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ABSTRACT

This report describes efforts conducted by EngingeMechanics Corporation of Columbus (Einc
under subcontract to Brookhaven National Laborat@BNL) for the U.S. Nuclear Regulatory
Commission to analyze and better understand assefidegraded pipe tests under seismic loading that
were conducted in Japan. These efforts were wldartas part of collaborative efforts between the
United States Nuclear Regulatory Commission (NR®) the Japan Nuclear Energy Safety Organization
(JNES), who conducted a multi-year test programtfier Ministry of Economy, Trade and Industry
(METI) of Japan to investigate the behavior of tgbiNuclear Power Plant piping systems under large
seismic loads. JNES provided the test resultshi®rvaluations given in this report. Emorked with
BNL on the degraded piping system analyses. Téj®nt describes Erfis post-test analyses of the
large-scale piping system tests and discusseshissggined from this program. The analyses inethes
efforts are of value to understanding margins tlegraded piping has under seismic loading for: (a)
Transition Break Size rule for CFR 50.46a applaradi (b) Leak-Before-Break analyses in NRC's SRP
3.6.3, and (c) pipe flaw tolerance by ASME codedeaions.

The JNES tests analyzed were of both the simpleaded component tests, e.g., a nozzle with a short
section of straight pipe and a circumferential acefcrack in the joining girth weld; as well as bimed
component tests from a 1/3-scale section of thenmagirculation system of a BWR. The combined
component tests had circumferential cracks at alaagrth weld and elbow girth weld of the main gip
run, and at a tee girth weld in the branch pipée Tombined component tests were conducted at room
temperature with pressure and simulated seismdirigan one direction.

Emcs analyses used a “cracked-pipe element” (CPE}epn where the element represented the global
moment-rotation response due to the crack. Thiscaegh was developed to simplify the dynamic finite
element analysis. The failure modes automatiaa/ytured by this method are ductile tearing dutireg
final failure event, and very low cyclic fatiguerdage with large-scale plasticity. Crack growth dwe
high-cycle fatigue or low-cycle fatigue with smattale plasticity requires a separate analysis than
current “cracked-pipe element” approach. Thisatked-pipe element” methodology was developed in
the International Piping Integrity Research GrolpIRG) programs that the USNRC and Japan were
members of in the early 1990’s. In this prograhe walidation efforts increased in complexity by
comparisons with pipe tests with circumferentialotigh-wall and surface cracks under quasi-static
bending, fully reverse cyclic loading, and inert@ading to examine dynamic loading aspects wittlicy
hysteresis loops of a circumferential through-vealick. Those pipe tests data were developed ar pri
USNRC or IPIRG programs. The JNES simple compotesitwas used to fine-tune the “cracked-pipe
element” model since the toughness of the weld Inrethe JNES tests was not available.

In the JNES combined-component experiment whelealga occurred (Test FTP-4), it was determined
that the loading at the crack location was in thealkscale plasticity range of the “cracked-pipe
elements.” Hence, the leakage was caused by lo¥e-datigue with very small-scale yielding, rather
than by ductile tearing or low-cycle fatigue witlrder plasticity that would occur if the loadingre/@mear

the ultimate load capacity of the cracked pipe.e Phnocedure used to make predictions of low-cycle
fatigue crack growth were based on the Dowligprocedure, which is an extension of linear alasti
based fatigue crack growth methodology extendeal tine nonlinear plasticity regime. The predicted
moments from the CPE approach were accounted fog ws cycle-by-cycle crack growth procedure.
Only moments large enough to produce significaatlcigrowth per cycle need be included, and the U.S.
Air Force fatigue crack growth code, AFGROW, wasdiso make these predictions. The predictions
using this approach compare quite well with theeexpental measurements where leakage occurred
during the sixth load block.



As part of the analyses for the FTP-4 experimentale, the amplitude of the seismic loading was
increased until failure of the surface crack ocedrby cyclic tearing in the ABAQUS model with the
“cracked-pipe element” with just one loading blockhe margins on the applied accelerations in the
FTP-4 test were about a factor of 5.0. The mdteniaperty parameters were then changed for the
cracked-pipe sections as well as the rest of thdeinto estimate the margins if the JNES test was
conducted at the BWR operating temperature at 288%0°F). The margin at this temperatwvas
conservatively estimated to be 3 on the appliectlacation in the FTP-4 test. This was a slightly
conservative analysis since the viscous dampintpefuncracked piping system at this higher level of
excitation was kept at 2% (the “cracked-pipe elefthand the elbows behave plastically and contridute
to the increased overall damping effect). The mioonservatism from the damping at the higher
excitation is also true for the room temperatursecas well.

To better assess how a full-scale pipe system ngih&ve with similar loading and crack size, astela
plastic correction factor for larger-diameter piwas applied to the load capacity of the FTP-4 pipe
analysis at 288°C. An evaluation of one of the gonent tests showed that the JSME Z-factor for
GTAW/SMAW welds was quite close to the experimemésults, whereas the ASME code would have
over predicted the test failure load by 30-percdsging the JISME GTAW/SMAW Z-factor equation, the
full-scale pipe system margins on failure load andeleration that were applied in this test foimailar
non-dimensional crack size were conservativelyrestd to be 1.06 and about 2, respectively. Result
here suggest that larger cracks could be toleiatd#ds system test.

These margins were still above the assumed nomlstesss correction used in the NRC’s work on
“Seismic Considerations for the Transition BreakeSin NUREG-1903, although analyses as conducted
in this report would have to be performed for theck sizes and typical pipe system used in the
Transition Break Size seismic analysis to bettemgjfy the margins that might exist. Such margins
would also affect LBB analyses, ASME code criteaiagd on-going probabilistic pipe fracture analyses
such as the NRC’s xLPR efforts that are just stgrtip.



