  For 
flaws less than 20 percent of the pipe 
wall thickness, the FITT for a surface 
crack is 56°C (100°F) or more less than 
the FITT for a through-wall crack.  
Again, from a conservative perspective, 
one would probably want to consider the 
case of a deep crack where this shift in 
transition temperature is the smallest.   

In one of the example test cases in Section 3 
of this report, an assessment as to the FITT 
for a surface-cracked pipe is made.  For this 
test case, worse case assumptions as to tran-
sition temperature shifts are made.  In addi-
tion, the upper bound 85 percent shear area 
transition temperature for L-C oriented 
Charpy specimens from Figure E.44 is 
assumed.  Based on these conservative 
assumptions, the predicted FITT for a 
surface flaw 50 percent of the wall thickness 
deep in a 12.7 mm (0.5 inch) thick pipe is 
approximately 4°C (39°F).  Consequently, if 
it is a piping system drawing service water 
from a lake in the middle of winter, then 
there is a chance of initiating a brittle frac-
ture from a surface flaw.  However, if all of 
these conservative assumptions do not fall in 
line, then the likelihood of initiating a brittle 
fracture from a surface crack is remote.   

Note, the one element of this assessment for 
this test case that may not be generically 
conservative is the choice of the pipe wall 
thickness, see Figure 2.11.  If the actual 
piping system under consideration is greater 
than 12.7 mm (0.5 inches) thick, then the 
shift in fracture propagation transition 
temperature (FPTT) between the full size 
DWTT specimen and the Charpy specimen 
will be greater than the -7°C (-13°F) shift 
for the 12.7 mm (0.5 inch) thick pipe.  For a 
19.1 mm (0.75 inch) thick pipe, this shift in 
transition temperature is +6°C (+10°F) such 
that the FITT for the surface-cracked pipe 
would be 17°C (62°F) following the same 
logic as before.  The likelihood of a piping 
system operating at this temperature is 
obviously greater than having one operate at 
4°C (39°F).  However, since many Class 2, 
3, and BOP piping systems operate at lower 
pressures, as well as lower temperatures, the 
chances are that these piping systems will be 
fabricated from thinner, rather than thicker, 
pipe.  What is needed is a survey to assess 
what wall thicknesses these Class 2, 3, and 
BOP piping systems are fabricated from and 
what temperatures they operate at.  Then, an 
assessment could be made as to whether the 
initiation of a brittle fracture from a surface 
crack in one of these piping systems is a 
credible event.   

The above discussion is based entirely on 
data developed for cracks in base metals.  
The question that naturally arises is what 
effect would cracks in welds, and the asso-
ciated weld residual stresses, have on this 
overall assessment.  The concern is that the 
weld residual stresses may increase the 
constraint conditions and cause the transi-
tion temperature to be higher relative to the 
Charpy data.  It was hoped that if additional 
members had joined this program, then 
funding would have been available to make 
such an assessment.     
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Figure 2.11  Relationship between DWTT and Charpy 85% shear area transition 
temperatures (SATT) as function of Charpy specimen thickness  
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However, without these additional members, 
funding for these full-scale pipe tests with 
cracks in the vicinity of welds was not 
available. 

Another consideration is what role do 
dynamic loading rates have on this 
assessment.  All of the data developed to 
date, as part of this program, has been 
developed at quasi-static loading rates.  It 
has been speculated that the transition 
temperature may increase at dynamic 
loading rates. 
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3.  EXAMPLE TEST CASES 

This section of the report presents a series of 
example test cases illustrating the effects of 
the key results from this program on both 
leak-before-break (LBB) and in-service flaw 
evaluation criteria.  Where available, the 
input parameters for these test cases will be 
taken from data supplied to Battelle by the 
US NRC from actual plant piping system 
LBB applications.  If no such data exist, 
then example data will be made up to 
illustrate the effect being discussed.   

3.1  Example Test Cases Illustrating the 
Effects of the Key Results from this 
Program on LBB Analyses 

Tables 3.1 through 3.5 summarize five 
example test cases that illustrate the effects 
of the key results from this program on LBB 
analyses.  Included in this table is the pur-
pose or objective of each test case, the input 
parameters invoked, and the key findings 
from each test case.  Note that each test case 
is a series of multiple example problems 
whereby the key findings are gleamed by 
comparing the results from these individual 
problems. 

3.1.1 Role of Secondary Stresses on LBB 

In Test Case 1 (Table 3.1), the role of 
secondary stresses on LBB was examined.  
The data used in this test case came from an 
actual LBB submittal supplied to Battelle by 
the US NRC.  The submittal was for a 
12-inch nominal diameter safety injection 
system (SIS) line.  The piping system was 
fabricated from 12-inch diameter, Schedule 
160 (33.32 mm [1.312 inch] wall thickness) 
pipe.  The internal pipe pressure was 
16.0 MPa (2,327 psi) and the pipe tempera-
ture was 285°C (545°F).  For the plant in 
question, the leak-rate detection limit capa-
bility was 1.9 lpm (0.5 gpm).  

For the postulated leakage crack size 
analysis, mean value material data were 
used.  In addition, the loads at normal 
operating conditions were summed algebra-
ically.  The postulated leakage crack size 
was calculated using the SQUIRT4 module 
in the SQUIRT leak-rate computer code 
(Windows® Version 1.1).  The postulated 
leakage crack size was found to be 192 mm 
(7.54 inches), which is approximately 19 
percent of the outside pipe circumference.   

For the critical crack size analysis, two 
separate analysis cases were conducted.  For 
Case 1a, the thermal expansion stresses (i.e., 
the secondary stresses) at normal operating 
conditions were included with the primary 
membrane and primary bending (i.e., seis-
mic) stresses at the faulted conditions.  This 
is the procedure specified in the existing 
draft Standard Review Plan (SRP) section 
on LBB (draft SRP 3.6.3).  For Case 1b, the 
thermal-expansion stresses were not 
included with the primary membrane and 
bending stresses in the critical crack size 
analysis.  For both cases, lower-bound 
material data were used in the critical crack 
size analysis.  In addition, the GE/EPRI 
J-estimation scheme was used as the 
analysis methodology for these critical crack 
size analyses.  For Case 1a (where the 
secondary stresses were included), the 
critical crack size was found to be 394 mm 
(15.53 inches).  For Case 1b (where the 
secondary stresses were not included), the 
critical crack size was found to be 484 mm 
(19.05 inches).  The resultant margin on 
crack size was 2.06 for Case 1a and 2.53 for 
Case 1b.  Consequently, the effect on 
margin is about 23 percent.   
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3.1.2  Effect of Actual Margins on LBB 

In this set of example cases (Table 3.2), two 
separate series of three sets of comparative 
analyses were conducted.  In each case, the 
piping system under consideration is the 
IPIRG pipe loop facility.  This is a 16-inch 
nominal diameter, Schedule 100 piping 
system fabricated as an expansion loop.  The 
load history used in all of these test cases 
was an increasing amplitude, single-
frequency, sinusoidal-forcing function 
superimposed on an increasing ramp.  The 
cyclic frequency was set at about 90 percent 
of the first natural frequency of the pipe 
loop.  This was the same forcing function 
used in a number of the IPIRG-1 pipe-
system experiments.  The internal pipe pres-
sure and temperature were representative of 
pressurized water reactor (PWR) conditions, 
i.e., 15.5 MPa (2,250 psi) and 288°C 
(550°F).  The actual conditions replicated in 
this test case were the same as those for 
Experiment 1.3-3 from the First IPIRG 
program. 

The postulated leakage crack size used in 
these analyses was based on TP304 stainless 
steel material data as used in Experi-
ment 1.3-3.  The applied moment value at 
the assumed normal operating conditions for 
the postulated leakage crack size analysis 
was established by assuming that the pri-
mary membrane (Pm) plus primary bending 
(Pb) stresses at normal operating conditions 
was equal to 0.73 Sm.  For a 1.9 lpm 
(0.5 gpm) leakage detection system and 
applying a factor of safety of 10 on the 
leakage detection capability, the calculated 
leakage crack size (using a SQUIRT4 
analysis) was 171 mm (6.73 inches), which 
is approximately 13.4 percent of the outside 
pipe circumference.  This is based on using 
the default crack morphology parameters for 
an IGSCC crack in SQUIRT.  This crack 
length does not include the safety factor of 

2.0 on crack length currently specified in 
draft SRP 3.6.3. 

In the analyses that follow the factor of 
safety of 2.0 on crack size was applied in 
some cases and was not in others.   

