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Abstract

ABSTRACT

This is the sixth semiannual report of the U.S. Nuclear Regulatory Commission’s research program
entitled "Short Cracks in Piping and Piping Welds." This 4-year program began in March 1990,
The program objective is to verify and improve fracture analyses for circumferentially cracked large-
diameter nuclear piping with crack sizes typicaily used in leak-before-break analyses, in-service flaw
evaluations, or other related piping structural integrity concerns.

In the through-wall-cracked pipe evaluations, three analytical efforts were undertaken: (1) verification
of J-deformation plasticity under nonproportional ioading, (2) use of past stainiess as-welded and
solution-annealed identically flawed pipe experiments to examine the effect of weld metal strength on
various J-estimation schemes, and (3) development of new F, V, and h functions for the GE/EPRI
method involving short circumferential through-wall cracks in pipes under tension loading.

In the surface-cracked pipe evaluations, work was completed on: (1) material characterization efforts
on a Babcock & Wilcox carbon-manganese-molybdenum submerged arc weld meta!, and (2) a 3D
finite-element mesh refinement study.

Efforts were initiated in the fracture of himetallic weld fusion line toughness evaluations. The initial
studies showed a soft region in the ferritic steel about 1 to 2 mm from the fusion line, and unusual
fracture behavior was found to occur in the fusion-line Charpy tests.

The dynamic strain aging experimental efforts were completed with J-F curve tests that confirmed the
screening criterion for a material that behaved quite differently than the ferritic base metals examined
to date.

A new version of NRCPIPE, Version 1.4g, has been released with updated manuals.

Numerous other efforts were also undertaken, as follows: (1) an analytical effort on validation of Iu
and Iy, fracture parzmeters, (2) an assessment of the toughness of stainless steel SAW fusion lines, (3)
updating the PIFRAC data base, (4) converting past Degraded Piping Program pipe fracture
experimental data files from HP to IBM format, (5) expanding the data base of circumferentially
cracked-pipe experiments, and (6) a new effort to assess the changes of critical flaw sizes if ASME
Section 111 changes the elastic stress limits from 38 to 7S,

Part of the program also involves cooperating with the ASME Section X1 Pipe Flaw Evaluation
Working Group. A Charpy energy based EPFM flaw evaluation procedure for axial cracks,
presented in the last semiannual report, was further developed for circumferential cracks during this
reporting period. We also showed that the a-modified GE/EPRI method gives non-unique solutions
with the same input data, and hence should not be used.
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Executive Summary

EXECUTIVE SUMMARY

The U.S. Nuclear Reguiatory Commission’s (NRC) program "Short Cracks in Piping and Piping
Welds Research” began in March of 1990 and will extend for four years. The program objective is
to verify and improve fracture analyses for circumferentially cracked large-diameter nuclear piping
using integrated results from analytical, material characterization, and full-scale pipe fracture efforts.
Only quasi-static loading rates are evaluated, since the NRC's International Piping Integrity Research
Group (IPIRG) Program is evaluating the effects of seismic loading rates on cracked piping systems.

The term "short cracks” encompasses crack sizes typically considered in leak-before-break (LBB) or
pragmatic in-service flaw evaluations. The size of u typical leak-before-break (LBB) crack for a large
diameter pipe is 6 percent of the circumference, which is much less than the 20 to 40 percent ratios
investigated in many past pipe fracture programs.

During this period, one new subtask was added to the program. This was Subtask 8.6, "Evaluation
of ASME Section III Allowable Stress Limits". This was a relatively simple analysis 1o assess the
change in the flaw sizes that result if the elastic stress limits are increased from 3§, to 7S,

Some key results in the various tasks during this reporting period are given below.
Short Through-Wall Cracked Pipe

The full-scale pipe fracture efforts and material characterization efforts associated with this task are
completed. There were three analysis activities during this reporting period. The first examined the
diiferences in J values using deformation versus incremental plasticity in finite element analyses for
cases of loading at constant internal pressure and increasing bending moment, i.e., examining the
effect of nonproportional loading. The error in the deformation plasticity analysis was less than 1
percent. This is good news for several reasons. Deformation plasticity analyses are much more cost
effective and are the basis of many of the existing J-estimation schemes; also, the degree ot
nonproportional loading of practical concern was found to have insignificant effect on J.

The second analysis activity was an evaluation of stainless steel SAW as-welded versus solution-
annealed "identical” through-wall-cracked pipe experiments from the Degraded Piping Program -
Phase 1. The solution annealing increased the C(T) specimen weld-metal J-R curve, but lowered the
weld metal stress-strain curve. Since typical pipe fracture analyses use the base metal stress-strain
curve and the weld J-R curve, these were good experiments to use to evaluate the weld metal
modified J-estimation scheme (LBB.ENG3) developed earlier in this program. The analyses showed
very slight improvement when using the LBB.ENG3 analyses compared with existing analyses and,
more importantly that the J-R curve from the thicker (25.4 mm) C(T) specimens was more
conservative than the J-R curve from the thinner (14 mm) thick pipe experiments,

The last effort undertaken was the development of F, V, and h functions for the GE/EPRI J-

estimation method for tension loading of short circumferential through-wall cracks, i.e.,
B/ = 1/16 and 1/8.
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Short Surface-Cracked Pipe

The material properties characterizations fo~ a Babcock and Wilcox (B&W) carbon-manganese-
molybdenum weld (DP2-F49W) were complecad. This weld procedure was used in most B&W
carbon steel piping, and there were no prior J-R curve data on this weld procedure. This weld
procedure is to be used in the last remaining pipe experiment in this task.

Finite element analyses were completed to examine the mesh refinement requirements for a
circumferentially surface-cracked pipe. There wa: insufficient refinement with five elements in the
ligament, even with an increase in the number of terations. Meshes with seven or more elements
showed convergence and gave adequate results,

Bimetallic Welds

This task was initiated during this reporting period. Material characterization efforts are well under
way, and one large pipe test will be conducted with a crack located close to the fusion line of a
bimetallic weld in a cold-leg pipe from a cancelled Combustion Engineering plant that is a nominal
36-inch diameter schedule 160 pipe.

The material characterization efforts showed a softer region in the ferritic steel about 1 to 2 mm from
the bimetallic weld fusion line. Also, the Charpy data on the fusion line of the ferritic steel to the
stainless steel weld remain quite puzzling. The specimens were oriented as if the cracks are growing
as a circumferential through-wall crack in the pipe fusion line. Interestingly, the cracks split and
turned 90 degrees as if they would suddenly become axial through-wall cracks in the ferritic base
metal. A metallurgical evaluation gave no obvious reason for this splitting. The results of the
splitting was that the cracks in the Charpy test were arrested and the specimens werc not broken,
resulting in very high impact energies.

Dynamic Strain Aging

J-R curve tests were completed to confirm if a particular carbon steel SAW was susceptible to
dynamic crack jumps at higher temperatures as indicated by the high temperature hardness dynamic
strain aging screening criterion. The results confirmed the dynamic strain aging screening criterion.
This compietes all the experimental work. Analysis of the toughness during a dynamic strain aging
induced crack jump are under way. This analysis effort will be the final technical activity in this
task. A topical report will then be written on all these results.

Crack Opening Area Evaluations

A statistical analysis was conducted on the J-R curve toughness of stainless steel base metals based on
the probabilistic work conducted earlier. The results showed a higher scatter than anticipated, which
was due to the presence of an inclusion that existed in the ligament of the specimen. The work also
showed that additional care had to be taken in the methods used to extrapolate the J-R curves, which
may affect the results of the past probabilistic work.,
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NRCPIPE Improvements

Version 1.4g of the NRCPIPE code was completed and released with a new user's manual. The
changes were mainly to improve the user-friendly aspects of the program.

Additional Efforts

This task includes several unrelated technical activities that have started since the beginning of the
program. These include: (1) a validation of Jy, relative to Jp;, (2) an assessment of the toughness of
stainless steel SAW fusion line toughness, (3) updating the PIFRAC data base, (4) converting
Degraded Piping Program - Phase Il pipe experiment data files from HP to IBM format, (5)
compiling a data base of circumferential cracked pipe experiments, and (6) a new effort to assess the
changes of the flaw sizes if ASME Section Il changes the elastic stress limits from 3§ to 7S_. The
progress of these efforts and their status are summarized in this report.

Interprogram Cooperation and Program Management

As part of the interprogram cooperative efforts, working with the ASME Section XI Pipe Flaw
Evaluation Task Group is a key aspect of the technology transfer of results of this program to
practical application. During this time period, three technical activities were conducted: (1) a
comparison of the Charpy energy based elastic-plastic fracture mechanics axial surface crack analysis
with the current ASME ferritic pipe axial crack EPFM tables for a material with J_ of kJ/m* (600
in-1b/in’), (2) the development of a circumferential surface-cracked pipe Charpy energy based EPFM
analysis, and (3) an evaluation of the Zahoor a-modified GE/EPRI analysis.

The comparison of the ASME axial crack EPFM table values with experimental data and the Charpy
energy based EPFM criterion, presented in the last semiannual report, showed that the ASME tables
were very conservative and that Charpy energy EPFM criterion and the experimental data showed
that all the conditions in the tables were actually limit-load failures.

A Charpy-energy-based EPFM criterion was developed as a possible replacement for the current
Z factors. This criterion eliminated many of the problems in using the current Z-factor approach.
For instance, a Z factor can be calculated for any material using its Charpy energy rather than
limiting the Z factor to two material categories, hence there is a smooth transition from EPFM to
limit load.

The final effort examined the moment and crack-opening displacement predictions for the a-
modification w the GE/EPRI method. This work showed that the a-modified method does not
provide a unique numerical solution and hence should not be used.

Major Conclusions

Major conclusions to date are:

o Short circumferential through-wall flaws fail closer to limit-load (net-
section-collapse) predictions than the longer flaws tested in past programs.
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The significance of this to LBB analyses is that typically the circumferential flaw lengths
in large diameter pipe (28 inches or larger) are guite short, approximately 6 percent of
the circumference. This short length means that: (1) the failure loads are not as
sensitive to toughness variations, and (2) when using a criterion such as the ASME Z-
factor approach, which is based on long circumferential flaws, there is an extra degree
of conservatism. However, for small diameter pipe (i.e., 4 to 6 inches), the LBB
through-wall-crack size may be up to 30 percent of the circumference. Hence these
pipes would be more sensitive to toughness variations, and the ASME Section XI Z-
factor based criterion would be more appropriate. It is possible to develop engineering
corrections o the Z-factor approach that would account for crack length, as well as
diameter, to have a more consistent fracture analysis for LBB of any size pipe.

. From the surface-cracked pipe results, it was found that the effect of R/t
ratio on the Net-Section-Collapse analysis predicted loads were consistent
for large crack (d/t = .66 and 6/x = 0.5) experiments from the Degraded
Piping Program and short cracked (dt = .50 and 6/x = 0.25) pipe
experiments from this program. The trend is that as R/t increases, the
failure load decreases relative to the Net-Section-Collapse predicted failure
load.

. A dynamic strain aging screening criterion using high temperature hardness
testing was developed and verified. This criterion could be used non-
destructively in situ or for specifying new piping steels. The occurrence of
dynamic crack jumps induced by dynamic strain aging has been found to be
very probabilistic in nature and has been experienced more frequently in
pipe tests than in laboratory tests, i.e., C(T) specimens.
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Nomenclature

NOMENCLATURE

1. SYMBOLS

a Half the crack length

¢ Half the mean circumferential crack length

C, Remaining ligament of surface crack

g Coefficient used to fit J-resistance curve

G Empirical constant used in DPZP analysis

CVP Charpy upper-shelf energy

d Flaw depth

D Nominal outside pipe diameter

D, Mean pipe diameter

E Young's modulus

F Function relating elastic stress intensity factor to stress in GE/EPRI estimation
scheme

F’ Constant used in original Ramberg-Osgood equation

f Initial porosity of the material

hy,hy by by Functions tabulated in GE/EPRI method

1 Second invariant of the stress tensor in plastic flow theory

J J-integral fracture parameter

Ip Deformation J

IpR Deformation J-Resistance curve

), J-integral at crack initiation but not necessarily a valid J;_ by ASTM E813-81

Je J at crack initiation under Mode | loading

I Modified value of J integral
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VI,V2,V3
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Plastic component of J-integral
J-integral resistance (curve)

Mode | stress intensity factor
Exponent used to fit J-resistance curve
Moment

Ramberg-Osgood strain-hardening exponent
x; component of outward normal to ¥
Pressure

Tension load due to internal pressure
Thermal expansion stress

Failure load

A normalizing constant

Inside radius

Mean pipe radius

Standard deviation

ASME design stress

ASME ultimate stress

ASME yield strength

Thickuess of pipe wall

Temperature

Second-order term in the asymptotic expansion of the elastic crack-tip stress field

Displacement functions in GE/EPRI analysis

A stress multiplier in the ASME TWB-3640 und -3650 analyses
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Nomenclature

Y Vector

o Ramberg-Osgood parameter

A Fully plastic neutral axis angle

Aa Increment of crack growth

b, Plastic component of disf lacement

¢ Strain

£, Reference strain, o /E

n Geometric factor used in J-integral analysis
6 Half-crack angle

i Statistical mean

o Stress

oy Flow stress

_ . Net-strain-collapse analysis predicted failure stress
a, Ultimate stress

a, Yield stress

2. ACRONYMS AND INITIALISMS

ABACRACK Computer code to generate finite element meshes for surface cracks

ABAQUS Finite element computer code

AEC Atomic Energy Commission (U.S.)

AGA American Gas Association

ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
BMI Bartelle Memorial Institute
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Nomenclsture

BMFT

cC

CEGB
CIRCUMCK WKl
CISE

CS

CTOA

C(T)

CVP

DEGB

DRI
DPZP
DSA
DTRC
EDF
ENEA
EPFM

EPRI

FEM

NUREG/CR-4599

Bundesministerimm fiir Forschung und Technologie (Germany)
Babcock and Wilcox

Boiling Water Reactor

Complex crack

Central Electricity Generating Board (U K.)

Lotus® database of circumferentially cracked pipe fracture experiments
Centro Informazioni Studi Esperienze (Italy)

Carbon steel

Crack-tip-opening angle

Compact {tension) specimen

Charpy V-notch upper-shelf energy

Double-ended guillotine break

Disk Operating System

Degraded Piping Program - Phase Il

Dimensionless Plastic-Zone-Parameter
Dynamic strain aging

David Taylor Research Center (U.S.)