FOREWORD

This research work was performed as part of theldmenting Agreement made between the U.S.
Nuclear Regulatory Commission (NRC) and the Japaolddr Energy Safety Organization (JNES) of
Japan in the area of seismic engineering research.

This report is focused on the analysis performedEhgineering Mechanics Corporation of Columbus
(Emc2) under subcontract to Brookhaven Nationalotatory (BNL) for the NRC to simulate and better
understand a series of degraded pipe tests unsenisdoading that were conducted in Japan. JNES
provided the test results for the evaluations givethis report. Emc2 worked with BNL on the dedgd
piping system analyses. This report provides apehensive coverage of the modeling and analysis
effort of the large-scale piping system tests amdgnts insights gained from this program. Thdyara

in this effort provide an overall value to undensting margins that degraded piping has under seismi
loading for: (a) application to the Transition BkeSize rule for CFR 50.46a applications, (b) Leak-
Before-Break analyses in NRC’s SRP 3.6.3, and (¢ flaw tolerance by ASME Section XI code
evaluations.

The report is informative and insightful, partialjain the application of the connector elementttod
ABAQUS computer code in the finite element analytsesimulate the global response of a cracked pipe.
The analysis documented in this report also utlitee DowlingAJ procedure and the U.S. Air Force
fatigue crack growth code, AFGROW, to simulate thele-by-cycle crack growth. Very good
agreement was established between the behavithie ahalyzed piping system vs. the piping testesyst
subjected to the simulated seismic loading in MES test program.

These analyses showed that the JNES pipe testefailire due to low-cycle fatigue with small-scale
yielding, and there were large margins on acceterateeded to cause failure in a single large geism
event compared to the input acceleration in theSkdsts. Based on extrapolated results to fulesca
behavior, these analyses showed large marginhéoadceleration to cause failure relative to tipécht
design peak ground acceleration (PGA) values f&: plants.

The margins seen in the analyses of the JNES aédte tolerable accelerations relative to the glesi
PGA values for U.S. plants are much larger thambgimum nonlinear stress correction factors used i
the Transition Break Size work. However, furthealgses similar to those described in this reparnthe
have to be conducted for the crack sizes and tlypipa system used in the Transition Break Sizensigi
analysis to better quantify the margins that migist. Similar margins would also affect Leak-Befo
Break analyses, ASME code criteria, and on-goingCN#Btobabilistic pipe fracture analysis efforts.
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EXECUTIVE SUMMARY

This report describes modeling efforts conductedEbgineering Mechanics Corporation of Columbus
(Emc) under subcontract to Brookhaven National Labaya(8NL) for the U.S. Nuclear Regulatory
Commission to analyze and better understand assefidegraded pipe tests under seismic loading that
were conducted in Japan. These efforts were agbarbllaborative efforts between the United States
Nuclear Regulatory Commission (NRC) and the Japaciédr Energy Safety Organization (JNES), who
conducted a multi-year test program for the Miyistf Economy, Trade and Industry (MET]I) of Japan to
investigate the behavior of typical Nuclear PowkemP(NPP) piping systems under large seismic loads
JNES provided the test results for the evaluatigimen in this report. Enfowvorked with BNL on the
degraded piping system analyses. This report itesciEmés post-test analyses of the large-scale
piping system tests and presents insights gaired this program. The analyses in this effort dre o
value to understanding margins that degraded pipasgunder seismic loading for: (a) applicatiothi®
Transition Break Size rule for CFR 50.46a applaragi (b) Leak-Before-Break (LBB) analyses in NRC's
SRP 3.6.3, and (c) pipe flaw tolerance by ASME i8ecK| code evaluations. These aspects are briefly
discussed below.

The JNES tes® analyzed were of both the simple degraded compidrsts, e.g., a nozzle with a short
section of straight pipe and a circumferential acefcrack in the joining girth weld; as well as tamed
component tests involving a 1/3-scale section @& thain recirculation system of a BWR. The
component tests were conducted under monotonidrigaas well as cyclic loading. The combined
component tests had circumferential cracks at acexdgirth weld and elbow girth weld of the main 8-
inch diameter pipe, and at a tee girth weld in4hech diameter branch pipe. (A reducer was ua#ter
than a nozzle for experimental simplicity.) In dest, a leak developed, and the flawed locatiom®vat
TP316 stainless steel girth welds with the flannpled to be 75% of the thickness and 60-degredseof t
circumference; the actual dimensions of the flaaused somewhat in the test. The cracks were siedilat
using an electric discharge machined flaw [0.7 rAr848 inch) width] in the gas tungsten arc girtidse
The tests were conducted at room temperature WliRpressures. The combined-component tests were
conducted with pressure and simulated seismic thogidi one direction.

Emcs analyses involved using a special “cracked-mfmment” (CPE) concept at all node locations
where the cracks were located. The CPE represenéedlobal moment-rotation response due to the
respective circumferential cracks at each locatidhis approach was developed to simplify the dyicam
finite element analysis, i.e., the FE models werhuced to 20 to 25 elements with up to 3 crackgevae
full 3D analysis might take 15,000 elements peclclacation and still not allow for crack growthrihg

the FE analyses. The failure modes automaticaptuwred by this analysis method are ductile tearing
during the final failure event, and very low cycfatigue damage. High-cycle fatigue and low-cycle
fatigue with small-scale plasticity are not autoicelty captured by this type of analysis, i.e., tyelic
stresses need to be input to another fatigue-aqyemkth program. The nonlinear global response
behavior for the “cracked-pipe element” was extiynealculated by elastic-plastic fracture mechanic
(EPFM) analyses that had been validated in numdarge projects for the USNRE This “cracked-
pipe element” methodology was developed in therivaional Piping Integrity Research Group (IPIRG)
program§? that the NRC and Japan were members of in thg €880’s. The “cracked-pipe element”

@ K. Suzuki and H. Kawauchi, “Test Programs fogEzeled Core Shroud and PLR System Piping (Seisest T
Results and Discussion on JSME Rules Applicati@d08 ASME PVP conferences, July 27-31, Chicago, IL.