In the first set of comparative analyses 
(Cases 2aNo and 2aWith), the additional 
margin due to using elastic analyses to 
analyze a nonlinear problem was estimated.  
This test case involved two separate 
uncracked piping system analyses, for which 
it was assumed that the entire piping system 
was fabricated from TP304 stainless steel 
pipe.  In one case, elastic analysis was used.  
In the other case, plasticity due to pipe 
yielding was introduced into the piping-
system analysis.  The nonlinear plasticity 
analysis was conducted first.  This time-
history analyses were run until the moments 
at the postulated crack section reached a 
value equal to the maximum moment 
capacity of the postulated leakage cracks 
(i.e., 171 mm [6.73 inch] for Case 2aNo [no 
safety factor on crack size] and 342 mm 
(13.5 inches) for Case 2aWith (with a factor 
of safety of 2.0 on crack size]).  The 
maximum moment values for these crack 
sizes, using the TP304 stainless steel 
material data from Experiment 1.3-3, were 
calculated, using the GE/EPRI analysis, to 
be 565 kN-m (5,000 in-kips) and 289 kN-m 
(2,560 in-kips) for the short (no safety 
factor) and long (with safety factor) crack 
cases, respectively.  The time it took to 
reach these moment values in the nonlinear 
analyses were 3.93 and 1.39 seconds, 
respectively, for the short and long crack 
cases.   

The uncracked elastic analyses were run 
next.  The same displacement time history 
used in the nonlinear analyses was used in 
the elastic analyses as well.  These elastic 
analyses were run for the same amount of 
time as it took to reach the maximum
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moment values in the uncracked nonlinear 
plasticity analyses, i.e., telastic = tnonlinear at max 

moment.  Due to the nonlinearities in the 
nonlinear analysis for the short crack case, 
i.e., yielding in the piping system, the 
moment at this time (3.93 seconds) for the 
elastic analysis (1,442 kN-m [12,760 inch-
kips]) was a factor of 2.55 greater than the 
moment at this time for the nonlinear 
analysis (565 kN-m [5,000 inch-kips]).  This 
factor is indicative of the additional margin 
one might realize as a result of accounting 
for the plasticity in the stress analysis of the 
uncracked pipe.  Conversely, due to the 
longer length crack for the case where the 
factor of safety of 2.0 on crack length was 
applied (Case2aWith), the crack failed 
relatively early (1.39 versus 3.93 seconds) 
into the forcing function.  As a result, the 
associated plasticity did not have time to 
build up such that the moments at 1.39 
seconds for the nonlinear and elastic 
analyses were nearly the same, i.e., 291 kN-
m (2,575 in-kips) for the elastic analysis 
versus 2.89 kN-m (2,560 in-kips) for the 
nonlinear analysis.  Thus, for this case (Case 
2aWith), there was essentially no benefit 
(i.e., additional margin) to be gained from 
invoking plasticity into the piping system 
stress analysis. 

For the second set of comparative analyses 
(Cases 2bNo and 2bWith), the additional 
margin due to the nonlinear behavior of a 
through-wall crack is assessed.  The same 
piping system, same postulated leakage 
through-wall cracks (short and long 
depending on whether the safety factor of 
2.0 is applied), same forcing function, same 
material, and same operating conditions as 
assumed for Case 2a, were assumed here.  
The first analyses conducted as part of this 
test case were linear piping system analyses, 
but with nonlinear spring representations of 
the postulated leakage cracks introduced at 
the postulated crack location.  These 

analyses were run until the maximum 
moment values at the crack location reached 
the maximum moment capacity of the 
postulated leakage crack sizes, i.e., 565 kN-
m (5,000 in-kips) for the case where the 
safety factor of 2.0 on crack size was not 
applied and 289 kN-m (2,560 in-kips) for 
the case where it was.  Next elastic, 
uncracked pipe analyses were run, using the 
same forcing function, out to the time 
necessary to achieve the maximum moment 
value in the previous elastic, TWC analyses, 
i.e., 2.655 and 2.15 seconds, for the short 
(no safety factor) and long (with safety 
factor) crack cases, respectively.  The 
maximum moment values for these elastic, 
uncracked analyses (756 kN-m  [6,690 in-
kips and 547 kN-m [4,840 in-kips]) were 
compared with the corresponding results 
from the elastic, cracked analyses to assess 
the additional margin due to the presence of 
the crack, and its associated nonlinear 
behavior.  The ratios of moments for the 
short (no safety factor) and long (with safety 
factor) crack cases were 1.34 and 1.89, 
respectively.  These ratios are indicative of 
the additional margin one might realize by 
incorporating a nonlinear spring 
representation of the crack in the piping 
system analyses. 

For the final set of comparative analyses 
(Cases 2cNo and 2cWith), the additional 
margin due to the combined effect of the 
nonlinear behavior of the pipe and the 
presence of the through-wall crack is 
assessed.  The same piping system, same 
postulated leakage through-wall cracks 
(short and long depending on whether the 
safety factor of 2.0 is applied), same forcing 
function, same material, and same operating 
conditions as assumed for Cases 2a and 2b, 
were assumed here.  The first analyses 
conducted as part of this test case were 
nonlinear piping system analyses, with non-
linear spring representations of the 
postulated leakage cracks introduced at the 
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postulated crack location.  These analyses 
were run until the maximum moment values 
at the crack location reached the maximum 
moment capacity of the postulated leakage 
crack sizes (i.e., 289 kN-m (2,560 in-kips), 
for the long (with safety factor) crack case.  
For the short crack case (no safety factor on 
crack size), the moment at the crack section 
never reached the predicted failure moment 
of 565 kN-m (5,000 in-kips) in the 10 
seconds that the forcing function was 
applied.  Next elastic, uncracked pipe 
analyses were run, using the same forcing 
function, out to the time necessary to 
achieve the maximum moment value in the 
previous nonlinear, TWC analysis, 2.155 
seconds, for the long crack case.  For the 
short crack case the forcing function for this 
elastic, uncracked analysis was run out to 10 
seconds.  The maximum moment values 
these elastic, uncracked analyses (551 kN-m  
[4,880 in-kips] and 5,790 kN-m [51,250 in-
kips] for the long and short crack cases, 
respectively) were compared with the 
corresponding results from the nonlinear, 
cracked analyses to assess the additional 
margin due to the combined effect of the 
crack and the nonlinear piping system 
behavior.  The ratios of moments for the 
short (no safety factor on crack size) and 
long (with safety factor on crack size) crack 
cases were 10.2 and 1.91, respectively.  
These ratios are indicative of the additional 
margin one might realize by the combined 
effect of incorporating a nonlinear spring 
representation of the crack in a nonlinear 
piping system analyses. 

Of all the effects examined as part of this 
program (e.g., restraint of pressure-induced 
bending, weld residual stress effects, etc.), 
this has the biggest potential to impact LBB 
analyses. 

3.1.3  Effect of Restraint of Pressure 
Induced Bending on LBB 

In Test Case 3 (Table 3.3), the role of the 
restraint of pressure-induced bending on the 
crack-opening displacements and associated 
leakage through-wall-crack size for an LBB 
analysis was assessed.  This assessment used 
actual data from an LBB submittal for a 
surge line in a PWR.  The exact location 
under consideration was the weld joint 
where the surge line joined to the pres-
surizer.  For this comparative analysis, a 
baseline analysis was first conducted in 
which the effect of restraint of pressure-
induced bending was not considered.  Using 
the SQUIRT4 module in the Windows® 
version of SQUIRT (Version 1.1), the 
leakage crack length and associated crack-
opening displacement were calculated.  For 
this unrestrained condition, the leakage 
crack length was 162 mm (6.37 inches) and 
the associated COD was 0.361 mm (0.0142 
inches).  (This is based on a 1.9 lpm (0.5 
gpm) leakage detection system with a factor 
of safety of 10 on the leak rate.)  Next, the 
equations in Appendix D were used to 
calculate the rcod values for both the 
symmetric and asymmetric cases.  For both 
cases, the restraint lengths (L/D) were first 
calculated from the rotational stiffness at the 
surge line/pressurizer weld joint using a 
finite element analysis of this surge line.  
Neither the symmetric nor the asymmetric 
analysis is totally valid for this case.  This 
piping system at this weld joint is highly 
asymmetric, with the L1/D value being 0.14 
and the L2/D value being 29, but the 
asymmetric analysis was developed for a 
specific R/t ratio, R/t = 10, and the R/t ratio 
of this piping system is 5.  Since neither 
analysis method was truly precise, both were 
considered for illustrative purposes. 