Electricite de France

Comitato Nazionale per L’Energia Nucleare e delle Energie Alternative (Italy)
Elastic-plastic fracture mechanics

Electric Power Research Institute (U.S.)

Finite element

Finite element method

AXIV




GEAP

HP

IBM

IPIRG
JAERI
KwU

LBB

LBB ENG2
LBB.ENG3
LBB.NRC

L-C

L-R

LWR

MPA

NED

NRC
NRCDP
NRC-NRR
NRC-RES
NRCPIPE
NRCPIPES
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Nomenclature

General Electric Atomic Power (Report)

Hewlett Packard (computer)

International Business Machine (computer)

International Piping Integrity Research Group

Japanese Atomic Energy Research Institute

Kraftwerk Union Aktiengesellschaft (Germany)
Leak-before-break

Circumferential TWC analysis method developed at Battzlle
Modified LBB.ENG2 method for cracks in welds

TWC analysis method developed at NRC-NRR

Longitudinal-circumferential orientation (direction of through-wall crack growth
around pipe circumference)

Longitudinal-radial orientation (direction of circumferential surface crack growth)
Light Water Reactor

Ministry of Internamional Trade and Industry (Japan)

Staatliche Materialprifungsanstalt (University of Stuttgart, Germany)
Nuclear Engineering and Design (Journal)

Nuclear Regulatory Commission (U.S.)

National Research Center for Disaster Prevention (Japan)

Nuclear Regulatory Commission - Office of Nuclear Reactor Regulation
Nuclear Regulatory Commission - Office of Nuclear Regulatory Research
PC computer program for circumferential TWC analyses

PC computer program for circumferential SC analyses

Nuclear Regulatory Commission Contractor Report
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Nomenclature

NUPEC
P&B

PC
PIFRAC
PWR
ROFIT
SAM
SAW
sC
SC.TKP
SC.TNP
SEM
SMAW
SQUIRT
SRP
STA

TIG

USNRC

VAX

WRC
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Nuclear Power Engineering Test Center (Japan)
Pressure and bend

Personal computer

Piping fracture database

Pressurized wate: reactor

Computer code to calculate Ramberg-Osgood parameters
Seismic anchor motion

Submerged-arc weld

Surface crack

Surface crack analysis using thick pipe approximations
Surface crack analysis using thin pipe approximations
Scanning electron microscope

Shielded metal arc weld

Seepage Quantification of Upsets in Reactor Tubes, a leak-rate computer program
Standard Review Plan

Science and Technology Agency (Japan)

Tungsten inert gas (weld)

Through-wall crack, through-wall-cracked

United States Muclear Regulatory Commission
Mainframe computer

Welding Research Council (U.S.)

XXVi



Section | INTRCDUCTION

1. INTRODUCTION

The "Short Cracks in Piping and Piping Welds" program was initiated to address Nuclear Regulatory
Commission (NRC) licensing needs and to resolve some critical findings from the NRC’s Degraded
Piping Program. The term "short cracks” refers 1o the type of cracks assessed in leak-before-break
(LBB) or pragmatic in-service flaw evaluations. A typical LBB-size crack for a large-diameter pipe is
6 percent of the circumference, which is much less than the circumferential lengths of 20 to 40
percent investigated in other pipe fraciure programs conducted in the past. Hence, the term "short
cracks” in this project does not refer to micrascopic cracks that are of interest to the aerospace
industry.

The 4-year program started on March 23, 1990. This sixth semiannual report describes progress in
ali the tasks during the period April through Septembar 1992 and provides information on plans for
the next 12 months.

The nine tasks addressed in this program are:

(1)  Short through-wall-cracked (TWC) pipe evaluations

(2)  Short surface-cracked (SC) pipe evaluations

(3)  Bimetallic weld crack evaluations

(4)  Dynamic strain aging and crack instabilities evaluations
(5)  Fracture evaluations of anisotropic pipe

(6)  Crack-opening-area evaluations

(7)  NRCPIPE Code improvements

(8)  Additional efforts

(9)  Interprogram cooperation and program management,

Of these, work was conducted in all but Task § (Frzcture Evaluations of Pipe Anisotropy) during this
period. The Task 3 efforts on fracture of bimetallic welds were initiated during this time period. In
addition, several subtasks were initiated in Task 8.

Table 1.1 gives an updated summary of the pipe experiments conducted in this program. Most of the
tasks involve integrated analytical, material characterization, and full-scale pipe fracture experimental
efforts. This program addresses only circumferential cracks in straight pipe under quasi-static loading
rates. Seismic loading rate behavior of cracked pipe is being investigated in the NRC’s Second
International Piping Integrity Research Program (IPIRG-2).
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INTRODUCTION
Table 1.1 Current matrix of pipe experiments
Diameter,
Expt. No. in. Schedule | Material Temperature Test Date
U ized d Nl kot o :
1.1.1.21 28 60 AS515 Gr60 288C (S550F)  10/25/90
1.1.1.23 28 80 TP316L SAW 288C (550F) 57231
1.1.1.24 24 80 A333 Gr6 SAW  288C (550F)  3/13/92
1.1.1.26 “ 80 TP316LN 22C (72F) 2127191
U jaud snoraddiad of A
1.1.1.25 28 60 A515 Gr60 288C (550F) 2/07/192
Bimesallic weld fusion 1i ; - TWC
1.1.1.27 36 160 AS516/88-SAW 288C (S50F)  (10/93)*
U ined gur kud oi :
1.2.1.20 16 30 TP316 99C (210F) 1/15/92
1.2.1.21 6 XXS TP304 288C (550F) 4/16/91
1.2.1.22 6 40 TP304 288C (550F)  3/15M91
P e g ;
1.2.3.15 28 60 AS515 Gr60 288C (550F) 11/08/91
1.2.3.16 28 80 TP316L SAW 288C (550F) 9/05/91
1.2.3.17 24 100 A106B SAW 288C (550F)  (1/94)*

* Planned test date.
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Section 2 TASK 1 SHORT TWC PIPE EVALUATIONS

2. TASK 1 SHORT TWC PIPE EVALUATIONS

2.1 Task Objective

The objective of this task is to modify and verify analyses for short through-wall-cracked (TWC) pipe
using existing and new data on large-diameter pipe.

2.2 Task Rationale

The results of this task will help to refine the fracture analyses in leak-before-break (L.3B) procedures
used to evaluate through-wall cracks in large-diameter pipes.

2.3 Task Approach

The five subtasks in this task are:

Subtask 1.1 Material characterization for short TWC pipe experiments

Subtask 1.2 Upgrading of the large-pipe testing system
Subtask 1.3 Large-diameter pipe fracture experiments
Subtask 1.4  Analysis for short through-wall cracks in pipes
Subtask 1.5  Topical report.

Subtask 1.1 has been completed and discussed in previous semiannual reports. As stated in the
previous semiannual report, Subtask 1.2 was eliminated. The data record book for Experiment
1.1.1.24 in Subtask 1.3 was submitted to the NRC, thus completing this subtask. Progress in Subtask
1.4 is described below.

2.3.1 Subtask 1.4 Analyses for Short Through-Wall Cracks in Pipes

2.3.1.1 Objective

The objective of this subtask is to develop, improve, and verify the engineering analyses for short
circumferential through-wall-cracked pipe.

2.3.1.2 Rationale

The short through-wall-cracked pipe analysis improvements are aimed at LBB fracture evaluations for
larger-diameter pipe.

2.3.1.3 Approach

The four activities in this subtask are:
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TASK 1 SHORT TWC PIPE EVALUATIONS Section 2

Activity 1.4.1 Improve short through-wall-cracked pipe analysis and compare predictions
with existing data

Activity 1.4.2 Analyze large-diameter pipe TWC test results

Activity 1.4.3 Analyze through-wall cracks in welds.

Activity 1.4 4 Develop new GE/EPRI functions.

During this reporting period, Activities 1.4.1, 1.4.3, and 1.4.4 were active. Progress in these
activities is reported here.

2.3.1.4 Progress

Activity 1.4.1 Improve Short Through-Wall-Cracked Pipe Analysis
and Compare Predictions with Existing Data

The four separate efforts in this activity are:

(a) Numerically assess the effect of plastic ovalization on the validity of J
(b)  Determine pipe ovalization effects on limit-load analysis

(¢) Improve F, V, and h functions

(d) Compare predictions from improved analyses with existing data.

Only Activity 1.4.1{c) was active and the progress is described below.

The effort in this activity involves computation of F, V, and h functions for circumferentially cracked
pipes under combined bending and tension. The calculation of these functions using 3-D analysis of
short TWC pipes under pure bending has shown that the GE/EPRI functions (Ref. 2.1) are in error as
they were deveioped using shell elements that are generally stiffer than 3-D brick eiements. In this
activity, these functions will be re-computed using ABAQUS (Ref. 2.2) using 20-noded 3-D brick
elements for severa! sets of values of crack length (6/7), mean-radius-to-thickness ratio (R /t), and
hardening parameter (n).

Deformation and Flow Theories - In developing constitutive equations for work-hardening materials,
two hasic approaches can be used to calculate the above influence functions. The first formulation
uses deformation theory in the form of a total stress-strain relation. This theory assumes that the state
of stress determines the state of strain uniquely as long as plastic deformation continues. This is
identical to the nonlinear elastic stress-strain relation with no unloading and is theoretically valid only
for loading paths that are proportional. The second formulation uses incremental or flow theory in
the form of an incremental stress-strain relation. This theory relates the increment of plastic strain
components to the state of stress and the stress increment. It is more general than deformation theory
and can be applied to a wide variety of loading conditions, including non-proportional and cyclic
loads. For a typical monotonic pipe test under combined bending and tension, or for a pipe in
service, the tensile force is usually held constant due to constant internal pressure, but the bending
moment is changed. During the progression of load increments, the load factor, which is defined as
the ratio of bending moment and tension, also increases, thus violating load-proportionality, which is
the essential condition for the validity of deformation theory of plasticity. However, the typical
values of service pressure in a pipe is 15.51 MPa (2,250 psi) for primary PWR piping and 7.24 MPa
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1,050 psi) for BWR piping or
pressut 10ading mostly eia will {
theor nould be e iy applicable to us
flu function
Validation of Deformation Theory - To substantiate this claim of equal applicability, a verification
tudy was conducte determine the adequacy of results from the deformation theory of plasticity
As an example a TWC pipe with R_/t=10, n=5, and 8/x=1/8, which is subjected to
iternal pressure MPa (2,250 psi) and increasing bending moment. It is assumed that the
naterial str strain relation can be represented by the Ramberg-Osgood relation. Two finite elemen
analy were carried out tor this pipe using deformation and incremental stress-strain formulations
i er code used was ABAQUS with 20-noded, 3-D solid elements. Figure 2.1 shows the
resuits of both analyses presented in terms of J-integral plots as a function of applied bending
omel Fhey ndicate that the finite element results obtained using deformation theory
‘ ! dle estimates ol the crack driving force when compared with those obtained using flow
iental theor Figure shows the percentage of error difference for various applied loads
Ihe perci [ error difference 1s defined as the ratio of the difference between J from flow theory
and J from deformaticn theory divided by J from flow theory, times 100. From this figure, it
appears that prediction based on deformation theory is slightly conservative, with the maximum
ADSOLULE eI Deing S8 thas percent. Hence, the deformation theOry can be used adequalely tor
the rest of hinite element analysis. This will allow significant savings of computational effort in
ining the GE/EPRI functions
Activity 1. 4.3 Analyze Through-Wall Cracks in Welds
Nis acuvity, eftorts were und2rtaken to (1) conduct TWC pipe weld
xperiments from the past | Piping Program (Ref 3) and (2)
wil? gvananie pij fract
Pipe Weld Experiments - Tw rcumter¢ wall-cracked (TWC) pipe experiments
lentified as Experiments 414 ind 4141 were considered. The stainless steel pipes
. mm (O-inch) nominal pipe siz ibject to four-point bending at 288 C (550 F)
) nternal pr ire. Th ngths in both ex were nearly 37 percent of the pip
umi emnu ier ol Both we " t ame time. The only difference
i § 414 e w Was ution-annealed. Tal Z.1 provides exact dimensions Of
e try and th welded pipe experiments
J-Estimation Analyses - | pred ! nation schemes were used to evaluate the load-carrying
the TWC w | pipes in Expe its 4141-1 and 4141-5. They includ
E/EPRI methox Kel, &
Paris/Tada method (Ref. 2
LLBB.NRC method (Ref. 2.¢
+ BB ENG2 method (Ref, al
LBB.ENG3 method (Ref, 2.8
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4
.
Deformation Theory
3 F A Fiow Theory
i
2 R,/t=10, 0=5, &/x = 1/8

Internal Pressure = 15.51 MPa

J-integral (MJjm”)

Applied Moment (MN-m)

Figure 2.1 J-integral by deformation and Now theories as a function of applied bending moment

Ry/t=10, n=5, &/x = 1/8

Internal Pressure = 15.51 MPa

Error (Percent)
o

Applied Moment (MN-m)

Figure 2.2 Percentage of error difference between J-integral estimates by deformation theory of
plasticity
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TASK 1 SHORT TWC PIPE EVALUATIONS

Table 2.1 Summary of pipe geometry and results for through-wall-cracked

weld metal pipe experiments

Experiment Number
4141-1 4141-5
Material SA-376 TP304  SA-376 TP304
Weld Type SAW Solution-Annealed
SAW

Average Outside Diameter, mm (in) 168.3® 167.8

(6.625) (6.605)
Average Measured Wall Thickness, mm (in) 14.3@ 14,1

(0.562) (0.555)
Crack Length, percent circumference 37.1 38.3
Four-point Bending Inner Span, m (in) 1.2 1.2

(48) (48)
Four-point Bending Outer Span, m (in) 3.25 3.25

(128) (128)
Load at Crack, kN (lbs) 58.3 46.3

(13,100) (10,400)
Maximum Load, kN (lbs) 73.8 60.5

(16,600) (13,600)

“'Nominal dimension

All estimation methods except LBB.ENG3 (this is a ientative acronym given here for the LBB.ENG2
method modified during this program to include the weld metal strength) are based on stress-strain
properties of base metal and toughness properties of weld metals. The LBB.ENG3 method can
account for strength properties of both base and weld metals in calculating the J-integral. Details of
this method can be obtained from Reference 2.8. This method, which was developed during the
course of this program, was also discussed in the second semiannual report from this program (Ref.

2.9).