®)Wwilkowski, G. M., Olson, R. J., and Scott, P. KBtate-of-the-Art Report on Piping Fracture Medieart
NUREG/CR-6540, BMI-2196, February 1998.

©  wilkowski, G., and others, “International Pipimgegrity Research Group (IPIRG) Program, Final Repo
NUREG/CR-6233 Vol. 4, June 1997.
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originally used a relatively simple combination grings, gap, and truss elements to construct the
“cracked-pipe” global response behavior using tH¢SXS computer code. In the current project, a
single connector element in the ABAQUS computerecahs used to represent the “cracked-pipe
element.” Prior to analyzing the JNES tests, é&eseanf validation efforts based on other crackeukpi
tests (from various past NRC or IPIRG funded prowawas conducted. The complexity of the
validation efforts increased from: (a) a simpleceinferential through-wall crack in a pipe under gjua
static monotonic four-point bending to predict fizld displacements during large crack growth past
maximum load, (b) a circumferential surface cratkaipipe under quasi-static bending to predict the
transition from a surface crack to a through-wadcg& during monotonic four-point bending, (c) fully
reverse cyclic loading for a circumferential thrbugall-cracked pipe in four-point bending to exaein
the best options for capturing hysteresis energlylan-cycle fatigue damage, and (d) an inertiadigded
pipe test with a circumferential through-wall crattk examine dynamic loading aspects with cyclic
hysteresis loops. These analyses showed thatnaasopredictions could be made using the ABAQUS
connector element to model the complete transibfoa circumferential surface crack to a throughtwal
crack under cyclic dynamic loading when the loadsenclose to the failure loads, i.e., when sigaific
plasticity occurs. Of course, a few secondary etspeeed to be fixed in the connector elementtftw i
perform perfectly since that element was not dgyedao perform analyses such as in this application

The JNES component test with the reducer and straige section and a circumferential surface cetck
the girth weld was used to fine-tune the calibratad the connector element model. The connector
element model requires input of the circumferentiatface and through-wall crack moment versus
rotation-due-to-the-crack responses from the Jreditbn schemes. The J-estimation schemes require
input of the pipe size, flaw size and orientatioraterial strength, and toughness. The toughnetseof
weld metal in the JNES tests was not availableghaban initial estimate was first used and themas
fine-tuned using the simple component tests.

The FTP combined-component test was analyzed ailddthe combined-component test had three crack
locations and multiple applied simulated-seismiacklloadings. Each seismic block loading had al tot
time of 65 seconds that included about 30 secomdgrong motion. As previously noted, the tests
included pressure (water added to the mass ofysters), dead-weight loads, and inertial loadingriro
the shaker table. The simulated-seismic loading wabnly one direction. Since the tests werenatir
temperature, there were no thermal expansion sgesédditionally, all fixed points of the pipe lmo
were on the same shaker table, so there were smiseanchor motion stresses from relative motidns o
the anchor points.

There were many loading blocks applied to eactheffour different combined-component tests (FTP-1,
FTP-2, FTP-3, and FTP-4); however, leakage onlyuoed in one test (FTP-4), so the analysis was
concentrated on that case. For FTP-4, the fialosiding blocks were numerically simulated, andhea
loading block had similar peak amplitudes appliedhe test system. Comparisons were also made
between the ABAQUS FE analyses results to the medsiisplacements and strains in the experiment.
Reasonably good agreement was obtained when afigoasticity in the cracked locations and allowing
elbow elements to become plastic (actually, allracked elements (pipe and elbows) are permitted to
become plastic, but only one elbow element becalastip), and then applying 2.0-percent Rayleigh
damping to the rest of the system that behavediedlg (with alpha = 1.148 and beta = 1.157E-4).

the experiment where leakage occurred (FTP-4 foza block), it was determined that the loadinthat
crack location was just above the elastic rangthef‘cracked-pipe elements.” Hence, the leakage wa

@ Hopper, A. T., Wilkowski, G. M., Scott, P. M., €in, R. O., Rudland, D., Kilinski, T., Mohan, Rhagiali, N.,
and Paul, D., “The Second International Pipingdrity Research Group (IPIRG-2) Program - Final Rgpo
NUREG/CR-6452, February 1997.
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caused by low-cycle fatigue with small-scale yietflirather than by ductile tearing or low-cyclédaé
with large plasticity that would occur if the loadi were near the ultimate load capacity of the lede
pipe component. This is consistent with the féett tit took 6 loading blocks to cause the leakage,
whereas in the IPIRG program the pipe-system exparis were conducted to failure in one simulated
seismic loading block.

The analysis predictions using the CPE approachndidpredict leakage or any crack growth. This
indicates that cyclic ductile tearing with largeakcplasticity was not the crack growth mode hénees
the applied accelerations were not high enoughmcelethe leakage was caused by low-cycle fatigte wi
very small-scale yielding, rather than by ductgaring or low-cycle fatigue with larger plasticityat
would occur if the loading were near the ultimated capacity of the cracked pipe. The procedued us
to make predictions of low-cycle fatigue crack gtiowvere based on the Dowlidgl procedure, which is
an extension of linear-elastic fatigue crack growththodology extended into the nonlinear plasticity
regime. The predicted moments from the CPE approaed a cycle-by-cycle crack growth procedure.
The U.S. Air Force fatigue crack growth code, AFGR@Version 4, 10/2008), was used to make these
predictions. AFGROW is a completely validated ctitd is used by many organizations to make fatigue
crack growth predictions using complicated loadipgctra. The predictions using this approach compa
quite well with the experimental measurements whesalkage occurred during the sixth load block.