From Table 3.3 it can be seen that the effect 
of restraint of pressure-induced bending was 
minimal for both analyses methods.  For 
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both the symmetric and asymmetric 
analyses, the rcod value was 0.985 which 
meant that the restrained COD value was 
very nearly the same as the unrestrained 
value.  Since the restrained COD value is 
just slightly less than the unrestrained value, 
([0.0355 mm 0.0140 inch]) versus 0.36 mm 
[0.0142 inch]), the leakage crack length is 
also only proportionately slightly longer.  
Using a trial and error approach for a 
SQUIRT2 analysis, it was found that the 
resultant 19 lpm (5.0 gpm) leakage crack 
length for this restrained COD value was 
164 mm (6.46 inches), compared with 
162 mm (6.37 inches) for the unrestrained 
case.   

Thus, even for this case (i.e., where the 
piping system joins to a large pressure 
vessel), the effect of this restraint on 
pressure-induced bending is relatively 
minor.   

As an extension to this analysis, the critical 
crack size was calculated using the proced-
ures in draft SRP 3.6.3 (Ref. 3.1).  The draft 
SRP 3.6.3 critical crack size procedures are 
essentially the modified Net-Section-
Collapse procedures from ASME Section XI 
Appendix C (Ref. 3.2) where a Z-factor is 
incorporated in the analysis to account for 
the crack being in a lower toughness 
shielded-metal-arc weld (SMAW).  As can 
be seen in Table 3.3, the critical crack length 
is 293.4 mm (11.55 inches).  Thus, the mar-
gin on crack size is only 1.81 for the unre-
strained case and 1.79 for the restrained 
case.  These margins are slightly less than 
the 2.0 required for LBB.  It appears that the 
reason this piping system was approved for 
LBB in the first place was that the applicant 
assumed a surface roughness of 0.0076 mm 
(300 micro-inch) and no turns for the crack 
morphology characteristics.  This is 
significantly smoother than the crack 
morphology parameters for an IGSCC used 

in this example test case analysis.  The mean 
value surface roughness and number of turns 
from NUREG/CR-6004 (Ref. 3.3) were used 
in this example test case analysis, i.e., global 
roughness = 0.080 mm (315 micro-inches), 
local roughness = 0.0047 mm (185 micro-
inches), and 71.7 90-degree turns per inch.  
Using the applicants crack morphology 
parameters (0.0076 mm [300 micro-inch] 
surface roughness with no turns), and 
assuming a 1.9 lpm (0.5 gpm) leakage 
detection system and applying a factor of 
safety of 10 on leakage detection, it was 
found that the calculated leakage crack size 
was 99.8 mm (3.93 inches), almost a factor 
of two less than that found when using the 
mean value crack morphology parameters 
for an IGSCC crack from NUREG/CR-
6004.  This shows the significant impact the 
choice of crack morphology parameters can 
have on an LBB analysis.  Similar findings 
were reported by Rudland in Reference 3.4. 

3.1.4  Effect of Differences in J and COD 
Predictions between the GE/EPRI 
Method for Straight Pipe and the Elbow 
TWC Solutions 

In Test Case 4 (Table 3.4), the effect of dif-
ference in the J and COD predictions 
between the GE/EPRI straight-pipe solutions 
and the elbow TWC solutions developed as 
part of Task 8 of this program were 
assessed.  In Test Case 4a, the differences in 
the COD values between the straight-pipe 
and elbow solutions are shown.  For this 
case, a 16-inch nominal-diameter pipe with 
a wall thickness of 37.0 mm (1.455 inches) 
was assumed.  This wall thickness was 
chosen because it resulted in a pipe mean 
radius-to-thickness (R/t) ratio of 5, i.e., one 
of the R/t ratios for which V- and 
h-functions have been developed.  The inter-
nal pipe pressure was 15.5 MPa (2,250 psi) 
and the applied moment value was 25.4 kN-
m (225 in-kips).  For a prescribed leak rate 
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of 19 lpm (5 gpm), i.e., 1.9 lpm (0.5 gpm) 
leakage detection capability with a safety 
factor of 10, the resultant through-wall-crack 
length and COD values using the GE/EPRI 
straight-pipe solution (using a SQUIRT4 
analysis) were 90 degrees and 0.171 mm 
(0.00673 inches), respectively.  For a 
postulated circumferential through-wall 
crack along the extrados of an elbow for a 
similar set of conditions, the COD value was 
0.236 mm (0.00929 inches), using the 
equations in Appendix F.  Assuming that the 
leak rate is proportional to the crack-opening 
area, for the same 19 lpm (5 gpm) pre-
scribed leak rate, the postulated leakage 
crack length would be 65 degrees for the 
elbow case versus 90 degrees for the straight 
pipe case, i.e., approximately a 25 to 30 per-
cent reduction.    

In Test Case 4b, the effect of the difference 
in the J-solutions between the straight-pipe 
solution and the elbow solution was 
assessed.  For this case, the same pipe geo-
metry (16-inch diameter by 37.0 mm 
[1.455 inches] thick), crack size (2 = 
45 degrees), pressure loading (15.5 MPa 
[2,250 psi]), and material data were used as 
in Test Case 4a.  The same conditions were 
used for both the straight-pipe and elbow 
solutions.  The only difference was that the 
applied moment value assumed in both the 
straight pipe and elbow analysis was 388 
kN-m (3,440 in-kips).  This was the crack 
initiation moment value for the straight-pipe 
case using the GE/EPRI J-estimation 
scheme when using a lower bound J-R curve 
for a stainless steel shielded-metal-arc weld 
(SMAW) from Reference 3.5.  For the 
straight-pipe case, the applied J value was 
found to be 195 kJ/m2 (1.111 in-kips/inch2).  
For the elbow case, the applied J value was 
calculated to be 244 kJ/m2 (1.394 in-
kips/inch2) when using the equations and 
influence functions in Appendix F.  This 
represents a 25 percent increase in applied J, 
which would result in a reduction in the 

load-carrying capacity of a cracked pipe or a 
corresponding reduction in the critical crack 
size to be used in a LBB assessment.   

3.1.5  Effect of Weld Residual Stresses on 
the Postulated Leakage Crack Size for a 
Leak-Before-Break Assessment 

The final set of test cases considered appli-
cable to LBB assessments is Test Case 5 
(Table 3.5) in which the effect of weld resid-
ual stresses on the postulated leakage crack 
size is assessed.  In this set of test cases, the 
same input data were used as in Test Case 1.  
For Test Case 5, the critical crack size 
analysis is based on including the thermal 
expansion stresses at normal operating con-
ditions in the applied stress term, much like 
it is currently assumed for a draft SRP 3.6.3 
LBB analysis.  The only difference between 
Test Cases 5a and 5b is that Test Case 5a 
ignores the effect of weld residual stresses 
on the crack-opening-displacements (and 
resultant postulated leakage through-wall 
crack size) while Test Case 5b includes the 
effect of weld residual stresses on COD and 
postulated leakage crack size.  For Test Case 
5a (no residual stresses), the postulated 
leakage crack size was found to be 189 mm 
(7.45 inches) from a SQUIRT4 analysis 
while for Test Case 5b (where residual 
stresses are considered), the postulated 
leakage crack size was found to be 212 mm 
(8.36 inches).  Knowing from Test Case 1a 
that the critical crack size for this test case 
was 394 mm (15.53 inches), the margin on 
crack size was 2.08 for the case where resid-
ual stresses were ignored and 1.86 for the 
case where residual stresses were con-
sidered.  Thus, considering weld residual 
stresses in the postulated leakage crack size 
analysis resulted in about a 10 percent 
reduction in margin on crack size in this 
example.  In this particular case, the 
required margin of 2.0 on crack size is 
satisfied for the case where residual stresses  
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are ignored, but it is not when the effect of 
weld residual stresses on COD, and thus the 
postulated leakage crack length, are 
considered. 

3.2  Example Test Cases Illustrating the 
Effects of the Key Results from this 
Program on In-Service Flaw Evaluations 

Tables 3.6 and 3.7 summarize two example 
test cases that illustrate the effects of the key 
results from this program on in-service flaw 
evaluations.  Included in these tables are the 
purpose or objective of each test case, the 
input parameters invoked, and the key 
findings from each test case.  As was the 
case for the LBB illustrations, each test case 
is a series of multiple example problems 
whereby the key findings are gleamed by 
comparing the results from these individual 
problems.   