In order to make the estimation methods applicable, it is assumed that the stress-strain curves of base
or weld metals can be represented by the well-known Ramberg-Osgood model. Four samples of base
metal stress-strain data and two samples of weld metal stress-stain data at test temperature were

2-5
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Table 2.2 Material properties of base and weld metals
in pipe Experiments 4141-1 and 4141-5

Ultimate

Yield Stress, o, Stress, o,
Material MPa MPa o® n
Base™® 138.18 449 10 9.694 3.129
Weld 324.00 466.00 2.283 11.033
(As-welded)
Weld (Solution- 194.00 465.00 3.420 4.838
annealed)

(@ o, = 0, ¢, = o JE, E = 182.7 GPa (26,500 ksi).
(b) Base metal stress-straiu curve unaffected by solution annealing.

available for pipe materials in each of these two experiments. A standard curve fit was developed to
determine the corresponding Ramberg-Osgood parameters using the program ROFIT. Table 2.2
shows the mean values of the Ramberg-Osgood parameters for the base and the weld metals. The
reference stress required for the Ramberg-Osgood fit was assumed to be the yield stress also given in
the same table. The solution-annealing was found to not affect the base metal stress-strain curve.
The ] -resistance curves were obtained from compact tension, C(T), specimens and n-factor analysis
based on pipe experimental load-displacement curves. Hence, two sets of analyses were performed.
One was based on C(T) J,-resistance curves and the other was based on pipe J-resistance curves.
The C(T) specimens were from 25.4-mm (1.0-inch) thick plate welds, whereas the 6-inch nominal
diameter pipe was much thinner. The fracture toughness curves for both cases are shown in Figure
2.3, Solution-annealing lowered the weld yield strength by 40 percent and slightly raised the
toughness in C(T) specimen tests. However, comparison with fracture toughness values from n-factor
analyses of TWC pipes indicates a lowering of J-resistance curves due to solution annealing; i.e., the
opposite trend from the C(T) specimen J-R curves.

Results - An internal research version of the code NRCPIPE was used to compute crack initiation and
maximum loads of the pipes in Experiment 4141-1 and 4141-5. This version of the code has recently
been changed to incorporate the LBB.ENG3 method for welded pipe analysis. Figure 2.4 shows the
initiation load ratio, defined as the ratio of the experimental crack initiation load to the predicted
crack initiation load, for Experiments 4141-1 and 4141-5 obtained from five different J-estimation
schemes using C(T) specimen Jj-resistance curves. From the results, it appears that all of the
estimation methods except Paris/Tada significantly underestimate the crack initiation loads of both the
as-welded pipe (Experiment 4141-1) and the solution-annealed pipe (Experiment 4141-5) when
compared with test data. However, the underprediction of the initiation load becomes smaller for the
solution-annealed pipe, in which case the strength properties of base and weld metals are not t0o
different. The initiation load calculated by the Paris/Tada method is closer to the experimental value
although the predictive error was made on the side of overpredicting loads.

NUREG/CR-45%9 2-6
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B-ineh (152 mm) diameter
I pipe as-welded -
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- '/
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0 20 40 80

Crack Extension, mm

Figure 2.3 Comparison of pipe and C(T) specimen J;-R curves from yp-factor analysis
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A Experiment 4141.5 (Solution annealed)
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Figure 2.4 Initiation load prediction for the Experiments 4141-1 and
4141-5 using C(T) J;-R curves
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Similar results are also plotted for the same pipe experiments (Experiments 4141-1 and 4141-5) in
Figure 2.5 in terms of the maximum load ratio, defined as the ratio of the experimental maximum
load to the predicted maximum load as a function of the estimation methods. Results indicate that
most estimaiion methods underpredict the experimental maximum load. As before, the degree of
underprediction for the solution-annealed pipe is much less than that calculated for the as-welded pipe.
The Paris/Tada method, which provided better results for the as-welded pipe, was found to
overestimate load-carrying capacity for the solution-annealed pipe.

The LBB.ENG3 method, which uses strength properties of both base and weld metals, did not
provide the anticipated accuracy in calculating initiation and maximum loads. However, in both
experiments, the degree of conservatism by LBB.ENG3 lies between that calculated by LBB.ENG2
and GE/EPRI and that calculated by Paris/TADA and LBB.NRC. All these results were predicted by
using C(T) specimen J-resistance curves.

In order to evaluate the adequacy of C(T) specimen data for Jj-resistance curves, standard n-factor
analyses were conducted by using the load-displacement record from actual pipe experiments. The
n-factor analysis is described in a topical report (Ref. 2.4) and will not be repeated here. From the

3

W Experiment 4141-1 (As-welded)

A Experiment 4141.5 (Solution annealed)
e
© b
c 2
®
S e ™ g
E
g - ; 4
R f o s s i i i s ol s s i o 0 s« s i
= A
=

Maximum Load Ratio Expgrumontal Maximum Load
Predicted Maximum Load

0 L | 1 i 3

GE/EPRI Paris/Tada LBB NRC LBB ENG2 LBB.ENG3

J-Estimation Scheme

Figure 2.5 Maximum load prediction for the Experiments 4141-1 and 4141-5 using
C(0) J;y-R curves
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Section 2 TASK | SHORT TWC PIPE EVALUATIONS
Table 2.3 Matrix of finite element calculations for circumferentially
through-wall-cracked pipe under tension
Model No. Model Name Ryt n® /% Remarks
i CASEIA3DTN 5 1235710 0.0625 6 runs
2 CASEIB3DTN 5 1,2,3,5,7,10 0.125 6 runs
3 CASE2A3DTN 10 1,2,3,5,.7,10 0.0625 6 runs
4 CASE2B3DTN 10 1,2,3,5,7,10 0.125 6 runs
s CASE3A3DTN 20 1,2,3,5.7,10 0.0625 6 runs
6 CASE3B3DTN 20 1,2,3,5,7,10 0.125 6 runs
(a) n is the power-law hardening exponent and n = | for the elastic case.

Table 2.4 ABAQUS calculated values for F, V,, V,, and V, for a circumferentially
through-wall-cracked cylinder in tension

O/x = 0.0625 6/x = 0.125
F 1.027 1.139
R/t =5 v, 1.178 1.359
v, 0.164 0.363
V, 0.021 0.086
F 1.053 1.250
R, /t =10 v, 1.186 1.482
V, 0.186 0.436
V, 0.020 0.099
¥ 1.107 1.469
R/t =20 v, 1.258 1.719
v, 0.229 0.591
A 0.023 0.116
2-11
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TASK 1 SHORT TWC PIPE EVALUATIONS Section 2

Table 2.5 ABAQUS calculated values for hy, b;, hy, and h, for a cdroumnferentially through-wall-cracked
cylinder in tension (R/t = §)

n=1 n=2 n=23 n=8§ pn=7 =10

hy | 2707 3385 3825 4301 4332 4093
116 hy | 4125 4775 5068 5307 5.124  4.664
hy | 0.564 2608 3.166 4.187 3035  2.983
he | 0072 0126 0181 0273 0332  0.368

O/x

il

hy | 2.638 3087  3.269 3210 2.817 2.159
bl = 1/8 h, | 4092 4376 4351 3990  3.368 2.495
hy | 1.092 2248  2.648 3.041 2.622 2.157
hy | 0259 0402 0505 0597 0.569 0.455

Table 2.6 ABAQUS calculated values for hy, by, by, and hy for a circumnferentially through-wali-cracked
cylinder in tension R/t = 10)

n=1 n=2 n=3 n=S§ n=7 n=10

hy | 2849 3624 4162 4827 5.003 4.902
1716 h, | 4152 489% 5313 5776 5.762 5.471
hy | 0650 2697 2249 42% 3.188 3.244
hy | 0069 0.123 0175  0.271 0.337 0.392

f/x

hy | 3.176 3809 4130 4223 3836  3.062
bix = 1/8 hy | 4459 4931 5065 4893 4309 3349
hy | 1314 2512 2961 3477 3151  2.737
he| 0298 0462 0587 072 0720  0.605
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Table 2.7. ABAQUS calculated values for h,, hy, hy, and h for a circumferentially
through-wall-cracked cylinder in tension (R /t = 20)

n=1 n=2 n=3 n=8 n=7 an=10

3148 4119 4843 5848  6.263 6.399
4406 5341 5949 6765 6.998 6.934
hy | 0.802 2958 3607 4815 3.806 3.983
hy| 0074 0.141 0202 0317 039 0.484

"

b/lx = 1/16

hy | 4384 5394 5983 6300 5784 3.485
O/x = 1/8 hy | 5.173 5999 6412 6.547 5.941 4.749
hy | 1778 3.242 3912 4738 4428 3.911
hy| 035 0570 0.743 0953 0976 0.852

Activity 1.4.1(=) - Numerically assess the effect of plastic ovalization on the validity of J. This
activity is essentially complete and writing the final topical report will be the only activity next year.

Activity 1.4.1(c) - Improve F, V, and h functions. The efforts for calculating GE/EPRI functions for
TWC pipe under combined bending and tension have been started. They will be completed in the
next year of the program.

Activity 1.4.2 - The new GE/EPRI functions developed in this program will be used to analyze large-
diameter TWC pipe tests. The analysis will be completed in the next year of this program.

Activity 1.4.3 - Analyze through-wall cracks in welds. The efforts in analyzing welded pipe
experiments from the Degraded Piping Program have been completed. The weld experiments
conducted in this program will be analyzed in the next year.
Activity 1.4.4 - The GE/EPRI functions for the following cases will be completed in the next period:
(i) Short Through-Wall-Cracked Pipe Under Tension and Bending
(i)  Long Through-Wall-Cracked Pipe Under Bending

All work planned in this subtask will be completed. The first draft of the topical report will be
written and submitted to the NRC for review.
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3. TASK 2 SHORT SC PIPE EVALUATIONS

3.1 Task Objective

The objective of this task is to modify and verify analyses for short surface-cracked (SC) pipe using
existing and new data on large-diameter pipe.

3.2 Task Rationale

These results will verify and may be used to refine analyses that have been used for pragmatic in-
service flaw evaluations such as those in ASME Section XI.

3.3 Task Approach
The five subtasks in this task are:

Subtask 2.1 Material characterization for surface-cracked pipe experiments

Subtask 2.2 Small-diameter pipe fracture experiments in pure bending for limit-load
ovalization correction

Subtask 2.3 Large-diameter surface-cracked pipe fracture experiments under combined
bend ng and tension (pressure)

Subtask 2.4 Analysis of short surface cracks in pipes

Subtask 2.5 Topical report.

During the last reporting period, Subtasks 2.1, 2.3, and 2.4 were active. Subtask 2.2 is complete and
resplts are in prior semiannual reports. Progress in the active subtasks is described below.

3.3.1 Subtask 2.1 Material Characterization for Surface-Cracked Pipe Experiments
3.3.1.1 Objective

The objective of this activity is to generate the data necessary to document material strength and
toughness for analysis of the Subtask 2.3 Pipe Fracture Experiments.

3.3.1.2 Rationale
The material property data needed for the analysis procedures in Subtask 2.4 need to be determined

for each pipe and weld subjected to a pipe fracture experiment. These data are also to be included in
the NRC PIFRAC database (Ref. 3.1).
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3.3.1.3 Approach

With several exceptions, material property data for pipes tested within the Short Crack Program, i.e.,
Charpy, chemical analyses, tensile, and J-R curves, are already available from the Degraded Piping
Program

One exception is a nominal 16-inch-diameter Schedule 30 stainless steel pipe that replaced the pipe
damaged in the accident associated with the IPIRG-1 Experiment 1.3-7. This replacement pipe has
been designated DP2-AS52.

Another exception is a nominal 24-inch-diameter carbon-steel pipe weld used in Subtask 2.3. Instead
of having tests conducted on specimens machined from the welded pipe, material characterization tests
have been performed on welds prepared in A516 Grade 70 carbon steel plate material, using welding
procedures nominally identical to those used in welding the pipe.

The data are recorded digitaliy and reduced to a format identical to that used in past Degraded Piping
Program Data Record Book entries. These data will also be available for input into the NRC
PIFRAC database (Ref. 3.1).

3.3.1.4 Progress

Plate Weld DP2-F49W . Characterization of Pipe DP2-F49W was completed. This weld was made
using a C-Mn-Mo weld procedure. Babcock and Wilcox used it in most of their carbon steel plant
piping. The weld wire designation was EA3 and SFA 5.23. The flux was Linde 80. Figure 3.1 is a
composite J-R curve graph showing the results for all compact specimens. This figure shows the
significant effect of test temperature on fracture resistance of the weld. The room temperature
specimens had about 0.5 mm (0.02 inch) of stable ductile crack growth prior to cleavage fracture.
The average value of J; at 288 C (550 F) was approximately sixty percent of the room temperature
average, while dJ/da averaged one quarter or one third of the room temperature values, depending on
side grooving. Side grooving decreased I; by approximately five percent and decreased dJ/da by
approximately 30 percent in this material.

Pipe DP2-AS2. Fracture toughness and tensile experiments on Pipe DP2-A52 were also completed.
Figure 3.2 shows the J-resistance curves for material from this pipe. There is a small decrease in
both J, and dJ/da between 20 C and 93 C. However, both quantities decrease significantly between
93 C and 288 C,

3.3.2 Subtask 2.3 Large-Diameter Surface-Cracked Pipe Fracture Experiments
Under Combined Bending and Tension (Pressure)

3.3.2.1 Objective
The objective of this subtask is to devzlop experimental data fu; internally suiface-cracked large-

diameter pipe under more typical combined pressure and bending loading conditions for the purpose
of making a critical assessment of the ASME Section X1 and J-estimation scheme analyses.
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Figure 3.1 Composite plot of J-resistance curves for Plate Weld DP2-F49W tests
(Data with &a <0.3(w-a ) are believed to be valid as per Rel. 3.2)
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Figure 3.2 Compaosite plot of J-resistance curves for Plate Weld DP2-AS2
(Data with Aa £0.3(w-a ) are believed to be valid as per Ref. 3.2)
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3.3.2.2 Rationale

With one exception, the largest surface-cracked pipe experiments conducted as part of the Degraded
Piping (Ref. 3.3), IPIRG (Ref. 3.4), and EPRI NP-2347 (Ref. 3.5) programs were 16-inch diameter.
The one exception was a 30-inch-diameter carbon steel surface-cracked pipe experiment conducted as
part of the IPIRG program. Consequently, a definite void exists in the pipe fracture experimental
data base. Since pipe diameter is an important governing parameter in assessing failure mode, i.e.,
limit-load or elastic-plastic, it seems prudent to fill this void. The effects of larger diameter on the
fracture behavior of surface-cracked pipe needs to be evaluated in order to make a critical evaluation
of the ASME Section XI and J-estimation scheme analyses.