The fatigue crack growth predictions are preseitethe form of crack size versus load cycles. For
values of closure load expected in the JNES téstikage was predicted very near the sixth and final
loading block, as seen experimentally. The craokvth for the cycles is examined by comparing growt
per cycle throughout the loading spectra.

As part of the analyses for the FTP-4 experimentse, the amplitude of the seismic loading was
increased until failure of the surface crack ooedrby cyclic tearing in the ABAQUS model. The
margins on the applied accelerations in the FTEstt were about a factor of 5. The damping ratie wa
kept the same and the elbow was allowed to becdaséigas well as all the crack locations. At thigh
loading level, the actual viscous damping ratiohige slightly higher so that the estimated maigia
little conservative.

The material property parameters were then chafgeithe cracked-pipe sections as well as the rest o
the model to estimate the margins if the JNES west conducted at BWR operating temperature of
288°C (550°F). The margin at 288°C (550°F) wasneded to be a factor of 3 on the applied
acceleration amplitude in the FTP-4 test. Agdiis ts a conservative margin since the dampindef t
entire system was kept at 2% although the cracitime and elbows were allowed to plastically deform
in the FE analysis. Interestingly, the room terapee FE results showed that after the crack at the
nozzle failed, then the crack at the tee girth vedé failed in the same seismic loading blocke Thack

at the tee was the lowest loaded crack when atkedhsections were originally intact.

Finally, an estimate was made as to what the msingere on the moments and accelerations relative to
those needed for failure if elastic-plastic fraetarechanics was considered for the full-scale gys¢gem.

To do this, first the appropriate Z-factor relasbip was determined, using the JNES monotonic
component test EM-3. Using the failure stress ftbat pipe test, the calculated Z-factor was 1w@8¢ch

is close to the JSME Z-factor value of 1.31 for GVASMAW welds in that pipe size. To predict the
margin that might exist for a full-scale pipe systehe JSME Z-factor equation was then used rattzar

the ASME Z-factors. This resulted in an estimata the full-scale pipe system at operating tenipeza
might have a margin of 1.06 on the failure loadhwihe same non-dimensional loads and applied
acceleration-time history. Although the dynamicatked-pipe element” analysis was not run for the
full-scale pipe system, the margins on acceleratiene scaled to the FTP moment and acceleration
margins, and estimated to be between 1.92 and 2&§ain, these estimated margins were slightly

Xiii



conservative since the viscous damping was kep¥afor these analyses (plasticity development @& th
elbows and the cracks account for the majoritynasfeased damping effect). This suggests thatrarge
cracks can be tolerated in this system. It igdlift to predict how a large-diameter cracked spstem
would respond to this motion without conducting #otual analysis.

In conclusion, these analyses showed that the JNES4 pipe test should have failure due to low-eycl
fatigue with small-scale yielding, and there weneyé margins on acceleration needed to causedailur

a single loading block (i.e., failure during onésssc event) even for extrapolated results to $alile
behavior and typical U.S. design PGA values. Thesegins are lower bounding since they did not
account for slightly increased viscous damping he test of the uncracked pipe system, and are
gualitatively instructive in understanding the $aflactors that might actually exist under seistoading.

In the Transition Break Size wd?k it was known that such margins might exist betwetastically
calculated seismic stresses for fracture analysi®lving beyond-design-basis earthquakes using
nonlinear-fracture behavior. A correction factbrlato 2.8 was applied to the elastically scaledrsie
stresses for events with probabilities of occureen€ 10E-6 from actual plant seismic-hazard curves.
(The correction factor of 1 corresponds to thessis being purely elastic for flawed pipe failune éhe
factor of 2.8 corresponds to stresses that wouldecéailure of unflawed pipe.) The correction dacif 1

to 2.8 changes as the flaw size changes. Thistlisstonsistent with results from the BINP progfamit

is comforting that the margins seen in the analyfethese JNES tests of the tolerable accelerations
relative to the SSE design PGA values for U.S.tglane much larger than the nonlinear-stress direc
factors (1 to 2.8) used in the Transition BrealeSimrk. However, analyses as conducted in thisrtep
would have to be conducted for the crack sizestgpital pipe system used in the Transition Break
Sizé" seismic analysis to better quantify the margira thight exist. Similar margins would also affect
LBB analyses, ASME code criteria, and on-going piulistic pipe fracture analyses such as the NRC'’s
XLPR efforts that are just starting@p

Finally, it should be noted that it is also possitil expand the current “Cracked-Pipe-Element” yamsl
capability to account for low-cycle fatigue with altascale-plasticity or high-cycle fatigue craclogith.
This can be done by including the design of the @RE the Dowling low-cycle fatigue analysis into a
UMAT in ABAQUS that had to be conducted manuallyhrs project.

© Scott, P. M. et al., “The Battelle Integrity of Near Piping (BINP) Program Final Report,” NUREG/GR37,
Vol. 2, June 2005.

®  Chokshi, N.C., Shaukat, S.K., Hiser, A.L., DeGia6., Wilkowski, G., Olson, R., and Johnson,, JSeismic
Considerations for the Transition Break Size,” NURE903, February 2008.