3.2.1  Role of Secondary Stresses on In-
Service Flaw Evaluation Criteria 

In Test Case 6 (Table 3.6) the role of 
secondary stresses on in-service flaw evalu-
ation criteria were examined.  Data for this 
test case was gathered from an actual LBB 
submittal for a 14-inch diameter surge line.  
For Test Case 6a, the thermal expansion 
stresses (i.e., secondary stresses) were 
included in the applied stress term, but with 
a safety factor of 1.0, while the applied 
safety factor for the primary membrane and 
bending stress terms was 1.39.  This is the 
approach currently followed in the ASME 
Section XI Appendix C criteria for cracks in 
austenitic flux welds, such as SAW and 
SMAW.  For Test Case 6b, the thermal 
expansion stresses were again included in 
the applied stress term, but with a full safety 
factor of 1.39.   

In both cases, the length of the surface crack 
was assumed to be 50 percent of the pipe 
circumference.  For Test Case 6a, where the 

thermal expansion stresses were included 
with a safety factor of 1.0, the allowable 
crack depth was calculated to be 69 percent 
of the pipe wall thickness.  For Test 
Case 6b, where the thermal expansion 
stresses were included with a safety factor of 
1.39, the allowable crack depth was calcu-
lated to be 58 percent of the pipe wall thick-
ness, i.e., 15 percent reduction in allowable 
crack depth. 

3.2.2  Effect of Actual Margins on In-
Service Flaw Evaluation Criteria 

In Test Case 7 (Table 3.7), the effect of 
actual margins on in-service flaw evalua-
tions was considered.  For this test case, the 
same input data as used in Test Case 2a 
were used except a surface flaw (versus a 
through-wall crack) in a stainless steel 
SMAW was evaluated.  The surface crack 
was 25 percent of the pipe circumference 
long and 30 percent of the pipe wall thick-
ness deep.  Using the equations in ASME 
Section XI Appendix C, the allowable bend-
ing moment at emergency and faulted condi-
tions was first calculated.  The allowable 
bending moment was found to be 497 kN-m 
(4,400 in-kips).  An elastic uncracked 
analysis was then conducted until the 
moment at the assumed crack section in the 
IPIRG pipe loop reached this value.  The 
time necessary to reach this moment value 
in this elastic analysis was 2.41 seconds.  
Next, a nonlinear uncracked analysis was 
conducted, using the same forcing function 
as in the elastic analysis, out to this time of 
2.41 seconds.  The maximum moment value 
achieved in this 2.41 seconds in the non-
linear analysis was 426 kN-m (3,769 in-
kips).  Finally, the allowable crack depth for 
the same 25 percent long crack using the 
procedures in ASME Section XI 
Appendix C was calculated for this moment 
value.  The allowable crack depth, account-
ing for the nonlinear behavior of the pipe,
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 was 50 percent of the pipe wall thickness.  
Thus, by accounting for the nonlinearities in 
the pipe due to pipe yielding, the allowable 
crack depth for the same 25 percent long 
crack increased from 30 percent of the pipe 
wall thickness (when using elastic analysis) 
to 50 percent of the pipe wall thickness 
(when using nonlinear analysis), a 60 per-
cent increase.  In other words, using the 
results from elastic stress analysis in an 
ASME Section XI in-service flaw evalua-
tion, as is typically done, can introduce a 
significant unaccounted for margin in the 
flaw assessment.  

3.3  Example Test Cases Illustrating the 
Application of the Newly Developed Flaw 
Evaluation Criteria for Class 2, 3, and 
Balance of Plant (BOP) Piping Systems 

To examine the impact of the newly 
developed flaw evaluation criteria for 
Class 2, 3, and BOP piping, a third set of 
sample problems was considered.   

3.3.1  Differences Between the Existing 
ASME Section XI Appendix H 
F-functions and the F-functions 
Developed in the BINP Program 

To examine the differences between the 
existing Appendix H F-functions and the 
F-functions developed as part of this pro-
gram, the example problem in Table 3.8 was 
considered.  A comparison of the results 
from Cases 8a and 8b shows that the values 
of F from the Appendix H equations are in 
fairly close agreement with the values of F 
(i.e., the elastic crack-driving force) 
calculated using the newly-developed 
equations for the R/t = 10 case.  However, 
for the higher R/t ratio case (R/t = 40), the 
Appendix H equations (which are 
independent of R/t) significantly 
underpredict (25 to 35 percent) the value of 
F (the elastic crack-driving force) for both 
the tension and bending load cases, regard-

less whether the 15 percent conservative or 
best-fit coefficients were used with the 
newly developed equations.  Consequently, 
the existing ASME Section XI Appendix H 
F-function equations are probably not 
adequate for certain Class 2, 3, and Balance 
of Plant (BOP) piping systems which are 
fabricated from very large R/t ratio pipes.  
For such piping systems, one is going to 
need to use equations such as those devel-
oped in this program in order to calculate F, 
and thus K.   

One limitation associated with this newly-
developed method for calculating F is that it 
is limited to relatively short flaws, especially 
for the high R/t ratio pipes.  The finite 
element results to which these equations 
were fit were limited to flaw aspect ratios 
(c/a, that is, half crack lengths/crack depths) 
of 32 or less and flaw depths of 80 percent 
of the pipe wall thickness or less.  From 
Equation 3.1, which relates the flaw length 
(2/B) to the flaw aspect ratio (c/a), one can 
see that for a flaw half way through the wall 
thickness (a/t = 0.5), the maximum flaw 
length (2/B) for which the methodology is 
valid is only 6.4 percent of the pipe 
circumference for a pipe with an R/t ratio of 
40.  For shallower flaws, or pipes with 
higher R/t ratios, this maximum valid flaw 
length is even less.  Thus, to make this 
methodology generally applicable to a wider 
range of Class 2, 3, and BOP applications, 
one would need to do additional finite 
element analyses, for flaws with higher 
aspect ratios, and then check these newly-
developed curve fit expressions for F to 
these finite element results.   

⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛

⎥⎦
⎤

⎢⎣
⎡=

−

a
c

t
a

t
R 1

π
π
θ

                       (3.1) 
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3.3.2  Effect of R/t ratio on Elastic-Plastic 
J-Estimation Scheme (SC.TNP) Analyses 

The analyses in Table 3.9 were conducted to 
examine the effect of R/t ratio on elastic-
plastic J-estimation schemes, such as 
SC.TNP.  For the first case (Case 9a) the 
existing SC.TNP1 analysis was used to cal-
culate the maximum moment capacity.  For 
SC.TNP1, the length parameter (Lw) is set 
to the pipe wall thickness.  For the second 
case (Case 9b), the revised SC.TNP analysis 
was used to calculate the maximum moment 
capacity.  For this case, the length parameter 
(Lw) is set to the pipe wall thickness (t) 
multiplied by a correction factor C1 (i.e., 
Lw = C1*t).  The correction factor C1 is a 
function of the pipe R/t ratio, the flaw depth, 
flaw length, and loading condition (bending 
versus pressure and bending).  

Two sets of analyses were run for each test 
case.  For each set, the pipe diameter was 
24-inch.  For one set, the pipe wall thickness 
was equal to Schedule 120 pipe (46.0 mm 
[1.812 inches]).  For the second set, the pipe 
wall thickness was 6.35 mm (0.25 inch), 
which is more representative of Class 2, 3, 
and BOP piping.  For each case, the flaw 
depth was a third of the pipe wall thickness 
and the flaw length was a fourth of the pipe 
circumference.  This flaw depth was 
selected for analysis in that it allowed the C1 
correction factor for the Schedule 120 pipe 
case to be nearly equal to 1.0.  In that way 
the maximum moment carrying capacity for 
both the SC.TNP1 (Lw = t) and revised 
SC.TNP analyses (Lw = C1*t) would be 
nearly the same since C1 equals 1.0.  For 
both sets of analyses, the pipe pressure was 
set equal to a value necessary to achieve a 
pressure induced membrane stress of 0.5Sm 
for Type 304 stainless steel at 288°C 
(550°F).   

From Table 3.9 it can be seen that the maxi-
mum moment-carrying capacity for the 

Schedule 120 pipe (t = 46.0 mm 
[1.812 inches]) was approximately 2,550 
kN-m (22,600 in-kips) for both analysis 
methods.  This is as expected since the input 
parameters were chosen such that the value 
of C1 would be close to 1.0.  On the other 
hand, for the thinner pipe (t = 6.35 mm 
[0.25 inch]), which is more representative of 
Class 2, 3, and BOP piping, the existing 
SC.TNP1 analysis (Lw = t) overpredicts 
(non-conservatively predicts) the moment-
carrying capacity of the cracked pipe by 
about 15 to 20 percent when compared with 
the revised SC.TNP analysis (Lw = C1*t).  
Since the revised SC.TNP analysis is based 
on curve fitting finite element results for the 
case of larger R/t ratio pipes, it appears that 
the use of the SC.TNP1 analysis, which was 
developed for pipes with R/t ratios between 
5 and 20, would result in an overprediction 
of the moment-carrying capacity of cracked 
pipe for pipes with larger R/t ratios.  Thus, 
for Class 2, 3, and BOP applications, one 
should probably use the revised SC.TNP 
analysis in an in-service flaw assessment.   