3.3.2.3 Approach

To satisfy the data requirement for verifying the analysis methods, three large-diameter surface-
cracked pipe fracture experiments will be conducted, see Table 3.1.

Table 3.1 Test matrix for large-diameter surface-cracked pipe experiments

Expt. Nominal Test Test
No. Diameter  Schedule Material Temp. Pressure Zc/ﬂ)! da/n
1.2.3.15 28-inch 60 A515 Gr 60 288 C 9.56 MPa 0.25 0.5
(550 F) (1,387 psi)
1.2.3.16 28-inch 80 TP316L SAW 288 C 10.14 MPa 0.25 0.5
(550 F) (1,470 psi)
1.2.3.17 24-inch 100 Al106B SAW 288 C TBD 0.25 0.5
(550 F)

TBD = To be determined.

3.3.2.4 Progress

During the last reporting period efforts were initiated to prepare the test specimen for the nominal
24-inch diameter, carbon steel weld, short surface-cracked pipe experiment (Experiment 1.2.3.17).
The test pipe for this experiment was from a length of A106 Grade B carbon steel pipe tested in a
previous Battelle program in the late 1960's for the Atomic Energy Commission (AEC) (Ref. 3.6).
Data are already available from this AEC program for three elevated temperature, axially flawed,
pipe burst tests, In addition, material characterization data are available; i.e., circumferential tensile
(yield and ultimate strength values), transverse Charpy, and chemical analyses. The wall thickness of
this pipe is approximately 43 mm (1.7 inch). This wall thickness is greater than that for any pipe

NUREG/CR-4599 34
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TASK 2 SHORT SC PIPE EVALUATIONS Section 3

Tae FE analysis of JAERI pipe Experiment S-17, Ref. 3.9, showed that a full 3-D analysis rather
than mesh refinement resolved the descrepancy between the experiment data and FE analysis
conducted earlier. A comparison of the predicted to the experimental load-displacemant curve is
shown in Figure 3.3 In light of this result, it is not necessary to pursue further mesh refinement
studies. The objectives of this subtask are, therefore, accomplished. These results will be included in
the topical report for Task 2.

Subtasks 2.4.1 and 2.4.7 are therefore completed, and no further work is planned.
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Figure 3.3 Uncracked pipe FE analysis

Activity 2.4.8 Surface-Cracked Mesh Refinement Study

To accurately compute the crack tip fields and J-integral values for surface-cracked pipes using finite
element analyses, sufficient care must be taken to ensure adequate refinement of the mesh. Recent
work by Shimakawa and Yagawa (Ref. 3.10) has shown that mesh refinement, load incremeats and
material modeling can strongly influence the finite element solutions. In the following, a critical
examination of the effect of mesh refinement on finite element solutions for circumferentially surface-
cracked pipe loaded under 4-point bending is made using the commercially available software
program ABAQUS. A fan-like mesh focussed at the crack-tip is employed in all cases, since this
yields more accurate solutions for quasi-static crack problems. There are three levels of mesh
refinement which may be examined, namely, refinement along the thickness direction of the cracked
and uncracked ligaments, refinement al. ng the crack front direction, and refinement along the
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TASK 2 SHORT SC PIPE EVALUATIONS Section 3
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Figure 3.4 Finite element model (Mesh 1) of surface-cracked pipe
(intermediate mesh size)
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TASK 2 SHORT SC PIPE EVALUATIONS

Section 3

Figure 3.5 Detail of the crack-tip region at the center of the crack front for Mesh 2
(coarsest mesh size)

Figure 3.6 Detail of the crack-tip region at the center of the crack fron for Mesh 3

(finest mesh size)
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Figure 3.7 Stress-strain behavior of the material
(average of data from Specimens ¥29-§ and F29-6)
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Figure 3.8 Predicted and experimentally measured variation of load
versus load-line displacement of surface-cracked pipe
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Section 3 TASK 2 SHORT SC PIPE EVALUATIONS

Several conclusions may be inferred from Figure 3.9. Below load-line displacement values of

95.25 mm (3.75 inch) the difference in predicted values of J-integral is less than 6 percent between
various models. However, the differences become more noticeable beyond this value of load-line
displacement. The line-spring model predicts the highest values of J-integral and, hence, is more
conservative in its estimate of loads for a given J. The coarse mesh (Mesh 2) with moderate time
increments predicts lower values of J-integral compared with Meshes 1 and 3. Interestingly enough,
Meshes 1 and 3 predict similar J-integral values, implying that Mesh 1 is optimum for this analyses.
To further investigate this, finer displacement increments were used for Meshes 2 and 3. The reason
for using finer displacement increments for Mesh 2 was to explore whether the predicted J-integral
values would be closer to the predictions of Mesh 1. If this were true, then a coarser mesh such as
Mesh 2 with fine displacement increments would be adequate for the analysis. However, the
predicted values of I with finer increments using Mesh 2 still diverged from the solution obtained
from Mesh 1. Thus, using only five elements along the crack is not adequate for analysis of surface-
cracked pipe.

To further reinforce our argument that the solutions obtained with Meshes i and 3 are indeed
convergent solutions, Mesh 3 was used to analyze this problem with finer displacement increments.
The predicted variation of J-integrai values with load-line displacement using finer increments with
Mesh 3 yielded similar results as Mesi: 1. Taus, using at least eight elements along the crack and at
least seven elements along the ligameud is necessary for analyzing surface-cracked pipe subjected to 4-
point bending.

This conclusion is further supported by the effect of mesh refinement on the crack-mouth-opening
displacement, CMOD. Figure 3.10 shows the variation of CMOD with applied load-line
displacement. As is evident from the figure, nearly identical variations are obtained for Meshes 1 and
3. As expected, the variation obtained using the coarser mesh (Mesh 2) deviates from those obtained
by the other two meshes, especially at higher values of applied load-line displacement. The crack-
mouth-opening configuration at the center of the crack front corresponding to a load-line displacement
of 114.3 mm (4.5 inches) obtained using the various finite element meshes is shown in Figure 3.11.
The prediction of the coarser mesh is less conservative than those of the other two meshes.

3.4 Plans for Next Year of the Program

3.4.1 Subtask 2.1 Material Characterization for Surface-Cracked
Pipe Expe: ments

The material characterization data for Plate W.'d F49W will be completed and submitted for inclusion
in the NRC PIFRAC database (Ref. 3.1) in order to complete this task.
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Figure 3.9 Variation of calculated J-integral values versus load-line
displacement for the various models studied
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Figure 3.10 Variation of crack-mouth-opening displacement with applied
load-line displacement for the various models studied
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Figure 3.11 Crack-opening configuration at the center of the crack front
corresponding to & load-line di- placement of 114.3 mm (4.5 inches)

3.42 Subtask 2.3 Large-Diameter Surface-Cracked Pipe Fracture Experiments
Under Combined Bending and Tension (Pressure)

During the next reporting period work will continue towards preparing the test specimen for the 24-
inch diameter, carbon steel weld, short surface crack pipe experiment (Experiment 1.2.3.17). The
initial machine flaw will be introduced into the center of the low toughness C-Mn-Mo weld and
precracked using pressure cycling techniques. The internai surface crack will be instrumented with
crack opening displacement gages and electric potential probes. Once the internal instrumentation is
in place, lengths of moment arm pipe will be welded onto the test specimen in preparation for testing.

3.4.3 Subtask 2.4 Analysis of Short Surface Cracks in Pipes

Activities 2.4.1, 2.4.6, 2.4 7 and 2.4.10 have been completed. Plans for other activities will involve
the following.

Activity 2.4.2 Improve SC.'TNP and SC.TKP Analyses
Once the n-factor analysis discrepancy is resolved, the y factor solutions will be compared to the 3-D

FEM ] values from the virtual crack extension method, and the % factor solution will be used to
determine J values from sevee i of the pipe experiments.
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TASK 2 SHORT S5C PIPE EVALUATIONS Section 3

activity 2.4.8 SC Mesh Refinement

This subtask has been completed. Input to the topical report will be prepared w summarize the
findings of this study.

Activity 2.4.9 Verification of J-estimation Schemes

Work will be initiated on this subtask. Based on the work performed under the subtask on “SC Pipe
Analysis - Mesh Refinement,” results obtained using the line-spring model for surface-cracked pipes
appeared accurate and adequate for comparison with J-estimation schemes. To further examine this,
the analyses using line-spring and 3-D models of the surface-cracked pipe reported in Activity 2.4.7
will be extended to higher applied load levels.

If the line-spring model should prove to be adequate and accurate enough, all the following analyses
would use this model. The following flaw geometries of circumferentially surface-cracked pipes
loaded under bending, tension, and a combination of these two would be analyzed and compared with
the SC.TNP and SC.TKP J-estimation scheme analyses.

Internal Surface Flaws

length/circumference - 1/16 and 1/4
depth/thickness - 12
strain-hardening exponent - 3 and 10

External Surface Flaws

length/circumference - i/4
depth/thickness - 172
strain-hardening exponent - 3 and 10

3.5 References

3.1 Hiser, A. L. and Callahan, G. M., "A User’s Guide to the NRC’s Piping Fracture Mechanics
Database (PIFRAC)," NUREG/CR-4894, May 1987,

3.2 G M. Wilkowski, C. W. Marschall, and M. Landow, "Extrapolations of C(T) Specimens J-R
Curves for Use in Pipe Flaw Evaluations”, ASTM STP 1074, 1990, pp 56-84.

3.3 Wilkowski, G. M., and others, "Degraded Piping Program - Phase I1," Summary of Technical
Results and Their Significance to !.eak-Before-Break and In-Service Flaw Acceptance Criteria,
March 1984-January 1989, by Battelle Columbus Division, NUREG/CR-4082, Vol. 8, March
1989,

34  Schmidt, R. A, Wilkowski, G. M., and Mayfield, M. E., "The International Piping Integrity
Research Group (IPIRG) Program - An Overview,” SMIRT-11, Paper G12/1, August 1991.
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Section 4 TASK 3 BIMETALLIC WELD EVALUATION

4. TASK 3 BIMETALLIC WELD EVALUATION

4.1 Task Objective

The objective of this task is to develop material property data and develop pipe fracture data
necessary to assess current analytical engineering estimation schemes to assess the behavior of
through-wall cracks in bimetallic welded pipe under bending.

4.2 Task Rationale

In nuclear piping systems, several bimetallic welds are used. Examples from Westinghouse reactors
are hot and cold legs to the ( actor pressure vessel and steam generators. In C.E. and B&W reactors,
such welds include ferritic piping to cast stainless steel pump housings, as well as at several nozzle
locations, and stainless steel pipe to BWR reactor pressure vessel nozzles. Such welds are difficult to
fabricate and inspect. Because of differential thermal expansion stresses, these welds are subjected to
additional service loads that welds between similar metals do not experience. Consequently, a more
thorough evaluation of the fracture behavior of such welds is warranted.

4.3 Task Approach

There are four subtasks in this task. These are:
Subtask 3.1 Material characterization of a bimetallic weld
Subtask 3.2 Conduct pipe experiment
Subtask 3.3 Analysis of pipe test
Subtask 3.4 Topical report,
Only Subtasks 3.1 and 3.3 were active during this reporting period.
4.3.1. Subtask 3.1 Material Characterization for Bimetallic Weld Evaluation
4.3.1.1 Objective

The objective of this subtask is to conduct experiments characterizing material in the bimetallic
welded pipe designated DP2-F33.

4.3.1.2 Rationale

A more thorough evaluation is required of the components of bimetallic welds because such welds are
known to exist in nuclear piping systems and their fundamental fracture behavior is poorly
characterized.
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TASK 3 BIMETALLIC WELD EVALUATION Section 4

4.3.1.3 Approach

Test specimens are fabricated from the bimetallic weld in I"P2-F33, & 36-inch diameter, cold-leg,
carbon steel pipe that included a2 Type 316 stainless steel safe end that was welded using stainless steel
filler metal. Tensile specimens for 288 C (550 F) tests were prepared from the stainless steel weld
metal and both Charpy V-notch impact specimens and 2T compact tension specimens for 288 C

(550 F) tests were prepared so that the crack would grow circumferentially along the carbon
steel/weld metal fusion line. A total of four compact specimens will be tested; two will be fatigue
precracked and two will contain a sharp-machined notch, the latter to simulate the notch that is
expected to be used in a subsequent pipe test.

Compact tension specimens (1T) also are being machined from the Type 316 stainless steel portion of
the bimetallic weld in Pipe DP2-F33. In addition to their use for characterizing the stainless steel
portion of the bimetallic weld, the J-R curves from this material will be used for comparison with
slant-notch C(T) specimens that are to be tested in Subtask 8.2 of Task §.

4.3.1.4 Progress

Microhardness traverses were made on the bimetallic weld in Pipe DP2-F33. The weld metal was
found to be harder by 15 to 20 Rockwell B points than the carbon steel base metal. In terms of
ultimate tensile strength, the weld metal is approximately 160 to 240 MPa (23 to 35 ksi) stronger than
the carbon steel, Knoop microhardness traverses near the carbon steel/weld metal fusion line were
made in order to obtain higher resolution of distance and revealed that the hardness of the carbon
steel increases as the fusion line is approached but then shows a slight decrease just before reaching
the fusion line. The narrow region of decreased hardness is associated with the heat-affected zone of
the weld, which extends from the fusion line approximately 1 to 2 mm (0.04 to 0.08 inch) into the
carbon steel.

In the process of fabricating the Charpy specimens from the bimetal weld fusion line, it was
discovered that one of the longitudinal slices from which the specimens were to be machined
contained a repair weld. Figure 4.1 is a photograph that illustrates the repair weld. From the etching
pattern on the surface of the cross section, it is evident that the weldment was gouged from both the
inside and outside and additional filler metal added. Because the repair welds were not immediately
adjacent 10 the carbon steel/weld metal fusion line, it was assumed that the properties at the bimetal
fusion line were not affected by the repair welds.