@  The xLPR is an effort being coordinated by th8 \NRC-RES and EPRI to develop a new probabilipe
fracture code. Dr. A. Csontos is the NRC-RES miojeanager. No reports are available at this time
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1 INTRODUCTION

During 2004 to 2006, the Japan Nuclear Energy $aieganization (JNES) conducted a Degraded
Piping and Components Test Program to investidetebehavior of typical Nuclear Power Plant (NPP)
piping systems under large seismic loads. Thectigs of this multi-year program were to: (1) obta
better understanding of the vibration charactesgstand seismic strength of degraded structures and
components having cracks due to aging, (2) ensuamargin of seismic design safety by considering age
related cracking, and (3) verify the JSME Ruleg=@ness-for-Service for NPPs in Japan. This pnogra
included shaker-table testing of four 1/3-scale et®df a primary loop recirculation piping system
typical in BWRs in Japan, in addition to variousmgmnent tests and 1/2.5 scale core shroud modsl tes
The shaker table tests of the 1/3-scale pipingegsyshodels are also referred to as combined-componen
tests in this report, to be compatible with varidéES documenfs”. This report presents an analytical
assessment of some selected piping system/compiasest

As part of the joint efforts between the Unitedt&aand Japan on seismic issues, the U.S. Nuclear
Regulatory Commission (NRC) and Brookhaven Natidradoratory (BNL) collaborated with INES by
assessing the test data of this program and exuitamgsearch information. In accordance with the
collaboration agreement, JNES provided their testilts to NRC and BNL in the form of presentations
and also provided electronic data for some selectedponent and combined-component tests to be
utilized by BNL. To best assess the dynamic charetics of the cracked component under simulated
seismic excitations, the NRC agreed to have BNLcentract the analytical part of this program to
Engineering Mechanics Corporation of Columbus (Bmor their well-known knowledge and skill in
fracture mechanics.

In this report, results of analyses of the JNES mmment and combined-component tests are presented.
Emc conducted these analyses under subcontract to BNie staff at Enfchave been involved with
degraded piping analyses under quasi-static andndignloading for decad®s The objectives of the
efforts in this report are to provide insights ss@ssment procedures used for degraded pipiniyectat

(a) application to the Transition Break Size rube €FR 50.46a applications, (b) leak-before-break
analyses in NRC’s SRP 3.6.3, and (c) pipe flawrémlee by ASME Section XI code evaluations. These
aspects are briefly discussed below.

In the Seismic LOCA analyses work that was conaduatesupport of the proposed CFR 50.46a rule
chang&, a relatively simple degraded piping analysis w@sducted for non-design basis seismic events.
The NRC will develop a Regulatory Guide over thgtriew years for the proposed CFR 50.46a changes.
For seismic loading, there needs to be a screasritgyion to determine when a plant should conduct
additional analyses, as well as how those analsisesld be conducted for seismic considerationse Th
JNES pipe system te&¥soffer a unique opportunity to check the marginstie simplified analyses
conducted in Reference (3). This is because of teasons: (1) The JNES tests involve a more
complicated pipe system with degraded pipe undeulsited seismic loading than has been evaluated in
the past International Piping Integrity Researclupr (IPIRG) pipe loop tests® and (2) The JNES
pipe loop is more prototypical by being a 1/3-sateulation of an actual BWR primary pipe loop. €Th
results from the JNES work will be helpful in evating the margins associated with the simple static
analyses used in the “Seismic LOCA” report.

Another application of the lessons learned from firbject is for Leak-Before-Break (LBB) applicatso
as per NRC'’s Standard Review Plan 3.6.3. Seismaidihg of piping with hypothetical flaws is typibal
part of the SRP 3.6.3 fracture evaluations. A nét basis for a new Regulatory Guide for L'BB
recommended three optional approaches, where tis¢ datailed option allowed for detailed seismic
analyses as being done in this project.



Finally, the lessons learned from this project banuseful for an assessment of pipe flaw evaluation
criteria such as in the ASME and JSME codes. TB®E Section Xl pipe flaw evaluation criteria are
flexible enough to handle all levels of seismicdivg that could occur, not just restricted to maxim
design levels for operating basis earthquake (OB&g-shutdown earthquake (SSE), or the S1 and S2
loading in the Japanese seismic design approaches.results from analyses of the JNES pipe-system
experiments would show the magnitude of inherenfina in the ASME (or JSME) code procedures.

Such margin assessments would also be helpful nbadesign basis earthquake occurred, such as
happened at the Kashiwazaki nuclear plant siteajpad, and provide a basis for return-to-service
capabilities of the piping system with some levietiegradation and loads beyond the SSE or S2 design
basis seismic levels.

The JNES pipe system tdétsffer a unique opportunity to check the marginshie simplified analyses
for the various above applications. The JNES tastslve a more complicated pipe system with
degraded pipe under simulated seismic loading t@enbeen evaluated in the past International Piping
Integrity Research Group (IPIRG) pipe loop t€Sts The IPIRG pipe system tests involved a relagivel
simple expansion loop of about 100 feet total Ienput was complicated in other ways. It was run a
288°C (550°F) with water in 16-inch diameter pipl @racks in high and low toughness materials, and
had seismic anchor motion and thermal expansi@ssts as well as pressure, dead-weight, and Inertia
stresses. The JNES pipe loop is a 1/3-scale diimmlaf an actual BWR primary pipe loop (largegtepi
was 8-inch diameter).