3.3.3  Effect of Transition Temperature on 
Fracture Initiation Behavior of Ferritic 
Class 2, 3, and BOP Piping 

One last illustrative example to consider is 
the effect of transition temperature on the 
fracture initiation behavior of ferritic 
Class 2, 3, and BOP piping.  In this test case, 
a 24-inch diameter pipe with a 9.5 mm 
(0.375 inch) wall thickness (standard 
weight) operating near 4°C (40°F) during 
the winter was considered.  The question is, 
does this pipe risk having a crack initiate in 
a brittle manner, or can we rest assured that 
a crack in this pipe will always initiate in a 
ductile manner?  For this case we looked at 
the data provided in Appendix E.  If the pipe 
is A106 Grade B and its Charpy 85 percent 
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shear area transition temperature is near the 
upper bound in Figure 3.1, then the Charpy 
85 percent shear area transition temperature 
is approximately 77°C (170°F).  This 
Charpy data can be related to a full-
thickness fracture propagation transition 
temperature (FPTT) through the bottom 
curve in Figure 3.2.  From Figure 3.2, for a 
9.5 mm (0.375 inch) thick pipe, the FPTT is 
found to be approximately 16°C (30°F) less 
than the Charpy 85 percent shear area 
transition temperature of 77°C (170°F).  
Thus, the FPTT for the 9.5 mm (0.375 inch) 
thick pipe is 60°C (140°F).   

Next, the fracture initiation transition 
temperature (FITT) for a through-wall 
cracked (TWC) pipe can be estimated from 
the data shown in Figures 3.3 and 3.4.  From 
these two figures, the FITT for the TWC 
pipe is 33 to 50°C (60 to 90°F) less than the 
FPTT from a full-sized drop-weight-tear test 
(DWTT) specimen test.  Assuming a worse 
case scenario, the FITT is 33°C (60°F) less 
than the FPTT of 60°C (140°F), i.e., the 
FITT for the TWC pipe would be 27°C 
(80°F).   

Finally, from Figure 3.5 one can estimate 
the difference between the FITT for a 
surface crack and a through-wall crack.  
From the top figure in Figure 3.5, one can 
see that for a flaw 50 percent of the pipe 
wall thickness or greater, the FITT for a 
surface crack is approximately 33°C (60°F) 
less than the FITT for a through-wall 
cracked pipe.  For shallower flaws, the 
difference in transition temperature between 
the surface crack and through-wall crack is 

even greater.  Thus, for a 50 percent deep 
surface crack in a 9.5 mm (0.375 inch) thick 
pipe, the worst case fracture initiation 
transition temperature is approximately -7°C 
(20°F).   

Thus, for a 9.5 mm (0.375 inch) thick A106 
Grade B pipe with these near worst case 
transition temperature properties (Charpy 
85 percent shear area temperature equal to 
77 C [170 F]), the upper-bound transition 
temperature for a 50 percent deep surface 
crack in a pipe to initiate in a brittle manner 
is approximately -7°C (20°F).  For this 
piping system, operating at a minimum 
temperature of 4°C (40°F) in the winter, a 
crack in the pipe should not initiate in a 
brittle manner.  

Cracks in thicker pipes are more likely to 
initiate in a brittle manner.  If the pipe were 
25.4 mm (1.0 inches) thick (versus 9.5 mm 
[0.375 inches] thick), then the difference 
between the FPTT and the Charpy 85 
percent shear area transition temperature 
would be +13°C (+23°F) instead of -16°C 
(-30°F); the resultant upper bound FITT for 
the surface-cracked pipe would be 23°C 
(73°F), versus -7°C (20°F); and the likeli-
hood that such a surface crack would initiate 
in a brittle manner would be much greater.  
However, it is not clear how many Class 2, 
3, and BOP piping systems are this thick.  If 
there are no Class 2, 3 and BOP piping 
systems this thick, operating at this low 
temperature, then the likelihood of a surface 
crack initiating in a brittle manner may be 
remote.   
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Figure 3.1  Shear area versus temperature from full-thickness Charpy test data for A106B 
pipe taken from PIFRAC database 
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Figure 3.2  Relationship between DWTT and Charpy 85% shear area transition 
temperatures (SATT) as function of Charpy specimen thickness 
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Figure 3.4  Axial through-wall-cracked pipe and DWTT data showing the temperature 
shift from the FITT(TWC) to the FPTT for linepipe steel 

Figure 3.3  Axial through-wall-cracked pipe and DWTT data showing the temperature 
shift from the FITT to the FPTT for linepipe steel 
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Figure 3.5  Results comparing transition temperatures of bend-bar specimens and 
fixed-grip SEN(T) specimen 

a) Transition temperature shifts 

b)  Upper shelf CTOD values 
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4.  CONCLUSIONS AND RECOMMENDATIONS  
FROM THE BINP PROGRAM 

The objective of the Battelle Integrity of 
Nuclear Piping (BINP) program was to 
address some of the remaining key issues in 
the technology of nuclear piping integrity.  
The program was structured as a series of 
independent tasks, each aimed at addressing 
one of these issues.  Priorities were set based 
on each issue’s potential impact on LBB or 
in-service flaw evaluation criteria.  The con-
clusions and recommendations from this 
program are presented next.   

4.1  Conclusions 

The main conclusions for the various tasks 
are: 

4.1.1  Task 1:  Secondary Stresses 

In this context, the term secondary stresses 
refers to the global thermal expansion or 
seismic anchor motion type displacement-
controlled stresses, not the localized 
through-thickness weld residual stresses.  As 
a result of the Task 1 experiment and related 
experiments from the IPIRG programs 
(Refs. 4.1 and 4.2), it was concluded that: 

• Secondary stresses contribute just as 
much to the fracture process as do the 
primary membrane and primary bending 
stresses whenever the ratio of the failure 
stress in the uncracked pipe to the yield 
stress (Ffailure/Fyield) is less than 1.0.  If 
Ffailure/Fyield is greater than 1.0, then 
secondary stresses become less 
important, probably in some nonlinear 
fashion.  However, this nonlinear rela-
tionship is not defined at this time, and 
limited data currently exist from which 
this relationship may be defined. 

• The existing criteria in draft Standard 
Review Plan (SRP) 3.6.3 for LBB 
(Ref. 4.3) for addressing secondary 

stresses in LBB evaluations are 
conservative, at least for the case where 
the piping system under consideration is 
fabricated using lower toughness 
shielded-metal-arc or submerge-arc 
welds.  For those cases, the secondary 
stresses are considered equally with the 
primary membrane and primary bending 
stresses.  For piping systems fabricated 
with higher toughness tungsten-inert gas 
(TIG) welds, the draft SRP procedures 
do not include the secondary stresses.  
However, for these higher toughness 
situations, the failure stresses may be 
high enough that yielding remote from 
the crack location may be prevalent.  In 
such applications, it has been argued that 
the contribution of secondary stresses 
may not be as significant.  In those 
cases, an as yet undefined nonlinear 
correction to the secondary stress 
contribution has been suggested to be 
needed.  In addition, as applicants are 
seeking LBB relief for smaller and 
smaller diameter piping systems, the 
potential exists that the postulated 
leakage crack size (as a function of pipe 
circumference) may be large enough that 
the failure stress may be less than the 
yield strength, even for the case of 
postulated cracks in higher toughness 
TIG welds.  In that case, the secondary 
stresses may need to be considered with 
the primary membrane and bending 
stresses, contrary to the existing criteria.   