The Charpy V-notch impact specimen results are shown in Table 4.1. Only one of the six specimens
(Specimen No. 3) fractured completely and it displayed the lowest energy absorption value. Each of

the five remaining specimens exhibited pronounced splitting in which the crack turned away from the
fusion line and grew into the carbon steel nearly perpendicular to the intended crack growth direction.
This splitting preciuded complete fracture and resulted in the unusually high energy absorption values
shown in Table 4.1. Splitting is evident in the scanning electron photographs of the surface shown in
Figures 4.2 and 4.3 for Specimen No. 4. Figure 4.2 shows that the crack initially grew in the carbon
steel immediately adjacent to the fusion line from Arrow 1 to Arrow 2. It is also evident in
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fable 4.1 Results of Charpy V-notch impact tests'™ at 288 C (550 F) on

specimens from the bimetallic weld (DP2-F33W)

I Specimen Energy Absorbed,
Number J (Ti-ib)

{ 0 (169
o U (

178 |
4 0 )

W was oot 0 the heat-allected e of Lthe carvon stee minedal Adjacent Lo e Tusion Lne: 11 wWas onented such
nck K g ferenhiail ! i 1 3
Figure 4.2 that the carbon steel was deformed more than the far-stronger weld metal, as indicated by
the distinct p at the fusion line. Figure 4.3 shows that the crack turned dway from the Tusion iine
at Arrow 2 and grew toward Arrow 3. Several other splits can be seen as well in Figure 4.3
Charpy Specimen No. 4 was then sectioned along its midplane and etched to reveal the
Icrostructure. Figure 4.4 shows the tip of one of the cracks, with no apparent preferred orientation

that would cause the crack to travel along the path it 11878) |

4.4 Plans for Next Year of the Program

4.4.1 Subtask 3.1 Material Characterization on Bimetallic Weld Evaluation

Data from the 1T C(T) stainless steel specimens will be reduced. In addition, the notched and

precracked specimens with crack paths along the carbon-steel/weld fusion ling will be tested and tic

data reduced A topical report on bimetallic weld effects will be p;’v;\.u’:fd at the conclusion of this

Lask

3 NUREG/CR-4599




TASK 3 BIMETALLIC WELD EVALUATION Section 4

Figure 4.2 Photograph of tested SEM Charpy Specimen No. 4 showing first part of the
fracture path in the carbon steel immediately adjacent to the weld
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Figure 4.3 Photograph of SEM Charpy Specimen No. 4 showing crack
veering away from the fusion line and into the carbon steel

Figure 4.4 Photomicrograph of tip of crack in delamination
of Charpy specimen of bimetallic weld DP2-F33
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4.4.2 Subtask 3.2 Bimetallic Weld Pipe Experiments

l D I theé next reporting riod, u } inal 36-inch dia der, dimet
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4.4.3 Subtask 3.3 Analysis of Pipe Test
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5. TASK 4 DYNAMIC STRAIN AGING

| Live kK 18 to evaluate and predict the effects of crack instabulities, believed to be
jue to dynamic strain aging (DSA i e fracture benavior ot pipe. Specific objectives are (1) to
tablish a simpl ning criterion to predict which ferritic steels may be susceptible to unstable
rack jumy and (2) to evaluate the ability of current J-based analvsis metl Waologies to assess the
i unst e crack jumps « he fracture beha r of territic steel pipe. If ne essary, alternative
rocedures for predicting pipe behavior in the presence of crack jumps will be derived
. N > dlnamaila
; >. Task Rationale
’ i $3T QOlogy d ! 4 will t ipplicable to both LBB and in-service law evaluation: it
) { 14 (8] ng aLeri 101 1§ re d inced react design
5.3 Task Approach
! s id tw lona blasks in t task ar
yubtask 4.1 Establish a sCreening Ccruerion 1o predict unstabie crack jumps in rerritic steels
>ubtask 4 Evaluate procedures for characterizing fracture resistance during crack jumps

in laboratory specimens

WUDLask 4.3 Assess current procedures for predicting crack jump magnitudes in pipes
Subtask 4.4 Prepare interim and topical reports on dynamic strain aging induced crack

instabilities in ferritic nuclear piping steels at LWR temperatures

IDLASK 4.0 (Uptional Subtask) Refine procedures tor chara lerizing fracture resistance

during crack jumps in laboratory specimens
ibtask 4 .¢ (Uptional Subtask) Refine procedures for predicting crack jump magnitudes in
il
Only Subtask 4.1 was active during the last reporting period. Progress in this subtask is described
1 \,

5.3.1 Subtask 4.1 Establishment of a S« reening Criterion
to Predict Unstable Crack Jumps in Ferritic Steels

N

3.1.1 Objective
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5.3.1.2 Rationsle

The significance of crack instabilities in flawed-pipe safety analyses has already been demonstrated in
at leasi one 288 C (550 F) low compliance pipe test conducted at David Taylor Research Center. In
that experiment, a crack jump of approximately one-fourth of the pipe circumference was observed
for a circumferential through-wall crack. Obviously, such an instability in a nuclear plant would lead
to a large loss of cooling water. Therefore, it is important to determine bow to predict the
occurrence and magnitude of crack instabilities. This task represents an attempt to tackle these issues
in a logical manner.

§3.1.3 Approach

The approach in Task 4 is based on experimental data obtained in the Degraded Piping Program (Ref.
5.1). In severdl pipe steels tested at 288 C (550 F), both in laboratory and pipe specimens, crack
instabilities were observed, interspersed between periods of stable, ductile tearing. These instabilities
have been assumed to be related to a steel’s susceptibility to DSA (Ref. 5.2). Dynamic strain aging
results from interactions between dislocations and free nitrogen and/or carbon atoms during plastic
straining, thereby increasing the strength during plastic straining and reducing the ductility. How-
ever, no firm proof of that tie between DSA and crack instabilities presently exists.

A limited pumber of laboratory experiments are being conducted in Subtask 4.1. The results of those
experiments, when combined with existing data, will be examined for a direct link between crack
instabilities and DSA. If that link can be established, it should be possible to assess a steel's
propensity for crack jumps by conducting a few tensile tests or, even better, a few hardness tests.
Hardness tests would be especially attractive in nondestructive, in-plant testing of pipes for which no
archival material exists, or as a simple mill quality control test.

53.1.4 Progress

Testing was completed on C(T) specimens from a carbon steel weld (DP2-F29W). This weld was
made using a Babcock and Wilcox C-Mn-Mo-Ni weld procedure used in some piping applications and
in their pressure vessel welds. Previous tensile and hardness tests had indicated that the DSA
temperature range for this weld was significantly higher than that for the several carbon steel base
metals tested. Several of the base metals displayed significant crack jumps in C(T) tests at 288 C
(550 F), but the weld metal did not. The purpose of these tests was to see whether the weld metal
would display significant crack jumps when tested at temperatures higher than 288 C (550 F). The
test temperatures selected for these additional tests were 316, 332, 349, and 371 C (600, 630, 660,
and 700 F).

Load-displacement carves for four C(T) specimen tests are shown in Figure 5.1, At the lowest of the
four temperatures, the crack jumps were smali and numerous, as indicated by the sudden small load
drops (see arrows). As the test temperature was increased, the crack jumps tended to become larger
in magnitude and less numerous. These findings support the hypothesis that the occurrence of crack
instabilities is closely related to a steel’s susceptibility to dynamic strain aging, and that either
hardness tests or tensile tests conducted over a range of temperatures can be used to estimate the
temperature range in which crack instabilities will occur.
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Figure 5.1 Load-displacement curves for C(T) specimen tests

Plans for Next Year

will be completed with the submission of a topical report. Plans for Subtask 4.2 and 4.3

5.4.1 Subtask 4.2 Evaluate Procedures for Assessing Fracture
Resistance During Crack Jumps in Laboratory Specimens

Une Tinite element analysis of a C(T) specimen experiment showing crack jumps will be undertaken in
the

will be

next

yoar

. c'x;

he experimental load-displacement and crack -growth load-line displacement curves

in the FE analysis. The behavior of the J-integral as well as other fracture parameters

N1

-rack tip opening angle (CTOA) will be investigated during the crack-jump phenomenon
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TASK 4 DYNAMIC STRAIN AGING Section 5

5.4.2 Subtask 4.3 Assess Current Procedures for Predicting
Crack Jump Magnitudes in Pipes

During the next year, the objectives for this subtask will be re-evaluated in light of the findings to
date in this task. The phenomenon of crack jumps in pipe experiments due to dynamic strain aging
appears to be random. Hence, predicting this phenomenon using deterministic models may not be
possible, although the susceptibility of various carbon steels can be determined using a screening
criterion. We suggest that this subtask be eliminated in the next year.

5.4.3 Subtask 4.4 Prepare Interim and Topical Reports on Dynamic
Strain Aging-Induced Crack Instabilities in Ferritic Nuclear
Piping Steels at LWR Temperatures

Once the analysis work in Subtask 4.2 is completed, the topical report on these efforts will be written,
At this time, we see no need for Subtask 4.3 or Optional Subtask 4.6.

5.5 References

5.1  Wilkowski, G. M. and others, “Degraded Piping Program - Phase II,” Summary of Technical
Results and Their Significance to Leak-Before-Break and In-Service Flaw Acceptance Criteria,
March 1984 - January 1989, Battelle, NUREG/CR-4082, Vol. 8, March 1989,

5.2 Marschall, C. W., Landow, M. P. and Wilkowski, G. M., “Effect of Dynamic Strain Aging

on Fracture Resistance of Carbon Steels Operating at Light-Water-Reactor Temperatures,” pp.
339-360, ASTM STP 1074, 1990.
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6. TASK § FRACTURE EVALUATIONS OF PIPE ANISOTROPY

6.1 Task Objective

The objective of this subtask is to assess whether anisotropic fracture properties (in which the
toughness is typically lower in a helical direction or the axial direction for ferritic seamless pipe)
together with the occurrence of high principal stresses in a helical direction can cause a lower failure
stress than that calculated using the toughness in the L-C orientation and using only the longitudinal
stresses,

6.2 Task Rationale

The rationale for this task is to assess whether the source equations in the curreni LBB and ASME
flaw evaluation procedures could overpredict the maximum loads for out-of-plane crack growth under
certain service loading conditions. If current procedures are found to significantly overpredict the
load, modifications to existing fracture analysis methods will be made.

6.3 Task Approach

Five subtasks will be conducted in this task. Two of them are optional subtasks that would be started
only with NRC approval after an interim report is completed. The subtasks are:

Subtask 5.1 Assess the effect of toughness anisotropy on pipe fracture under combined
loads

Subtask 5.2 Determine the magnitude of toughness anisotropy and establish a screening
criterion to predict out-of-plane crack growth

Subtask 5.3 Prepare interim and topical reports on anisotropy and mixed-mode studies

Subtask 5.4 Establish ductile crack growth resistance under mixed-mode loading (optional
subtask)

Subtask 5.5 Refine J-estimation scheme analyses for pipes {optional subtask).

All the subtasks were inactive during the last reporting period; hence, there is no progress to report.

6.4 Plans for Next Year of the Program

This subtask was put on hold during the last reporting period. All experiments have been completed.
A topical report on screening for toughness anisotropy in Subtask 5.2 will be prepared. The FE
analysis of a stationary angled crack to determine the crack-driving force will be addressed during the
next year,
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FASK 6 CRACK-OPENING-AREA EVALUATIONS

7.1 Task Objective

i { u IDLASK 1S 10 make improvements in the crack-opening-area predictions for
itially cracked pipe, with particular attention to cracks in welds I'he crack opening-area
i Wy \n [ rated { 3 H': {1
/.2 Task Rationale
From past efforts in the Degraded Piping Program, IPIRG, and ASME Section X1 round-robin
ftorts, 1t has been found that leakage area predictions are reasonably consistent for circumferential

through-wall cracked (TWC) pipe in bending (with the cracks in the base metal). For the case of a

ot the predictions showed more error in the intermediate to higher bending
load levels. For the case of a crack in base tal, but with the pipe in combined bending and
tensi ne error in the results was significantly greater. if the crack had been in a weld under
mbined loading, the scatter might have increased even more., The accuracy of the solutions for a
rack 1n a weld and for cracked pipe under combined loading needs verification and improvement tor
LLBB ana
3 Task Approach
‘ peci k
5K O 4 mihi { i\,;' ni VEImar
Subtask ¢ pl nt short TWC cra improvements
subtask 6 improve weld crack dluation
UDLASK ©.9 A\‘,.l‘:", SUN :'y I Cod
ibtask Prepare topical report on crack-op irea improvement
) 15K O.¢ uantit X rate
Work wa | y Uy in dubtask 6.6 during this reporting period. Progr in this subtask i
i bed t v
3.1 BSubtask 6.6 Quantify Leak Rate
this 18 a sut b | aurir e ¢ it this pr i its ot tive, rationale, and approach are
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FASK 6 CRACK OFENING AREA ] VALUATIONS Section
§.0.1 Objective
1 | it I {0 support potential changes the NRI( urrent
Keg i ' i Kea - n u poOunaar E:.ll.s:.' Detection System
$.1.2 Rationale
Regulatory Guid 15, “Reactor Coolant Pressure Boundary Leakage Detection Systems,” was
wblished in May 1973, and its revision is being considered, The Nuclear Regulatory Commission
NRI( urrently wants to update this procedure taking into account the current leak-detection
nstrumentation capabilities, experience from the accuracy of leak-detection systems in the past, and
rrent analysis methods to assess the significance of the detectable leakage relative to the structural
integrity of the plant. Of the different potential sources of leskage that challenge the structural
integrity of the pressure boundary in containment, circumferential cracks in piping have been of much
reater significance than any other source, CLracks in steam generator tubing were excluded due to
ther ikage detection requirements for ther Furthermore, few axial cracks occur in piping, but
numerous cases of circumferential crack have been reported. Consequentiy, the analysis in this study
keyed rcumferential cracks in piping to evaluate potential changes in NRC Regulatory
! 3"
3.1.3 Approach
ind e pertormed shaii buld on ou wOrk beimng dot Fask [he specific work t
erformed includ the tollowl 1g activil
A, ity ©.( Develop the technical background intormation tor verification of analyses
A\ vity O .¢ Develop SQUIRT4 and SQUIRTS codes
ty 6.6.3 Evaluate the proposed changes in leak detection requirements in terms ol
the potential impact on LBB analyses
tivity 6.6.4 Evaluate the proposed changes on leak rate f non-LBB™ piping system
T O 4 oordinate with NRC-RES and NRC-NRR staft
A Ct v 6.6.( Prepare NUREG/CR report
Prog to be reported is limited to the efforts under Activities 6.6.5 and 6.6.6. The details of these
tTorns are des below
1.1.4 Progress

Activily 6.6.5

Bv reguest from NRU statt
andard deviation) ot J-re
iar 1o nducte
RI § 50

il
Lan Ul'y
cdrl A

Coordinate with NRC-RES and

NRCOC-NEKER Sta

efforts were undertaken to develop statistics (mean and
€8 r stainless steel base metals ['he statistical analysis was
the probabilistic leak-before-break study