JNES funded work in Japan that involved conductésgs on a 1/3-scale BWR pipe loop at the National
Research Institute for Earth Science and Disagteveation (NIED) facility, see Figure 1(a). Severa
circumferential flaws were put in the piping systéralled a combined-component test) that was malunte
on the 14.5 by 15-meter shaking table. The pigtesy was shaken in one horizontal direction, and
different geometries of circumferential flaws wexd in the pipe system. The simulated seismicitgad
was generally more than 1.5 times of the Japan2dev8l (the original plan was 1:%6S2= 1.5 g, while
the actual measurement at the shaking table topatvast 2 g), and leakage occurred in the last®fth
large seismic loading series for the FTP-4 teser&lwere also quasi-static component tests loauled t
failure by monotonic loading, constant amplitudadimg, or simulated seismic loading, see Figurg. 1(b

The analyses used in this project were conductelétermine whether the “straight pipe” flaw evaioat
procedures for circumferential cracks are appliegbl the component tests with cracks in girth welds
next to elbows and at nozzles, and then deterrhimenargins for cracks in piping at such locationdau
simulated seismic loading. The prior NRC-fundedrk#$®® involved development of J-estimation
schemes to make these predictions of moment vessatson due to the crack in a pipe girth weldtlsat

a “cracked-pipe” element could be created to siteutrcumferential crack behavior at any node pinint
simple pipe beam-element analysis used for plaihgiseismic evaluations. Most of the past worls wa
with circumferential cracks in welds joining straigpipes. The JNES work involves a more prototgpic
pipe system, and the cracks are at more prototiyjmcations than the IPIRG program tests, i.eginth
welds by nozzles and at elbow girth welds to shiape.

A summary of conclusions including regulatory ifdg and lessons learned from the program, and
recommendations for further research are presémtgdction 5.0.
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2 DESCRIPTION OF JNES TEST PROGRAM

2.1 Introduction

The goals of the JNES test program were to obtdieteer understanding of the vibration charactiegst
and seismic strength of cracked piping components @mbined-component piping systems, assess
seismic margins of these degraded components anbliced-components, and verify the JSME Rules on
Fitness-for-Service for NPPs in Japan. In ordegain a better understanding of the piping system
behavior subjected to simulated cracks, JNES cdadux series of cracked-piping component static and
dynamic tests, as well as combined-component vaiscracks using a shaking table. Selected resdilt
these tests were provided by JNES for use in thidys The combined-component tests used a 1/&-scal
model of a section of a BWR recirculation line. cAodingly, the pipe in the scaled tests was 8-inch
diameter for the main loop and 4-inch diametertfa branch section. The flaws were circumferential
surface flaws made with an electric discharge nmethi(EDM) notch having a width of about 0.7 mm
(0.028 inch), see Figure 2. The flaws started @HAZ and finished in the weld metal, as was typafa
cracks found in service, see Figure 3. The girttde/in the tests were GTAW, whereas in service SAW
or SMAW welds would be used in U.S. BWR plants atder Japanese BWR plants. According to
JSME rules, GTAW welds have the same toughnessve8A5welds; however, in the ASME rules the
SAW/SMAW welds (welds made using a flux shieldingve a lower toughness than TIG or GTAW
welds (welds made with inert gas shielding). Tbeghness correction on the limit-load solution for
circumferential cracks in pipes is called a Z-facie., defined as the ratio of the failure strasdimit
load divided by the failure stress under ductikriteg conditions. The limit-load predicted failustress

is divided by Z to predict the failure stress flawfed pipe which does not achieve complete crostsose
plasticity at failure (for instance, for lower tdugess material and large diameter pipe) where lwai
plasticity does not occur for fracture. The Z-tastare a function of the pipe diameter and arevehn
Figure 4 for stainless steel welds by the ASME 38ME codes. The higher the Z-factor is, the lotver
toughness of the material. The differences betwlentwo codes should be examined further. For
instance, there are SAW and SMAW pipe test datastatdstical J-R curve data from test specimensifro
NRC-funded work that show essentially no differebeéween SAW and SMAW fracture beha{fd?.
However, in the U.S. it has been assumed that TT@M& (any inert gas weld) are high enough in
toughness that the Z-factor should be 1.0 (i.nitdioad controlled). That assumption was backgdwy
only 4-inch diameter pipe teSfd Additionally, over time these welds could losene toughness from
thermal aging, so that older welds should perhaps lan additional aging term on the Z-factor.

One observation regarding the JNES tests is théhvdtithe EDM notch. In the IPIRG program, the
simulated seismic tests included a shim in theaserfflaw notched region, so that reverse cyclicidoa
could only close the crack to an amount represeataif having a tight crack at the start of thet.tes
Without the shim present, compressive plasticitghtibe larger than with a tight crack. This reeers
compressive plasticity could cause more damagéedatack tip region if it occurs. Of course, as th
crack starts to grow from the machined notch, theyald be crack closure on those new crack faces.

Another observation regarding the EDM notch is that bluntness of the notch will raise the apparent
toughness at crack initiation. During the NRC pfpacture programs, fracture toughness tests were
conducted with EDM notches that were fatigue peeked leading to a tight crack. The result was tha
the EDM-notched specimens had initiation toughnedses of 1.7 times higher than the fatigue pre-
cracked specimen tests. Given that the surfasesfire in smaller-diameter pipe, the notches are in
GTAW welds rather than SAW/SMAW in U.S. and oldapdnese plants, and the notch acuity aspects,
the 1/3-scale tests may fail at limit-load condiso The actual full-scale BWR pipe loop would be
expected to fail at roughly 60-percent of limitdbdue to the lower toughness weld, sharp crack, and
larger-diameter pipe. The 60-percent value comes fthe ASME pipe flaw evaluation procedures
where an elastic-plastic toughness correction (@efa is required on the limit-load solutions for



SAW/SMAW welds but not GTAW welds. The differendegshe GTAW Z-factors are examined later in
this report.

| R: about 0.25 mm

B: about 0.7

1 mm

Figure 2 Typical flaw put in INES stainless steel aid

Figure 3 IGSCC cracks that were found in BWR piping(from JNES paper, Ref. 4)
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Figure 4 Comparison of ASME and JSME Z-factors forstainless steel welds

2.2 Simple Component Tests

The simple component tests were first conducted]JNf£S. These tests involved relatively simple
sections of pipes with fittings (elbows and redscer simulate a nozzle) with the similar crackghia
girth welds between the straight pipe and thenfjtti More complete descriptions of these tests are
provided in References (1) and (4).