• The existing flaw evaluation criteria in 
ASME Section XI for austenitic 
submerge-arc and shielded-metal-arc 
welds are adequate. 
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4.1.2  Task 2:  Alternative Seismic Load 
History 

As a result of the analysis of the alternative 
seismic load history pipe-system experiment 
conducted as part of Task 2, the following 
was concluded: 

• The combined effect of cyclic history 
and material composition (sulfur con-
tent) resulted in a 25 percent reduction in 
load-carrying capacity when compared 
with the results from the first simulated 
seismic experiment conducted in 
IPIRG-2 (Ref. 4.2).  Of this, about half 
(10 to 15%) was attributed to the more 
damaging cyclic history associated with 
the BINP Task 2 experiment and about 
half (10 to 15%) was attributed to the 
fact that the crack in the BINP Task 2 
experiment was in a higher sulfur, lower 
toughness heat of wrought stainless steel 
pipe (DP2-A8II) while the crack in the 
IPIRG-2 Experiment 1-1 was in a lower 
sulfur, higher toughness heat of wrought 
stainless steel pipe (DP2-A8I).  This 
conclusion is based on data for a rela-
tively high toughness material (stainless 
steel base metal) for which limit-load 
conditions should prevail.  Preliminary 
analysis conducted as part of this 
program indicated that for the case of a 
lower toughness material (cracks in 
carbon steels or stainless steel flux 
welds), in possibly a larger diameter 
pipe, where EPFM conditions probably 
prevail, and where the effect of 
toughness on the load-carry capacity is 
more significant, the more damaging 
cyclic history may result in as much as a 
30- to 40-percent reduction in load-
carrying capacity.  Even though this is 
one of the more significant effects on the 
load-carrying capacity of all the 
conditions considered, in light of the 
effect of actual margins discussed next, 
this is still probably a second order 

effect if the crack is small enough that 
the failure stress is above the yield 
strength of the uncracked pipe. 

 
4.1.3  Task 3:  Actual Margins  

During the IPIRG programs (Refs. 4.1 and 
4.2) it was hypothesized that there may be 
some previously unaccounted-for margin in 
the LBB and in-service flaw evaluation cri-
teria as a result of conducting elastic 
analysis to quantify a nonlinear problem.  It 
was thought that plasticity in the piping sys-
tem (remote from the crack section) and 
plasticity associated with the crack might 
absorb energy that would otherwise go into 
driving the crack.  As part of this task, it was 
shown that this additional unaccounted-for 
margin due to nonlinear behavior, either 
from remote plasticity or the presence of the 
crack, could have a potentially significant 
effect on either an LBB or in-service flaw 
evaluation assessment.  Specifically, it was 
shown as part of this effort that: 

• This effect had potentially the largest 
impact on either LBB or in-service flaw 
evaluations of any of the effects formally 
considered as part of this program, 
especially if the stresses in any part of 
the uncracked piping system would be 
above yield when the crack reached its 
maximum load-carrying capacity.   

• The magnitude of this effect depends on 
a number of factors, including the 
magnitude of the load history, the stiff-
ness and/or flexibility of the piping sys-
tem and its associated boundary condi-
tions, and the potential crack location 
along the piping system under considera-
tion.  To illustrate the potential magni-
tude of this effect, the additional margin 
observed at certain locations along the 
surge line at 1 safe shutdown earthquake 
(SSE) loading was on the order of a 
factor of 10 or more.  This margin was 
due solely to the remote plasticity, and 
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not plasticity from the presence of the 
crack.  

• The nonlinearities associated with pipe 
yielding, remote from the crack, tended 
to have a more pronounced effect on the 
margins than the nonlinearities associ-
ated with the crack. 

• For LBB assessments, if one fails to 
demonstrate LBB using the more typical 
Level 2 type assessment, one may be 
able to demonstrate LBB by conducting 
a nonlinear analysis as part of a Level 3 
assessment, as suggested in NUREG/ 
CR-6765 for a future LBB Regulatory 
Guide.   

 
4.1.4  Task 4:  Restraint of Pressure- 
Induced Bending 

Near the end of the Second IPIRG program, 
an uncertainty analysis was conducted to 
identify the key issues, yet to be resolved, in 
the area of piping integrity (Ref. 4.4).  This 
uncertainty analysis, along with a series of 
piping review meetings sponsored by the US 
NRC, formed much of the basis for the 
conduct of the BINP program.  The most 
significant issue with regards to LBB 
analysis that was identified in this uncer-
tainty analysis was that of restraint of 
induced bending that occurs during axial 
membrane loading in the presence of a 
circumferential crack.  This was initially 
termed “restraint” of pressure-induced 
bending; but the restraint of the bending is 
for any axial stress component.  As part of 
Reference 4.4, it was concluded that for 
small diameter pipe (on the order of 4-inch 
nominal diameter), the margin on LBB may 
be over a factor of ten less than anticipated 
when using traditional LBB analysis in 
which this effect is not considered.  It was 
thought that this effect might be a key factor 
in future LBB applications, especially for 
small and intermediate-diameter pipe.  How-
ever, as a result of the analyses conducted in 

Task 4, this was found not to be the case.  
The conclusions drawn as a result of Task 4 
are: 

• Restraint of pressure-induced bending 
has a minor effect on LBB.  The only 
time it could possibly play a significant 
role is for small-diameter pipe, possibly 
operating at low operating stresses, for 
which the leakage crack length is a large 
percent of the pipe circumference 
(approaching 50 percent of the pipe 
circumference).   

• In addition to large crack lengths 
(expressed as a percent of pipe circum-
ference), a condition of high restraint 
(which is more pronounced in larger 
diameter pipes) is needed for this effect 
to be significant.  

 
4.1.5  Task 7:  Development of a Flaw 
Evaluation Criteria for Class 2, 3, and 
Balance-of-Plant (BOP) Piping 

The flaw-evaluation criteria that currently 
exist in ASME Section XI for austenitic 
(Appendix C) and ferritic (Appendix H) 
piping are for Class 1 piping systems.  No 
such criteria currently exist in the ASME 
code for Class 2, 3, and BOP piping.  How-
ever, as inspection requirements for these 
piping systems increase, the need for such 
criteria is becoming more pressing.   

There are two main differences between 
Class 1 piping and Class 2, 3, and BOP 
piping.  The first is that Class 1 piping 
typically operates at higher pressures, and as 
such is typically fabricated from pipes with 
lower R/t ratios.  The criteria in Section XI 
were typically developed for pipes with R/t 
ratios of 20 or less.  Class 2, 3, and BOP 
piping can be fabricated from pipes with R/t 
ratios that approach 80.  (Some service 
water systems have R/t ratios that may 
exceed 80.)  The second difference is that 
Class 2, 3, and BOP piping, which is 
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typically fabricated from ferritic pipe, 
oftentimes operates at temperatures where 
there is a concern for transition temperature 
effects.  Activities associated with this task 
were aimed at addressing each of these 
differences.  The main conclusions reached 
as a result of this task are: 

4.1.5.1  Effect of R/t Ratio 

• As part of this effort, a series of 
influence functions was developed by 
curve fitting published finite element 
results of K-solutions and the associated 
F-functions (Refs. 4.6 and 4.7).  It was 
found that there is a rather significant 
effect of R/t ratio on the elastic 
F-functions for higher R/t ratio pipes 
(i.e., there was a significant difference 
between the ASME Section XI Appen-
dix H equations and the new F-function 
equations for the higher R/t ratios.)  The 
Appendix H solutions are supposedly 
only applicable to pipes with R/t ratios 
of 5 to 20.  The agreement between the 
Appendix H equations and the new 
equations was fairly good in this regime, 
but as would be expected, the solutions 
diverged at higher R/t ratios. 

• A major limitation associated with the 
new equations is that the FEA solutions 
which were used in the curve fitting pro-
cess were limited to c/a values (half 
crack length divided by crack depth) of 
32 or less.  This limits the applicability 
of these new equations to relatively short 
flaws, especially for the higher R/t ratio 
pipes where these equations are most 
needed.  For a pipe with an R/t ratio of 
50, the limit on flaw length for a 50 per-
cent deep flaw is about 10 percent of the 
pipe circumference, i.e., 2θ = 36 
degrees. 

• A second major activity associated with 
this task was the extension of one of the 
EPFM J-estimation schemes for surface-
cracked pipe to pipes with larger R/t 

ratios.  The existing estimation schemes 
(e.g., SC.TNP1) were developed for 
pipes with R/t ratios of approximately 5 
to 15.  As part of this effort, the SC.TNP 
analysis was modified to make it more 
applicable to pipes with higher R/t 
ratios.  The modification was made by 
adjusting the Lw term, which is the term 
which defines the distance from the 
crack plane at which the stress in the 
pipe approaches the uniform remote 
bending stress, i.e., the effect of the 
crack on the stress field diminishes.  For 
the modified SC.TNP analysis, the Lw 
term was defined in terms of the pipe 
wall thickness as Lw = C1*t.  The modi-
fied solution for J agrees much better 
with results from finite element analyses.  
However, the solutions developed as part 
of this program have only been devel-
oped for a single strain-hardening 
exponent (n = 5).  The methodology is 
currently being extended for different 
strain-hardening exponents as part of 
another US NRC program.  