TASK 6 CRACK OPENING AREA EVALUATIONS

Definition of Toughness Parameters - | et Jp denote the J-resistance from the compact tension
‘ | | pecimel whicl d imed O M,W. iely characterized by a power-law }(quation if the
!
{ Aa -
A o I (7-1)
p (Ad ‘
where Aa is extension of crack length (mm), J,_ is the J-resistance at crack initiation (kJ/m*®), r is a

normalizing constant equal to | mm, and C’ and m are power-law parameters from a best fit of
experimental data. Samples of raw data for J-resistance curves were obtained from the actual
xperunents. These tests were conducted on the side-grooved, fatigue pre-cracked, C(T) specimens at
X8 C (550 ] Results from each of these tests were then fitted with Equation 7-1 to obtain the
rresponding values of the toughness parameters, J, , C’, and m. Table 7.1 shows the sample values
the above parameters for the base metal (TP304) of the stainless steel pipe. Further details can be
from the draft topical report, “Probabilistic Pipe Fracture Evaluations for Leak-Rate
Detection Application NUREG/CR-6004) by Rahman, S., Ghadiali, N., Paul, D., and Wilkowski,

-

(1., which will be published in the next year of this program, and Ref. 7.1

statistical Analysis - The lower bound curves for the toughness properties of the material were

btained from the statistical analysis of the experimental data. For example, for a given Aa, the

, umples of Jg(Aa) were generated by using Equation 7-1 and the sample values of toughness
varameters listed in Table 7.1. From standard statistical analyses, the mean, u, and the standard
leviations, s, of Jy(Aa) were estimated. By repeating the same steps for different values of Aa, the
statistics of the whole Jgp curve were obtained. The method is approximate only because the basic
toughness parameters, J;., C', and m were obtained from a finite number of samples. The statistics

the 3‘\.- curve were obtained in a digitized form

Figure 7.1 shows the experimental J curves of stainless steel base metal (TP304) with the values of

the toughness parameters listed in Table 7.1. Significant variability is exhibited in the toughness

propert specially when the crack extension becomes larger. The lower bound data was from
specimen A8-54 in Table 7.1. We carefully examined that data set, as well as the rest of the data to
nfirm the quality of the data. For Specimen A8-54, there was an inclusion in the base metal of the

|
{

ligament causing the low crack growth resistance., Hence, this was an unusual data set, but such
natural inclusions could (and obviously did) occur, hence it was deemed as valid. Figure 7.2 shows

the mean (p curve) and standard deviation (s curve) of the Jg curve as a function of Aa for the
tainiess steel base metal. From these curves, a lower-bound curve defined by u-is for a given value

| can be generated. Two such curves, such as p-s (i=1) and pu-2s (i=2), are shown in Figure 7.2
Discretized values of u and p-2s curves for several crack growth extensions are also given in
lahle 7.2
Activity 6.6.6 Prepare NUREG Repoct
During tl Weviou i f the program, considerable effort was spent on preparing a (np;\(q] report
{ eak rate quantification subtask, The report is titled “Probabilistic Pipe Fracture Evaluations

NUREG-4599




TASK 6 CRACK OPENING AREA EVALUATIONS

Table 7.1 Experimental values of the toughness parameters

of stainless steel base metal (TP304)
Net
Thickness,

Spec Code Jior K/m? C’, kJ/m? m mm
A23-10 1090 2133 0.6144 10.414
A359 573 353.6 0.7667 13.030
AB-43 623 459.3 0.7953 18.212
AB-54 910 232.2 0.3121 4.064
AR-55 924 27128 0.672 8.636
AB-56 962 287.8 0.6104 8.255
AB-57 2230 284.0 0.4907 16.256
AB-71 1500 3747 0.7236 18.288
AB-12A 854 451.5 0.7691 15.519
A23-113 646 232.6 0.8345 9.639

Table 7.2 Statistics of the J curve for stainless steel base metal (TP304)

Ig: kJ/m*

A &, mm W § B 2s
0.00 1031.2 474.1 82.9
1.25 1399 4 463.6 472.0
2.5 1625.6 456.9 711.8
3.75 1820.6 469.5 881.6
5.00 1998.3 498.6 1001.2
6.25 2164.1 540.2 1083.7
7.50 2321.2 590.9 1139.4
8.75 24713 647.9 1175.6

10.00 26159 709.2 1197.5
11,25 2755.7 773.4 1208.9
12.5 2891 .4 839.5 1212.4

g = mean value of Jg; s = standard deviation of Jp
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Figure 7.1 Experimental J, curves of stainless steel base metals (TP304)
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Figure 7.2 Statistical properties of Jy curve of stainless steel base metals (TP304)
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TASK 6 CRACK OPENING AREA EVALUATIONS Section 7

for Leak-Rate Detection Applications,” NUREG/CR-6004, by S. Rahman, N. Ghadiali, D. Paul, and
G. Wilkowski. Draft copies of this report were sent to the NRC and other independent reviewers.
The paper for Reference 7.1 was prepared and presented during the last reporting period. It is
expected that the NUREG/CR report will be finalized in the next year of the program,

The above statistical analysis of the stainless steel base metal J-R curves was conducted after the draft
NUREG/CR-6004 report and Reference 7.1 were written. The careful review of the data resulted in
finding that the statistics for the J-R curve in the draft NUREG/CR and Reference 7.1 had higher

scatter than they should have due to the data reduction scheme. Hence, this effect on the
probabilistic calculations needs to be assessed.

7.4 Plans for Next Year of Program

The plans for efforts in the next year are summarized below.

7.4.1 Subtask 6.1 Create Combined Loading Improvements

There are three activities in this subtask. Activities 6.1.1 and 6.1.3 have been completed. The
remaining Activity 6.1.2 (Account for Pressure on the Crack Face) will be started in next year of the
program,

7.4.2 Subtask 6.2 Implement Short TWC Crack-Opening Improvements

The two activities in this subtask will be started in the next year of the program,

7.4.3 Subtask 6.3 Improve Weld Crack Evaluations

There are two activities in this subtask. Activity 6.3.1 was completed. Activity 6.3.2 (Compare with
Recent DPII and Task 1 Data) has started and will continue as data become available. It will e
completed in the next year of the program.

7.4.4 Subtask 6.4 Modify SQUIRT Code

This subtask has started in this fiscal year. Work will continue in the next year of the program.

7.4.5 Subtask 6.5 Prepare Topical Report on Crack-Opening-
Area Improvements

This subtask was not scheduled to start in this fiscal year, It will begin in the next year of the
program,

NUREG-4599 76



Section 7 TASK 6 CRACK OPENING AREA EVALUATIONS

7.4.6 Subtask 6.6 Quantify Leak Rates

A final review of the topical report is in progress.

7.5 References

7.1 S. Rahman, G. Wilkowski, and N. Ghadiali, "Probabilistic Pipe Fracture Evaluations for
Applications to Leak-Rate Detection”, proceedings of CSNI International Workshop on Reactor
Coolant System Leakage and Failure Probability, Kdln, Germany, December 1992,
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. TASK 7 NRCPIPI

8.1 Task Objective

na ¢ Li f 1 task to i porate the analysis improvements from Subtasks 1.4 and 2
to the NRCPIPE cod A secondary objective 1s to make the NRCPIPE code more efficient and
{ estruct th xie to allow f as nplementation of the activities described below
8.2 Task Rationale
in the Degraded Piping Program, t mput e NRCPIPE was developed for circumferential
hrough-wa racked pipe fracture anal A VAX rsion of the code also contained the
umferential internal suiface-wa racked pip estimation schemes lThe PC version was made
ecifically for the through-wall icked anal Numerous J-estimation schemes were devel ‘}"Cki 0
wdified The improvements developed in the current program need to be incorporated into this code
laKe I technolog ! lopments as well as to facilitate comparisons with the
Ty AT
1 . . ‘
8.3 Task Approach
It § i act ! UDLAS X | o0 D v
Subtask Improve Efficiency of Ci nt v f NRCPIPI

\«‘lt‘r.i\i / ,\

Subtask

Wi

‘-m\f.,x. € L ra

SUubta

v

4
-

3 1 \thd\k '] ‘”1‘ v " F 1

NR(

&d versiwon of

¢ PIPI
ithe NRCOPIPE

W

ode was made more
the version number of the code. Additional
ertaimn terms were put on the interactive

User's Manual along will the code., were d«

19 4
ooy o

ET

Subtas 'W(

ePOrting peri

"f"

Ipiementatior

ol weld metal

Of the

le (Ve

user friendly: e.g

reen

slivered to the

'liit['!w.-t ment

OK¢

ency of Current Version of NRCPIPL

I.4g) was developed during this reporting period

the

rsion
output file includes a problem title and
information regarding limitations and definitions of
Several minor |
NRC

wgs were also fixed. A revised

Improvement

for 1

ithm LBB.ENG3 was incorporated into
EPRI funct

algor

€W ’.f 10118

was nitiated
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section %

8.3.3 Subtask 7.3 Surface Crack Code

he NRCFPIPE! uriace rack code was revised to be more user friendly in a manner similar to the

NRCPIPI Wl
£.3.4 Subtask 7.4 User’s Manual

A revised User's Manual for NRCPIPE Version | .4g was prepared

i 8.4 Plans for Next Year of the Program

Efforts scheduled for the next vear of the program are discussed below

8.4.1 Subtask 7.2 Incorporate TWC Improvements in NRCPIPE

. All of the new GE/EPRI functions developed including those for tension and bendings will be
\ ‘ incorporated in NRCPIPL This, along with the weld crack algorithm, will form the basis of Version

' O of the program

8.4.2 Subtask 7.3 Surface Crack Version of NRCPIPE

|

egree-deep crack GE/EPRI

functions will be implementad. Implementation of the ombined bending and pressure .Hgfntllhm will

e PC Version of the NRCPIPES code will be debugged and the 350
Us0O b {*f"’.‘l!'-‘.t‘n'
8.4.3 Subtask 7.4 Provide New User’s Manual

'he user's manual for both the NRCPIPE and NRCPIPES code will be updated

HKE/OCR-4E45 ~




ASK § \DDITIONAL EFFOR1T

9. TASK 8§ ADDITIONAL EFFORTS

9.1 Task Objective

It Nective { thy ASK 1€ 10 Uundertake analyses xperiments needed U 1al

{ Urse [ this | 4 l date. fiv ubtacks have peen mitiated

k 9.2 Task Rationale

wihen the program was initiated, it was realized that the results obtained ‘ux'iflL, tne Urse€ f th
A [ ire acgaitional et ot indertaken This task was, therefore, created All work in
{ 154 iS d 11 ira nodification u ginal program
Y T «xarh
.3 Task Approach
i X task I ad i { i

task ¥ 1 Validity Limit n J-R Curve Determination

ptask 8.0 OStainless Steel SAW Fusion-Line Toughne

Subtask 8.3 1 pdate PIFRA( Data | LIS

Subtask 8.4 Develop Database for Circumferential Pipe Fracture Experiments
Subtask 8.5 Data File Conversion from HP to iBM Format

yuDLask 8.¢ ASME Section 11 5. Limits Allowable Stress Limit

9.3.1 Subtask 8.1 Validity Limits on J-R Curve Determination

9.3.1.1 ii{»)m!,ln

fhe Objective of this subtask 1s to carry out a theoretical and computational study of the limits of

from bend-type specimens under contained and fully yielded conditions

results of the study should make it possible to validate if Jpy or ), resistance curves can be used

this work 1s being performed under a subcontract to Professor F. Shih at Brown University

9.3.1.2 Rationale

I'he results will have direct bearing on the problem of determining J-R curves from small bend-type
specimens where 1t is desired to obtain valid cata to characterize large amounts of crack growth for
[ nd pr ire vessel applicati
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».1.1.3 ‘i’i"""”“
11 A1 St m Al Analy rack growth und ma ale yieldin
15 W { ™ netri the parametde which the validity i
the d it f J-R cu will be identified. The effect of crack tip constraint on the craci
rowtii beha r a wiil be exal (10 detal A critical assessment of the several dennitions ol
hat a . ¢ th Vsl ick growth will be made

ism display a single fracture plane cn which void

Ma etals wh §!
ha rown an ' involves localizatisn of plastic flow in a planar
! nially ¢ as evidenced by the fact that voids away from the pilanar
[hay litt process by assuming that void growth and
jescen Wour i he¢ response of the material in this layer of mate
. rned by Gurs a rate-sensitive elastic-plastic material containing
ds (Ref. 9.1). | eory of plasticity, in which hydrostatic stress pla
) e, the G n ensitive to the hydrostatic stress ievel, a critical
feature 1 ur studi 15 a physically based length scale, 1s quite well
1eX XPIori raint and crack geometry on fracture initiation
g1 arn dCK
wel ¢ )orporated the apove mode i ductiie falure nto a ¢ -(H;Jtif.iill'iuﬂ finite element nodel
ind hay npleted stud for ti ale yielding problem in which the remote loading is
pecified by K; and 7. The remote ing is applied by gradually increasing the stress intensity
factor K, and keeping 770, fixed to correspond to a certain level of near-tip constraint As the load

ncreases. the process of ductile crack growth occurs naturally in the layer of Gurson material

assigned an wnitial porosiy 1 ahead of the crack L

¢ material conditions: the critical microstiucture controiling ,l::‘n.xgc

uctile crack growth is varied in a systematic manner

iwging: the microstructure controlling duc

}

} 1
ind U iring resistan is small, Lowering the initial porosity to say 0.001, raises the initiation
fracture toughness slightly; however, the tearing resistance InCreases by a substantiai factor The

aring modulus exhibits a strong dependence on the T-stress (or the effect of geometry) negative

! VE !\L‘g.fii“, ible effect I'h¢

resistance while positive 7-stresses hav

'

[-Siresses increase the tearing

11y

i naee e ¢ M1 { andant nn
naton '.V'_.;“" I S SHERULY dependent n i

9.3.2 Subtask 8.2 Stainless Steel SAW Fusion-Line Toughness

J" ‘\ A ¥ 1 ! :' 1 | { \j‘ "‘. IIV .’1( !' “‘! : \_"L "({,“ 1 ) 1![(\1 wi i 3 .X.‘ f,: l“ I(?
\ § the N i 15 iusientitl LAl TLiC See! ibhmerged-ar W iment

0.01, the crack growth occurs in a purely ductile mode




1 9

| ., ) ) INA FEFOE
2 Rationak
' 4] ! Lxperiment g 10 (Surface crack test of a stainless steel submerged-arc
SAW) an previous pipe tests in the :':‘,“;.pfw Piping Program with cracks centered in stainles
welds, tl racks nave tended in many cases to propagate from the center of the weld to the

tine of the weld., This indicates that the fusion line may often be the least fracture resistant