The simple component tests were conducted with memimincreasing displacement, constant frequency
sinusoidal cyclic loading, and simulated seismidiag blocks. The loads and far-field displacement
were measured. However, no local crack growth todng was done other than observing leakage.
Examples of local crack growth monitoring would dayween measurement of the crack-mouth-opening
displacekrggnt (by clip gages or LVDTSs), and craakngh (by d-c electric potential measurements across
the crack)”.

The shapes of the cracks were called either Type Fype B. The Type A crack was 60-degrees of the
circumference in total length and had a depth ep&®ent of the thickness. The Type B crack wals 36
degrees around the circumference and had a dep®rpércent of the pipe thickness (see Figurelhe
Type A crack was the maximum flaw size allowedlie ISME code at the time their program started,
while the Type B crack was a change being evaluasguart of a code case to the JSME code. Both fla
sizes are allowed by the ASME Section Xl criteas, long as the applied loads are low enough with
appropriate safety factors.

Of the different simple component tests that wemedeicted in the JINES program, the monotonic tests
with a crack in a girth weld between straight pgrel a reducer were of prime interest for calibratd

the nonlinear behavior of the “cracked-pipe” eletnesing used. These tests were done with internal
pressure and at room temperature.



Figure 5 Different circumferential flaws used in JNES tests (from Reference 4)

2.3 Combined-Component Tests

The combined-component tests were a 1/3-scale nwidelsection of a BWR pipe main recirculation
loop that was between the reactor pressure vesdelh@ recirculation pump, see Figure 6. Thera is
slight difference in the geometry of the test med®tween FTP-1 to FTP-3 and Test FTP-4. The main
pipe in the 1/3-scale model was 8-inch nominal ditemy and the branch pipe was 4-inch nominal
diameter. Figure 7 shows a photograph of the d&Bescombined-component test system on the shaker
table. Most of the pipe was TP316 stainless steglsome of the branch pipe was ST410 carbon steel
(similar to A333 Grade 6 pipe in the U.S.). Th8-4¢ale size was selected to be compatible with the
existing shaker table size. The first natural fiexepy of the 1/3 scale model was about 5 Hz, white
first natural frequency of the actual full-scalg@eiwas 4.1 to 9.8 Hz. Additional information ondéae
tests is provided in References (1) and (4).

Strain gage measurements were made in severalndgoential planes along the pipe length.
Displacement measurements were also made at sévestibns. These data are used later in thisrtepo
to validate the FE analyses. As in the simple comept tests, no local measurements were made of the
crack opening displacement for crack growth dutimgtests. Such measurements are difficult to make
with internal surface flaws, but can be done.

The stiffness values of the different frames (gréeams in Figure 7) supporting the ends of the
combined-component system were provided by JNE&jalith the dimensions of the pipe segment.
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Figure 6 lllustration of section of actual pipe lo@ used in 1/3-scale testing

Main Pipe
Branch Pipe

Simulated Pump - Valve

Figure 7 Photo showing actual 1/3-scale combined+oponent system on shaker table (Test FTP-4)






3 EMC?CREATED MODELS

3.1 Introduction

One of the objectives of the EABNL collaboration effort was to obtain modelingdgrmation from
JNES that could not be developed from technicalepa@nd presentations to date. Some of this
information was critical to the dynamic analyseshef pipe systems, such as stiffness of beam staesct
supporting the ends of the piping, dynamic timeemisinput, material property data, etc.

3.2 Component/Pipe System Models

JNES provided on CD detailed information about piyge system models, including dimensions and
finite element models of the piping system in SAfl &ASTRAN formats. From this information, an
uncracked-pipe finite element model was developethé ABAQUS finite element code (Release 6.8)
framework since ABAQUS is the finite element coded for most problems at EfcFigure 8 is the
mesh of the piping system and the nodes are makeed circles. This model was debugged and sesult
that compare well with the JNES uncracked-pipeesysivere obtained. Figure 9 presents the firsethre
natural frequencies and their mode shapes. FRf@eis the comparison of first natural frequenoy #s
distortion mode shape between JNES and“Erfibie natural frequency from the JINES analysisR5i&

5.0 Hz versus 5.028 Hz determined by the Eamalysis (ABAQUS), which compares well. The seton
and third natural frequencies and correspondingerslthpes are also extremely close and are given in
Figure 9(b) and Figure 9(c). This validation shawat the model information from JNES (originally
written in SAP and converted to NASTRAN) was cotlsemput into ABAQUS.

=hely 5
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g

oo O
]

Figure 8 Finite element mesh of the FTP-4 piping syem
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5.0 Hz - INES 5.028 Hz — Emt

(a) First natural frequency of JNES versus Emedictions

9.5 Hz - JNES
9.44 Hz — Emt | '

v

(b) Second natural frequency of JNES versus Hmedictions

13.4 Hz - JNES 13.37 Hz — Enfe /

(c) Third natural frequency of INES versus Emredictions for FTP-4
Figure 9 Comparison of natural frequency and modelsapes by JNES and Emt

Once the above analysis had been accomplishefiy¢be was on creating the actual finite elemen( (FE
models with the crack present. Generally, thesaclked-pipe elements” are simple beam-element
models with nonlinear springs at the node pointeratihe cracks will be located. The nonlinearrgpri

stiffness is essentially the global moment versiation due to the crack that comes from much more
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sophisticated nonlinear fracture mechanics analy&susing the “cracked-pipe element” approach, al
of the detailed fracture mechanics analyses casirbglified for the dynamic time-history FE analyses
This approach has worked well in past IPIRG seigmpe-system and other analy§&$®. By including
only the global behavior due to the cracked sectdirof the fracture mechanics analyses are esdignt
made external to the seismic pipe system analysgsan example of the simplification, many of tHe F
models used in the following validation efforts ds20 to 25 elements, where a full 3D FE analysth wi
all the refinement for the fracture analyses inellith those models would require 15,000 to 45,@0d s
elements per case.