4.1.5.2  Transition Temperature Effects 

A methodology for predicting the brittle 
fracture initiation transition temperature 
(FITT) of a surface crack in a ferritic pipe 
was developed.  This methodology is based 
on several starting points.  The most 
accurate would be to use a fixed-grip, 
SEN(T) specimen in the L-R orientation to 
get the proper constraint and anisotropy for 
a surface-crack in a pipe.  Correlations were 
also established for obtaining the transition 
temperature from a C(T) specimen (higher 
constraint than surface-crack pipe) and 
obtaining the transition temperature from 
Charpy V-notch specimens.  Predicting the 
surface-cracked pipe brittle-to-ductile quasi-
static transition temperature from the 
Charpy test requires knowing, or being able 
to estimate, the 85 percent shear area transi-
tion temperature from a set of Charpy 
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specimens.  Based on this analysis, and the 
existing database of Charpy data for nuclear 
grade ferritic pipe, it appears that the risk of 
initiating a brittle fracture from a surface 
crack in a Class 2, 3 or BOP piping system 
may be minimal.  To illustrate, consider the 
potential worst case scenario from a brittle 
fracture initiation viewpoint as: 

• Assume an upper bound for the 
85 percent shear area transition 
temperature from Charpy specimens 
to be +77°C (+170°F), 

• For pipe wall thicknesses typical of 
Class 2, 3, and BOP applications 
(less than 15 mm [0.6 inch] thick), 
the worse case ∆T between the full-
size DWTT specimen, which is 
routinely used to measure the 
fracture propagation transition 
temperature (FPTT) for full 
thickness line pipe steels, and 
Charpy specimen transition 
temperature curves is approximately 
-1°C (-2°F)7, 

• The difference between the fracture 
propagation transition temperature 
(FPTT) determined from a DWTT 
specimen and the fracture initiation 
transition temperature (FITT) from a 
C(T) specimen, bend bar, or through-
wall-cracked (TWC) pipe is -33 to 
-50°C (-60 to -90°F);  assuming a 
worst case shift in transition 
temperature of -33°C (-60°F) means 
that the FITT for through-wall 
cracked pipe would be 
approximately 42°C (108°F), 

• The difference between the FITT for 
a through-wall crack in a pipe and a 
surface crack in a pipe is approxi-
mately -31°C (-55°F) for a surface 

                                                      
7 If the wall thickness were greater than 15 mm 
(0.6 inch), then the shift in transition temperature 
would be more positive and the bottom line fracture 
initiation transition temperature (FITT) for a surface 
crack for this worst case scenario would be higher. 

crack 50 percent of the pipe wall 
thickness in depth (or greater), 

• Thus, assuming a worst case scenario 
throughout from a transition 
temperature perspective, the FITT 
for a surface crack in this pipe would 
be approximately 12°C (53°F).  
While clearly there are applications 
in the winter where one of these 
Class 2, 3, or BOP piping systems 
may operate at a temperature less 
than 12°C (53°F), all of the worst 
case conditions had to be aligned for 
a flaw in the piping system to initiate 
in a brittle manner.  Even though the 
likelihood is remote, one should still 
consider the possibility in a flaw 
evaluation criterion, and the method-
ology developed as part of this effort 
provides the tools for doing so.    

• The analysis developed as part of 
this effort was validated with experi-
mental data developed as part of this 
program.  Laboratory specimen tests 
[Charpy, dynamic tear test (DTT), 
C(T) and SEN(T) tests] plus full-
scale A106B pipe tests were 
conducted.  The pipe fracture tests 
were all tests with the crack in the 
base metal.  To further develop this 
flaw evaluation criterion would 
require additional tests to be 
conducted with the surface crack in a 
weld to account for the effect of 
weld residual stress effects and 
potential constraint effects. 

 
4.1.6  Task 8a:  Development of Fracture 
Criteria for Through-Wall Cracks in 
Elbows 

As part of this effort an analysis methodol-
ogy for predicting the applied J and the 
crack-opening displacements (COD) for 
both an axial and circumferential through-
wall crack in an elbow was developed.  This 
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methodology was developed in support of 
the US NRC’s initiative to formalize their 
LBB procedures through the publication of a 
new Regulatory Guide on LBB.   

The main conclusion drawn from this effort 
was that this new analysis methodology for 
through-wall-cracked elbows was not 
actually needed.  The use of straight-pipe 
solutions to predict the behavior of 
circumferential through-wall cracks in 
elbows is probably adequate, at least for 
elbows with lower R/t ratios.  The 
differences in J and COD predictions 
between the new elbow through-wall crack 
analysis and existing straight pipe solutions 
(GE/EPRI) are minimal (less than 15 per-
cent).  As such, one can probably use 
straight-pipe solutions to predict the 
behavior of through-wall cracks in elbows. 

4.1.7  Task 8b:  Analysis of the V. C. 
Summer Bimetal Weld Case for Primary 
Water Stress Corrosion Cracking 
(PWSCC) 

An assessment was made, using the finite 
element method, of the weld residual 
stresses in the vicinity of the hot leg to 
reactor pressure vessel (RPV) nozzle bime-
tallic weld.  The entire history of fabrication 
of the weld was included in the analysis, 
including the Inconel buttering, post-weld 
heat treatment (PWHT), weld deposition, 
weld grind-out and repair, hydro-testing, 
service temperature heat-up, and finally 
service loads.  The purpose of this 
assessment was to examine the effect of 
different weld repair procedures on the 
resultant weld residual stresses and their 
potential impact on primary water stress cor-
rosion cracking (PWSCC).  The key find-
ings from this effort were: 

• The as-fabricated axial weld residual 
stresses alternate sign as one proceeds 
from the inside to the outside surface of 
the pipe near the weld region.  Tension 

to compression to tension and back to 
compression axial residual stresses 
develop in the as-fabricated pipe weld.  
The tensile residual stresses at the inside 
surface were higher when the outside 
weld repair was deposited first followed 
by inside welding, as compared with the 
opposite case.  Thus, to reduce the effect 
of circumferential PWSCC after weld 
repairs, inside welding followed by 
outside welding is preferred. 

• The final hoop residual stresses after 
complete fabrication are mostly tensile 
in the weld region.  For the case of out-
side welding followed by inside welding 
after the bridge repair, high tensile resid-
ual stresses are produced everywhere.  
For the case of inside welding followed 
by outside welding, a small zone of com-
pressive hoop residual stresses develops 
near the pipe inside surface in the weld.  
This again supports the preference to 
make the repairs using the inside weld-
ing followed by outside welding process 
to get more favorable stresses on the 
inside surface. 

• Hydrostatic testing did not significantly 
alter the fabrication residual stresses. 

• Heating the hot-leg pipe system up to the 
operating temperature of 324°C (615°F) 
reduces the axial fabrication stresses to 
mainly compressive values due to the 
rigid constraint provided by the vessel 
and steam generator.  Hoop residual 
stresses are unaffected by heating up to 
operating temperatures. 

• Since as-fabricated axial residual 
stresses are low at operating 
temperature, circumferential PWSCC is 
not expected due solely to fabrication 
stresses.  Service loads dominate circum-
ferential PWSCC in this application. 

• Axial crack growth is dominated by the 
fabrication residual stresses. 

• Based on the PWSCC crack growth law 
from Reference 4.8 and the analysis 
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results here, axial cracking should be 
confined to the weld region.  Starting 
from a crack 5 mm (0.2 inch) in depth, 
the axial crack should break through the 
pipe wall within two years.  The crack 
nucleation time should be studied in 
more detail. 

• Circumferential cracks should take about 
twice as long to become through wall 
cracks as axial cracks.  Circumferential 
cracks will tend to grow longer than 
axial cracks.  However, since service 
loads dominate circumferential cracks, 
they will slow their growth in the 
circumferential direction as they grow 
toward the compressive bending stress 
region of the pipe.  The service loads 
consist of thermal expansion mismatch, 
tension caused by ‘end cap’ pressure, 
and bending.   

• Weld repairs alter pipe residual stress 
fields near the start/stop regions of the 
repairs.  This may help slow down the 
growth of a growing stress corrosion 
crack. 

• Grinding of welds may lead to scratches, 
which in turn may provide crack initia-
tion sites.  Grinding should be performed 
carefully.  It is of use to study the effect 
of grinding on both residual stresses 
(caused by grinding) and crack initiation 
sites.  Numerical models of the grinding 
process can be developed. 