1§ previously the weld metal has been thought to be the lowest toughness crack location. If the

findings confirm the indications described above, then flaw assessment criteria should be based on the

line toughness rather than on the weld-metal toughness. That result could affect the IWB-3640
evaluation criterion and possibly LBB analyses for wrought and cast stainless steel pipes

$ Approach

A two-pha fto will be undertaken 10 ac compiish this item The first phase involves -_-/H\’lu'(l,'!;'
Das verincation-ot-methodology experiments on a base metal, using compact speciinens having
her a straight (conventional) or a slant notch—the objective being to see if the J-R curve is the same
‘ for the two different orientations. This second phase involves testing of: (a) conventionally notched

weldll
)
reqgui
{
D
thi
| fu
st ar

imens from specially prepared welds having one fusion line perpendicular to the plate surfaces

4

\ant notch specimens from typical single-arc welds. Other than a Charpy test, the slant-notch

pecimen 18 typical of the only type of specimen that could be tested for archival single-vee

nent toOr ,‘;:V'\_'l.v"‘i‘l ent of data in ”‘\.' future
the ditticulties in f n-l > 1 s tartine ic the rioi n of tl rack “ l rd testinge
ne airmcultie | TUSIOD-1ne tougnness testing 1s the orgimation of the Crac slandard testing
es the crack to be perpendicular to the specimen svtiace. For standard single-vee welds from

it 18 not possible to make standard C(T) specimens with fusion-line crack orientations because
ingle of e tusion line to the pipe or plate surface. Hence, we will make a slant-vee weld so
sion line will be properly oriented for standard specimens. However, it may be desired also to
nival welds for plant specific applications. Here only a standard single-vee weld may exist

we will test slant notch C(T) specimens. Such specimens have a combined Mode | and Mode

ponent loading. If successful for fusion lines, the slant-notch specimen could be used for LBB

ments 1o assess the iowest toughness region of the material as required by NRC's S.R.P
W ¢ ¢ Wi { ) il
Ten J-R curve tests at 288 C (550 | with five each from the two weld fusion lines (one

fusion line perpendicular to the plate thickness and the other along a typical 37-degree
single-vee weid bevel). In each specimen, the notch will lie along the fusion line

six Charpy V-notch impact tests in the slant-vee weld, three at room temperature and
th

> at 288 C (550 F); additionally three specimens will be tested at room temperature
with the notch along the fusion line, which is perpendi:ular to the plate surfaces

Six Charpy V-ncich impact tests with slanted specimen orientations in the single-vee

weld s0 the notch is in line with the fusion line, three a room temperature and three at
288 C (550 F) with the notch on the fusion line
Chemical analysi f the welds




6 2.4 Progress
+al it W d ted | ni-t { Colum LN ! &4 Slan { ubmerged-arc weld £
[ ¢ which \ the fu I I | to the plate surface, in 25.4-mn inch
K | V04 staind { 1 Dis wel A ne ( A gate tougnness at the ftusion line
| 1 Siant-notct (1 pecimens from the stainiess steel base metal ot f’!;"L }""A' F33. which
itains a bimetallic weld, was initiated. A speci y monitor lateral
Hsplacement at t notch mouth as lant crack 1ese slant-n (esis will
ompared witl s ron rdinary O pe he same toawe 1dl in
ibtask 3.1 to determine the suitability of slant-notch specimens for evaluating fusion-line toughness

hiectis f this effort to update the PIFRAC database, Ref. 9.2, to include data from NR(
) Ored programs am ustry-tunded programs {0 the extent thal these data are readily availablg
033 Kationale
PIFRAC computerized database for material properties of nuciears 5“.uic piping materials, which
vas developed under other NRC funding, was last updated in 198%. Since that time, < nsiderable
a have been developed from NRC-sponsored programs at Battelle and from a number of industry
funded progran I'he NRC desires that the PIFRAC database be updated to include data from *he
MR ONsSored program ind the indu funded progran

jata from this program, from the IPIRG program

Ret Program Phase 1l (Ref. 9.4) that were not
id m the Aging of Cast Stainless Steel program at
Argor tained from Argonne and inciuded in this update
Final | industry-sponsored research programs and in whict
those data have been or will be supplied to Battelle in a format compatible with PIFRAC, will be
luded in this updat Ihis includes data from the following programs
FPRI/Westinghouse (RP-1238-2) (Ref. 9.6
cPRI/GE stainless steel weld data (M1 ject [303-3) (Ref, ¢
EPRI/B&W carbon steel weld data (EPRI NP-6264) (Ref. 9.8
Ontario Hydro carbon steel pipe data (Ref. 9.9
his effort s ficall xcludes literature irches or other surve to identify such data. |
W ! | 3 11 graimn urrently nown to Battel ru VR v\{:f‘\\“,"k
t K459




3 N | | } [
9. 554 "?v:y]v“»
IX § MO, progress was mad¢ th Wing area
Luality assurance of gata a ady existing u Ver n 1.0 of PIFRAC was ¢ mpl ted
Version 2a of the PIFRA( jatabase wa mj reted This included revi ing the structure
wl attribut the PIFRAC databa

Implementatior data from the Deg iping Phase I program was started

} Additiona weie obtained from DTRC in a form different than the standard

ementation of a typical data set was performed to check the required effort of

im ienting this data
in or 0 Incorporate the data from NRC-sponsored programs and industry-funded
program ntacts were made and data obtained from some companies

9.3.4 Subtask 8.4 Develop Database for Circumferential Pipe Fracture Experiments

jeCctiy i 5 pand t itiba 1 pierentiaily iCked pipe fractur
Deriment
03,42 Rationale
in addition to Battelle, a number of other organizations worldwide have conducted. and are
-
nducting, pipe fraciure experiments on circumferentially cracked pipe. To date there is no single
ierence, or database, which lists the test conditions and results for these experiments. Such a

4

latabase would be useful to those individuals assessing the validity of analytical or code approaches in
\at the appropriate experiments necessary for confirming the approaches would be readily identified

A 18 uch a4 database would b -‘:,'x‘,\!u’ in ;,ii!lui'n&'lll),' any redundancy in efforts between organizations

9.3.4.3 Approach

As part of our ASME Section XI Code Committee efforts we have developed a database of
ircumferentially cracked pipe fracture experiments. This database, in its current form, includes the

test conditions, experimental results, and applicable material property data from
the Degraded Piping Program - Phase Il (Ref. 9.4)
the IPIRG-1 Program (Ref. 9.3)

L
w0 David Taylor Research Center (DTRO) progr

he Short Cracks in Piping and Piping Welds Program (Ref. 9.10

1 { 0 1 § 1
on A100 Grade o pipe (Kel ’.11)

ipe (Ref. 9.12). and

W4 stainiess
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TASK 8 ADDITIONAL EFFORTS Section 9

—  two Battelle programs conducted for EPRI on small-<diameter stainless steel pipe
(Ref. 9.13, 9.14).

Currently the database has entries for over 140 circumferentially cracked-pipe fracture experiments.
As part of this task we will expand the database to include data from a number of other
organizations/programs. Table 9.1 is a comprehensive list of programs for which we will include
data. Some of the data represented in Table 9.1 already exist in referenced journals while some of
the data will need to be obtained from the appropriate organization. Table 9.2 is a list of the test
parameters (i.e., test conditions, experimental results, and material property data) that will be
included in the database for each of the experiments. As part of this effort, we envision that the size
of the database will expand from approximately 140 experiments to over 400 experiments.

9.3.4.4 Progress

During this reporting period we began the process of soliciting data from other laboratories for
inclusion into the dntabase of previously conducted, circuiferentially cracked, pipe fracture
experiments (CIRCUMCK WK1). Currently the database includes data from pipe fracture programs
conducted at David Taylor Research Center in the United States and L’Energia Nucleare e delle
Energie Alternative (ENEA) in Italy, as well as the Battelle data. In the future we plan to add data
from such organizations as MPA-Swttgart in Germany; Japan Atomic Energy Research Inst.iute
(JAERI), Hitachi, and the National Research Center for Disaster Prevention in Japan; Electricite de
France (EDF); Nuclear Electric in the United Kingdom; and vvestinghouse in the United States.

9.3.5 Subtask 8.5 Data File Conversion from HP to IBM Format

9.3.5.1 Objective

The objective of this 138k is to convert all of the Degraded Piping Program data files that existed in
HP9845 format to Lows [-2-3% format for IBM PC DOS compatible computers.

9.3.5.2 Rationale

The data acquisition system used in the Degraded Piping Program, Phase Il (Ref. 9.4) was a Hewlett
Packard (11P) HP3497A system controlled by an HP8S computer. After the experiment, the raw data
ware manipulated with software developed specifically for an individual experiment, or a series of
experiments, and written in Basic on an HPY845 computer. With the advent of the personal computer
(PC) and commercially 7vailable software, such as LOTUS 1-2-3®, this technology is now obsolete.
“he ola HP data files and floppy disks in their preseat format are incompatible with PCs and
commorcially available software packages. However, even though the file format technology is
obsolete, tny data from these experiments are still of great value. The data are still frequentlv used in
the verification of new pipe fracture analyses. Consequently, there is a need to convert these data
into a universally used format; i.e., IBM PC format using Lotus 1-2-3% software.

NUREG'CR-4599 9-6
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Last of programs for which circumferentially eracked
pipe fracture data will be included

Sponsoring Program or
i ¥ £

Agency Laboratory Report Number Scope of Experiments

SN Batte Degraded Piping Phrough-wall Crack (TWC), Surface Crack
(), Complex Crack (CC); Pressure (P), Bend
(B), Pressure and Bend (P&R); 442"
" p B DD, K¢ ’ ane
I'WC and SC; B, P&B; ¢ 16", 30" diameter
Large diameter, short cracks, TWC and S(
Carbon steel (CS), pressure tests
Small diameter, stainless steel, TW(
stainless steel, TWC and S¢

lne pipe pre

4 diam bonding, carbon steel base metal
4" dianx axial tension
Small diameter
8* A106B carbor
slainiess IO weld
npublished 4" Stainless base metal

{

npublizhed arbon steel MIG weld

NED Paper Stainless steel, 6" and 16" diameter, TWC, S(

‘epont Carbon steel, 6" and 16" diameter, TWI(
arbon steel, small diameter, TWC
stainless steel, small diameter, TW

Cast stauniess steel, small diameter, TW(

Thin wall, carbon steel test
Cchinical papet Carbon steel bx nd lests

) papet Stainless steel pipe 1n tension

) papert Carbon steel pipe, pressure and bend
Pipe system tests

Ssure 10 burst LV"F “1",1“ dramet
Pre sure and bend

L paper Slainic § slteel pipe
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| 1 reporting i i we bepan th Proces verting the pipe€ fracture experimentai data
from the Degraded Piping Program from HP9845 format to IBM format. We have converted. or
[ dly converted lata 1 tor . the 61 pipe fracture rt ot the
Degraded Piping Program

9.3.6 Subtask 8.6 ASME Section Il Allowzble Stress Limits

ihis is 2 new subtask in this program

¢ proposed change to the ASME Section III has been to increase the maximum allowable elastically
culated stress from 35S to 7S . The higher stress limits would result in smaller critical flaw sizes
These allowable stresses are calculated assuming inear elastil behavior of the material H"Wc"vt‘!{ a
{ t 35 18 above the flow stress of piping steels, and a value of J“»” 18 more than twice that flow

Lress Hence, a nonlinear correction to the actua! values of stresses is needed to as* ss critical flaw

- ¢ -

[ the maximum allowable stress is raised to 75 Since stair

of

uess steels have considerably

different strain-hardening behavior than ferritic nuclear pipe steeis, both should be evaluated. Such a

wninear correction for displacement-controlled stresses can be developed by conducting FE analyses
I an uncracked pipe using the elastic-plastic stress-strain curve of typical carbon and stainless
: 156 nuciear piping mce this nonlinear correction is available, the critical surface-flaw sizes
P ack deptns | g1y rcumterential crack lengtd orresponding to both 38, and 78,
| emeni Nroied stresses can readily be getermined us ng Net-Section-C« l;.s,"v\z aruxl‘}\i--

9.3.6.3 Approach

shing the above objective involves Conducting two ninite element analyses of
uncracked pipe with 20-noded, 3-D brick elements using both linear elastic and elastic _[‘l.hlh matenal

properties. Material properties for both stainless (1 ype 304) and ferritic (A106 Grade B) steels at
<88C (550F) will be used in the analyses. For both cases, the same diameter (D) and radius-to

thickness ratio (R /t) will be selected and the loading will involve combined bpending and internal

A 4 ¢ Y ) 1o y i " > YTy iy Oy The internal mra
ressure. An R/t rat I IV wiil be used as being typical of nuciear piping Ihe internal pressure
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{ SIX ¥ we will continue with the process Of converting the pipe fractur
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C1OT FASK 9 INTERPROGRAM COOP. & PROGRAM MANAGEMENT

10. TASK 9 INTERPROGRAM COOPERATION AND
PROGRAM MANAGEMENIT

I 10.1 Task Objective

[he objective f this task are to develop and maintain national and international cooperation through

naring da’a and analy proced and to n iN Program administration
10.2 Task Rationale

nost important elements of this program is the transfer of the technology developments
ASME Section X1 flaw evaluation procedures and LBB analysis procedures for the NRC., The

I this program will be presented to the ASME Section X1 Pipe Flaw Evaluation Task Group

Wy neip impiement results into U5 wes and Standards Additionally, if appropriate
‘ W e presented to t ASTM ER (formerly EZ24) fracture committee. Finally, the scope of
: ! K includes incorporation of ongoing efforts from programs conducted elsewhere in the world
\M ha \ha ¢ the results hhom t i gran
F .. & .
10.3 Task Approach
! UDLASK i
subtask 9.1 lechnical bxchange and Information Meeting
Subtask 9.2 Internal Program Coordination
Subtask 9.3 Report
5 task v.4 _"‘.; ew M ng
Dtask [rave
SUblask v uali ASsura i
5K Y ik Managem
; DLass mia  report
1 11 g 3 | . | . ' (AT " .
10.3.1 Subtask 9.1 echmcal Exchange and Information Meetings
10.5.1.1 Objective
» i1 W 1T 1y f this 1141 k i . 4 nr YUY tecrhr oyt it i | Y 4
Nnis sSubhLask nnance the progran 1€ HCal ettorts Dy develioping a 1orum i
xchangt chnical mformation poth nationally and internationally. Specifically, this involve
tra ¢ ' technical AS S ts 1 ¥ [ gram tha 4 b helnful 1 ',\‘ )\gi wl¢ r \k( criteria
41 APPropt il i zat }
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TASK 9 INTERPROGRAM COOP. & PROGRAM MANAGEMENT Secuon 10

10.3.1.2 Rationale

The timely exchange of technical developments offers the opportunity for peer review and acceptance
of the resulis of this program, and enhances implementation of the results into regulatory or code
criteria.