 
4.1.8  Task 9:  Weld Residual Stress 
Effects on COD Predictions for LBB 
Analyses 

Preliminary analysis conducted as part of the 
uncertainty study conducted at the end of the 
Second IPIRG program indicated that weld 
residual stress effects could have a poten-
tially significant effect on the predicted 
crack-opening displacements (COD) needed 
for an LBB assessment (Ref. 4.4).  This 
effect was especially pronounced for thin-

wall pipe operating at low stress levels.  
This preliminary analysis suggested that the 
through-wall residual stress field in welded 
pipe could cause the crack faces of a 
through-wall crack to rotate closed on the 
outside surface, thus restricting the flow of 
fluid through the crack much more so than 
what might be predicted based on existing 
crack-opening displacement analyses, such 
as the GE/EPRI method (Ref. 4.9).  This 
restriction in flow would in turn cause the 
postulated leakage crack to be longer than 
anticipated (when using the conventional 
GE/EPRI analysis) for a prescribed leakage 
detection capability.  Obviously, the longer 
than anticipated postulated leakage crack 
length would be detrimental to LBB.  As 
part of this effort a series of corrections to 
the GE/EPRI method was made.  The key 
findings from this development effort were: 

• As originally predicted, it was shown 
that the crack faces tend to rotate so that 
the crack on the outside surface opens 
less than on the inside surface.  Further-
more, it was shown that there was a 
critical stress level that must be applied 
in order to overcome the crack closure 
on the outside surface, and thus open the 
crack.  However, for most practical 
applications, the effect of weld residual 
stresses on the crack-opening 
displacements was not a major 
contributing factor for LBB analyses, 
i.e., less than a 15 to 20 percent effect on 
COD, and thus also on crack length. 

• The effect of the weld start/stop loca-
tions on the predicted crack-opening 
displacements can be ignored in LBB 
analysis.  The crack tends to be more 
opened in the start/stop region than away 
from the start/stop location.  As a result, 
the postulated crack length away from 
start/stop location, where this analysis of 
the effects of weld residual stresses on 
CODs is valid, would be longer than in 
region of the start/stop, so it would be 
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conservative to ignore the effect of the 
start/stops when using this revised weld 
residual stress COD analysis. 

• Corrected coefficients for GE/EPRI 
method have been incorporated as an 
option in the newly revised version of 
SQUIRT, Windows® Version 1.1. 

• To generalize this methodology would 
require a look at more pipe diameters 
and more wall thicknesses. 

4.2  Recommendations 

The ultimate objective of this program was 
to develop the technical basis for imple-
menting changes in the codes and standards 
and rule-making process for nuclear piping 
applications.  Some recommended areas 
where these codes and standards could be 
impacted are: 

4.2.1  Potential Recommendations with 
Respect to Leak-Before-Break Procedures 

Potential changes/recommendations to the 
existing LBB procedures that may be 
warranted as a result of the efforts con-
ducted as part of the BINP program are: 

• Leave the criteria in the existing draft 
SRP 3.6.3 regarding the handling of 
secondary stresses as is when writing the 
new Regulatory Guide for LBB, 
especially for the case where one is 
evaluating a piping system fabricated 
with shielded-metal-arc or submerge-arc 
welds.  For those applications, the 
secondary stresses are considered 
equally with the primary membrane and 
primary bending stresses in the draft 
SRP procedures.  For piping systems 
fabricated with higher toughness 
tungsten-inert gas (TIG) welds, as well 
as the stainless steel base metal case, the 
draft SRP procedures do not consider the 
secondary stresses.  However, in most 
cases for these higher toughness 
situations, the failure stresses should 

probably be high enough that yielding 
remote from the crack location should be 
prevalent.  In such applications, it has 
been argued that the contribution of 
secondary stresses may not be as 
significant.  In those cases, an as yet 
undefined nonlinear correction to the 
secondary stress contribution has been 
suggested.  Furthermore, as applicants 
are seeking LBB relief for smaller and 
smaller diameter piping systems, the 
potential exists that the postulated leak-
age crack size (as a function of pipe cir-
cumference) may be large enough that 
the failure stress may be less than the 
yield strength even for the higher tough-
ness TIG welds.  In that case, the 
secondary stresses may need to be con-
sidered with the primary membrane and 
bending stresses, contrary to the existing 
criteria.   

• Allow the applicants, if they so chose, to 
use nonlinear stress analysis (instead of 
elastic analysis) to define the applied 
stresses in those cases where LBB 
cannot be demonstrated using the more 
conventional Level 2 type LBB assess-
ment.  This Level 3 type analysis offers 
the applicant the potential of realizing a 
significant increase in margin due to the 
nonlinear behavior in the piping system.   

• Incorporate statistically-based crack 
morphology parameters for each of the 
relevant cracking mechanisms into the 
new Regulatory Guide for LBB.  
Furthermore, unless technical justifi-
cation can be demonstrated to do other-
wise, specify their usage in all new LBB 
submittals.  

• Use the existing straight-pipe solutions 
for J and COD (e.g., GE/EPRI method) 
in the analysis of postulated through-
wall cracks in elbows. 

• Ignore the effect of restraint of pressure 
induced bending in the majority of future 
LBB applications.  The only time it may 
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prove to be an issue is for small diameter 
piping (where the postulated leakage 
crack size is a large percentage of the 
pipe circumference) that is highly 
restrained by the surrounding pipe and 
boundary conditions. 

• Even though the effect of weld residual 
stresses on the crack-opening displace-
ment analyses for LBB considerations is 
small, the effect is easy enough to con-
sider, especially since an option already 
exists in the latest version of SQUIRT 
(Version 1.1) to account for it.  As such, 
unless a valid justification can be 
presented to ignore this effect (i.e., the 
welds have been stress relieved), this 
effect should be considered in future 
LBB applications, and wording to that 
effect should be included in the new 
Regulatory Guide for LBB.  

 
4.2.2  Potential Recommendations with 
Regards to In-Service Flaw Evaluation 
Criteria 

Some potential changes/recommendations to 
the existing in-service flaw evaluation pro-
cedures that may be warranted as a result of 
the efforts conducted as part of the BINP 
program are: 

• Incorporate the F-functions developed as 
part of this program into a new section 
of the code for Class 2, 3, and BOP 
piping flaw evaluations.   However, 
before actually incorporating these new 
F-functions into the code, the equations 
and associated correlation coefficients 
should be modified to handle longer 
flaws. 

• Develop a new code criterion for elastic-
plastic fracture mechanics (EPFM) for 
Class 2, 3, and BOP piping using the 
modified SC.TNP analysis as the 
technical basis.   

• Implement a criterion into the Class 2, 3, 
and BOP flaw evaluation procedures 

whereby if the 85 percent shear area 
transition temperature from Charpy 
specimens is less than 65°C (150°F), 
then there is no need to consider the 
impact of brittle fracture initiation.  If 
the Charpy 85 percent shear area transi-
tion temperature is greater than 65°C 
(150°F), then the methodology devel-
oped as part of this effort can be built 
into the code structure.  Alternatively, 
there may be some thickness limit 
criteria, whereby if the pipe thickness is 
greater than some predetermined value, 
then one would be forced to use the 
Class 1 EPFM criteria in Section XI.  
Note, this recommendation is only 
currently valid for cracks in ferritic base 
metals subjected to quasi-static loading 
conditions.  For cracks in welds and 
cracks subjected to dynamic loadings, 
additional work is required. 

 
4.2.3  Recommendations for Future Work 

While the efforts undertaken as part of this 
effort furthered the technical basis for a 
number of piping integrity issues, a few 
areas remain where additional related work 
could further enhance this basis.  Probably 
the most important areas of future work 
would be: 

• Extending the F-function equations to a 
wider range of crack lengths.  This 
would involve finite element analyses 
for cases of high R/t ratios and long 
cracks. 

• Conducting additional transition tem-
perature pipe experiments where the 
crack is located in a weld so that an 
assessment of effect of weld residual 
stresses and constraint on the transition 
temperature can be made.  Also, a study 
looking at the effects of dynamic loading 
on the transition temperature behavior is 
also probably needed. 
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• Conducting a study aimed at quantifying 
the crack nucleation time and the effect 
of surface grinding marks on the crack 
initiation behavior of primary water 
stress corrosion cracking.  

Other possible areas of future work include: 

• Extending the modified SC.TNP 
analysis for a wider range of strain 
hardening exponents (n).  This effort is 
currently being undertaken as part of the 
US NRC Large Break Loss-of-Coolant 
Accident (LB LOCA) frequency distri-
bution redefinition program.   

• Extending the restraint of pressure-
induced bending solution for the 
asymmetric support case to more R/t 
values.  Currently, the solution equations 
are only truly applicable to pipes with 
R/t ratios of 10.  As a first step, the 
equations should be extended to the case 
of R/t = 5, which is more typical of 
PWR piping systems.   

• Expanding the solutions for the effect of 
weld residual stresses on the crack 
opening displacements to more pipe 
diameters and wall thicknesses. 
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