103.1.3 Approach

There are four activities within this subtask:

Activity 9.1.1 ASME Section X1 meetings

Activity 9.1.2 ASTM meetings

Activity 9.1.3 Mther technical meeting coordination

Activity 9.1.4 “oordination with Japanese Elastic-Plastic Fracture in Inhomogeneous

Materials program.
Only progress in Activity 9.1.1 is reported here.

10.3.1.4 Progress
Activity 9.1.1 ASME Section XI Meetings

Battelle has conducted a number of activities as part of its involvement with the Pipe Flaw Evaluation
Task Group of the Section XI Committee for the ASME Pressure Vessel and Piping Code. These
activities are discussed below.

Charpy Energy Based Elastic-Plastic Fracture
Mechanics (EPFM) Criterion for Axial Cracks

An axial crack elastic-plastic fracture mechanics (EPFM) analysis using a Charpy energy approach
was prepared and presented t the ASME Section XI Pipe Flaw Evaluation Group and documented in
our last semiannual report, Ref. 10.1. The analysis method uses the semi-empirical failure
assessment equations developed by Maxey (Ref. 10.2) to establish the ailowable flaw depths that
satisfy the EPFM criteria in Appendix H. The detailed equations are given in Section 10 of Ref.
10.1.

Currently, in the ASME ferritic pipe flaw evaluation criteria in Appendix H of Section XI, EPFM
analyses exist only in tabular form for materials with J,, > 105 KJ/m? (600 in-Ib/in®) as given in
Tables H-6410-1 and H-6410-2. For comparison purposes, the Charpy energy criteria given in Ref.
10.1 was compared with some critical values for Table H-6410-1 and the experimental data of Maxey
(Ref. 10.2). Since the Table H-6410-1 values are for ], an equivalent Charpy energy had to be
calculated. From past Charpy versus J,_ data, the mean and upper bound correlations are given by
Equations 10.1a and 10.1b. These correlations were used to correlate the Charpy data.

NUREG/CR-4599 10-2
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TASK 9 INTERFROGRAM CL.¢. & PROGRAM MANAGEMENT Section 10

Several factors contribute 1o step changes and the degree of conservatism in the current IWB-3650 Z-
factor approach. These factors are briefly summarized below.

(1)

2)

(3)

4)

The type of crack used in developing the Z factors: the analysis is based on through-wall-
cracked pipe data, whereas surface-cracked pipe typically fail closer to limit-load than through-
wall-cracked pipe for the same toughness material.

To eliminate this source of conservatism, the flaw evaluation c¢riteria should base the Z factor
on a surface-crack analysis.

Crack size: the current Z-factor analysis is based on the most sensitive through-wall-crack
length (1.e., about 30% of circumference), which results in the largest Z.

To eliminate this source of conservatism, having a Z-factor as a function of crack size would
be helpful, i.e., as crack depth or crack length approaches 0, then Z should approach 1.

Use of a minimum toughness: if the Charpy energy is known and there is a case where the

toughness is in the EPFM range and just below limit-load analysis conditions, then the lower
bound toughness inherent in the creation of the Z-factors must be used. This can cause step
changes from the limit-lcad 10 the EPFM allowable flaw sizes.

To eliminate this source of conservatism, a Z factor as a function of Charpy energy would be
useful

Anisotropy and constraint effects on toughness: the toughness for a surface-cracked pipe may
be higher than from typical L-C oriented Cnarpy or C(T) specimen data for two reasons.
First, anisotropy of the toughness is well documented to occur for carbon steel base metals.
The toughness in the L-R direction for base metals is typically much higher than in the L-C
direction. Figure 10.2 is one such example from WRC Bulletin 175 (Ref. 10.3). The L-R to
L-C toughness ratio using Charpy upper-shelf energy is frequently a factor of 2.5.

Second, recent work on constraint has shown that the lower the constraint the higher the
effective toughness of the material, Work in progress in this program and elsewhere has
shown that a circumferential surface-cracked pipe in bending will have much lower constraint
than a crack in a C(T) specimen. Hence, C(T) specimen toughness data should be conservative
compared to the effective toughness of a circumferential surface-cracked pipe. These two
aspects may be the main reasons for surface-cracked pipe failing closer to limit load than
through-wall-cracked pipe.

To eliminate this source of conservatism, this higher toughness in base metals in the radial
crack growth direction due to anisotropy and constraint, and in weld methods due to constraint
neads to be accounted for. (There are no significant data that we are aware of to document the
anisotropy of nuclear pipe welds.)

NUREG/CR-4599 10-4
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Figure 10.2 Toughness anisotropy of ASTM Al106 B pipe
(From WRC Bulletin 175)

i nsistency of inciuding the thermal expansion stress term (P, P_i1s used in the screening
terion, but not in the limit-ioad analysis. This can contribute to step changes from limit-load
EPFM analyses

IPIRG pipe systen (Ref. 10.4) with large circumferential surface cracks

iemonstrate that P, shouid be included in the limit-load solution even for the stainiess steel

F base metal. This i1s consistent with the R6 analysis which would consider P, and seismic
inchor motion (SAM) stresses as primary stresses. This is illustrated in Figure 10.3, which
‘WS that if the thermal expansion and SAM stresses are not included, then the pipe system
fallure stresses are only about half of the failure stresses for the quasi-static pipe tests. These
static pipe tests were used to qualify the source equations for IWB-3640 and [TWB-3650
{1 Hence, the P, and SAM stresses should be included as primary stresses ia limit-load and
EPFM analy for both austenitic and ferritic pij
saditiona able aspects for a Charpy Energy-Based EPFM criterion for circumferential
W i
z Extend the stainless steel flux weld criteria in IWB-3640 to a/t values of 0.75 instead of the
ent lumit of 0.00
‘ Cxamine the database 1or stainless steel submerge-arc weld (SAW) and shielded-metal-arc weld
SMAW) J-R curves and assess if only one Z factor is needed. (Note, the weld metal J-R
¥ urve used tor developing the SAW Z factor in IWB-3640 was actually a SMAW.)
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Figure 10.3 Comparison of quasi-static pipe test loads at failure
with IPIRG-1 pipe system test failure loads on identical

pipes with same crack size

(c) Have a simplified criterion using a Z-factor type approach, but note that a more detailed
evaluation could be made if there is difficulty meeting the single criterion (i.e., using the
approach in ASME Code Case 494-1).

(d) Any new approach should be applicable to Class 2 and 3 piping as well as stainless and ferritic
pipe.

To address some of these needs, we reevaluated the Dimensionless Plastic-Zone-Parameter (DPZP)
analysis (Ref. 10.5). This method would allow using available Charpy energy for any material to
calculate what the Z factor would be, rather than having to use the current Z factors for the Code
mizimum toughness values for base or weld metals. Also since this is an empirical analysis for
surface-cracked pipe, it will then be possible to address the concerns in Items (1), (3), and (4). Item
(2) can be addressed by use of the SC.'TNP J-estimation scheme in the NRCPIPES PC code
developed as part of Task 2 of this program. This approach also addresses Items (¢) and (d). item
{d) is addressed by using a flow stress definition of the average of the Code yield and ultimate
strength values rather than using £ to define the flow stress.

The DPZP analysis was reassessed by examining all the surface-cracked pipe data we have to date.
The basic equaticn is
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{ { I s 1 FEPR( AN " ]
» . y (DPZF y It
o {4/ AIC COS| ¢ ! F V.4
$%
DPZP 2E). N(n ;.)-" ) {(1U.5)
redicted ralu Lre
MNet tion-{ ,;.1’ : and 1S predicted tailt 1€
glastic modulu
J at crack initiatior
nominai it } pip i \
'v w 1
| 1piri \SLal
; W \ g 10 De stausticaliy equail t 1.10 times the average ot the vield and
y minus .96 standard deviation value (95-percent reliability) was found
! 4 the a e of t td and ultimate strengths. Hence, the following
\ M {10}
) { v o Ve of (S_+S )4 (10.4
o 3 v
ictual vi rengu
ACtual uitimate reng
{ . ¢ o 208
{ { f imate s o1
\ § 4 + ¢} } ¢ £it ¢ th f N ) ) I
| fact in the past was . 51 the Dest it th ‘.u.(_"? the surface-cracked pipe data ihis
. ’ d using ali the data in the CIRCUMCK . WK1 database, from Subtask 8.4 of this
I gt ).4 shows that the C value for the best fit of all the data is 32, and for the ferritic
e Jdata on it 1s 34, The difference between the curves using values of 32 or 34 is uniperceptible
rigure 10.4 and 1s reproduced in Figure 10.5 using a reduced x-axis scale
A note that there are two Y5-percent confidence curves shown in Figure 10.4. One has a C value

ta with

f C of 3.0. The curve with a C value of 8.9 used only

the DPZY less than one. where EPFM is ¢ xpected, while the curve with C of 3.0 is biased by the
jata with | greater than one. Where limit-load failv:e should govern, we believe the
most appropriate for the Y5-percent confidence curve
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yeC 100

Figure 10.4 Redefining of DPZF analysis C factors using all

current surface-cracked pipe data

Figure 10.5 Redefining of DPZP analysis C factors using all current
urface-cracked-pipe data (expanded scale of Figure 10.4)
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Figure 10.6 Fit of surface-cracked ferritic steel pipe data to defing
J. versus CVP constant and 95 percent conflidence of C factor

Figure 10.7 Comparisons of Z factors from DPZP analysis and
ASME TWE-3650 analysis for ferritic steels
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For the a nitic pipe, the calculated Z factors shown in Figure 10.8 used the ASME Code definition
[ fiow stress of 35, whereas Figure 10.9 shows the DPZP results using the average of the code
ecified d and ultimate strengths of TP304 stainless steel at 288 C (550 F). Here if the pipe i
naller than 610 mm (24 inche then the Z factor for a 610-mm (24-inch) diameter pipe is used

1.8 and 10.9, 1t can be seen that the DPZP best-fit curves are well below the ASME Z

ictor curves. However, for the case where the flow stress is 3S_, Figure 10.8, the DPZP based Z
fa urve, using the 95 percent confidence level, is higher than the ASME Z-factor curve, except

pipe diameter 1ess than 457 mm (18 inches). The 95-percent confidence DPZP based Z-factor
for the SMAW is approximately the same as the current ASME Z factors for diameters larges
: OIL mi 4 1nct )
flow st for stain teel 1s changed to the average of the yield and ultimate strength, i.¢
then the curves tn Figure 10.9 should be used. Here the 95-percent-confidence DPZP
Dased Z-factor curve for SAW is approximately the same as the ASME Z-factor curve for pipe
Al arger than 610 1% I

) mm (24 inches). The 95-percent confidence DPZP based SMAW Z-factor

‘ Fina we examined now the £ factors change with Charpy upper shelf energy. Hence, the user is

not required 1o use a single Z-factor curve regardiess of the actual toughness of the material. Instead
MDooth transition from limit load to EPFM using this approach. This smooth transition is
]

how in i igure 10,10 where the DPZP based /7 fa

ctor 18 calculated as a function of the Charpy
v,
tor a 406 mm (16

inch) diameter A106 Grade B pipe at 288 C (550 F) I'he flow stress

nosen was the average of the yield and ultimate strength [i.e., (S, 4 5,)/2], which was almost
! t0 2.45_. In this case As can be seen in Figure 10.10, the ASME Z-factor curves are
ignificanty greater than the Y-percent confidence DPZP curve when the Charpy upper-shelf energy
dater than approximately 54 Joules (40 ft-lbs)

Assessmend of ao-Modified GE/EPRI Analvsis

; pr ting 10ads (or moments) and crack
| ireas, VO, was a I'he a-modification for the relation of J to moment changes
! > ! GE/EPRI method (Ref. 10 10 o "1 as shown in
¥ A { P/l .
i/b)h(P/} 10.9

P i v "
- - ‘
v L W i :
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Figure 10.8 Comparisen of Z factors from DPZP analysis with
ASME TWi-3640 analysis using o, = 3§,
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Figure 10.9 Comparison of Z factors from DPZP analysis with
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Figure 10,10 DPZP 7 factors as a function of Charpy energy for 406-mm
(16-inch) diameter pipe and comparison to ASME ITWB-3650 values

K-opening displacement precictions, one might change « in Equation 10.10 to
¥ : o
e ah.(P/P ) 10.10
¢ al P/p 10.11)
t 0 I out section 6.1.3 of Reference 10.8, Equation 10.9 gives

| | I0n0s 10r the prediction of moments for a given stress-strain and J-R curve

‘ g+ oo/ (10.12)

ire relatively recent parameters used for normalizing

' o/lE + F'o (10.13)

1 { | i { ! unr fx Can take on any vaiue as long as the reference stress and
{ n 1 hanj 1 i1 tquatuons 10.14 a 10,15
( (¢ F") 10.14)

0-1 NUREG/IUR-4599
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X Figur 10.11a and 10.11b show sample calculations for a 406-mm (16-inch) diameter 25.4-mm (1
l inch) thick carbon steel pipe (using the stress-strain data from Battelle A106 Grade B Pipe Number
F29) with two different crack lengths. Note that the original GE/EPRI estimation scheme is
independent of the choice of the reference stress, ¢, for both moment and crack-mouth-opening
jisplacement. However, the a-modified equations gave increasing moment and decreasing crack
mouth-opening displacement as o, increases. Hence, for LBB applications, as the reference stress in
the a-modified approach is increased, the crack-opening-displacement predictions become

nservative (smaller than the GE/EPR] which means a longer crack size calculated for a given ieak
rate), but the load predictions become nonconservative (larger loads predicted than by the EPRI
method for the same size crack). Other estimation schemes such as the LBB.ENG and | NE

methods are a independent of the choice of Hence, we do not recommend using the o
nodification GE/EPRI approach for LBB applications because of this nonuniqueness

\ 10.4 Plans for Next Year of the Program

10.4.1 Subtask 9.1 Technical Exchange and Information Meetings

b1 Activit ) Wil n 1 t oOrdinat Wwith the ASME Section X1 ‘yrl" }:JW Ey auation
h g}
4 & D ol ne o
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