3.3 Cracked-Pipe-Element Modeling

3.3.1 Models and Analyses

The process of a circumferential surface-crack gnawthe piping system can go through the expegen
of starting with surface-crack growth through thacktness and subsequently transitioning to a
circumferential through-wall crack, and finally fnoa through-wall crack to a complete pipe break.
Figure 10(a) schematically shows the moment-ratatiorve for a pipe with a circumferential surface-
crack developing to a circumferential through-watick. The crack experiences elastic loading,tiplas
deformation, reaches the maximum load capacity tlaed grows the crack through the thickness. Eigur
10(b) is the moment-rotation curve for a pipe veitbircumferential through-wall crack from loadingtit
break. It is seen that the load capacity decreaftesreaching the maximum point. The whole pssce
from a surface crack to through-wall crack and krgaschematically presented in Figure 10(c). From
surface crack transition to a through-wall cratieré is often a sudden decrease in load, the eafent
which depends on the surface crack length. Byradtimg the elastic and plastic rotations of the
uncracked pipe from the total rotations includihg track, the rotation due solely to the crack loan
determined. It is the moment versus rotation duehe crack that is calculated by various fracture
mechanics analysésand then implemented into the “cracked-pipe eldrhen

During the early 1990’s, multiple springs, slidedgpin elements in ANSYS had to be used to simulate
the whole process in the IPIRG program as showfignre 11. In this project, a new type element of
ABAQUS 6.8, connector element, was to simulateefastic, plastic, and post maximum load (damage)
behavior of a crack as shown in Figure 12.

Crack initiation surf K

< urrace crac

and growth Through-wall transition

crack to through-

/ / wall crack
€ < <
Q (] ()]
€ £ 1S
(@] (@] (=]
= = =

Surface crack Crack initiation
and growth
Rotation due to the crack Rotation due to the crack Rotation due to the crack
(a) (b) ()

Figure 10 Moment versus rotation-due-to-the-crack arves from initial loading to full break of a
pipe with a circumferential crack
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Figure 11 Simulation of a crack in IPIRG program duing the early 1990's
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Figure 12 Simulation of a crack in current programusing ABAQUS

The “connector element” of ABAQUS 6.8 was usedhis project to simulate the crack behavior, ilee, t
moment versus rotation-due-to-the-crack respongenatde point where the crack is to be locatede Th
“connector element” can be used to model complitdédeal behavior at a hode point such as elastic
behavior (linear and non-linear), plasticity (isgic and kinematic type hardening), and damagéu(&i
behavior until breakage occurs). In addition, tyige of element can define admissible relativeiomot
under crack closure conditions, in which the pigkes the compressive loads as if it was un-cracked
when the crack faces come in contact under compeeksading. Note that the JINES pipe tests had a
0.7 mm wide notch and shims were not placed imttehes to simulate a tight crack. It is noted tha
connector element within ABAQUS to simulate créae contact has some convergence issues. Finally,
damage can be introduced which can model the cgaowth. The use of this element is a major
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improvement compared to the procedure used inNREYIPIRG programs using ANSYS where a series
of springs and dashpots were required. Since & i®vel improvement, a thorough validation was
necessary to understand the numerical behavioheotonnector element before introducing it into the
piping systems. This validation procedure incluftad cases with increasing complexity.

1. Circumferential through-wall-cracked pipe test wsthaight pipe sections under quasi-static
monotonic bending past maximum load in displacertentrolled loading to see if the loads and
remote displacements could be predicted,

2. Circumferential surface-cracked pipe test with gséetic monotonic bending to see if the
transition to through-wall crack can be modeled,

3. Circumferential through-wall-cracked pipe test ungigasi-static displacement-control cyclic
bending with R = -1 to see how hysteresis loopgegdicted and if the low-cycle fatigue damage
can be properly captured, and

4. Circumferential surface-cracked pipe test undessuree, dead-weight, and inertial bending to see
how the dynamic analysis performs with hysterasips.

In this validation effort, a series of FE analysege conducted and the predicted results were cadpa
with experimental measurements to thoroughly undedsthe elastic, plastic, and damage behavior of
connector element. These efforts were completied for examining the JNES tests.

3.3.1.1 Circumferential through-wall-cracked pipe simulatio

The test specimen chosen for this simulation wascéion of 914-mm (36-inch) nominal diameter cold-
leg pipe obtained as part of the Degraded Pipingfn?. The experiment number was 1.1.1.28. The
test specimen had a circumferential through-waltkrand was loaded in four-point bending as shawn i
Figure 13. The bimetallic welds were fabricatedfibst buttering the bevel of the carbon steel pigth

two layers of Inconel 182 weld rod and then compietthe weld using a shielded-metal-arc weld
(SMAW) process using In182 weld rod. This was la-¢eg pipe from a cancelled nuclear plant back in
the 1980’s. The crack tips were located such tiney followed the fusion line at the interface bét
carbon steel pipe and the In182 weld metal. Theradiameter of the pipe was 921 mm, wall thickness
was 85.7 mm, crack length/pipe circumference was®and test temperature was 288°C (550°F). The
outer span and inner span of the 4-point bendinge vé&,580 mm and 3,350 mm. There are only 21
beam elements for this model.

Figure 14 shows the comparison of moment versugiootdue-to-the-crack from the test data and the
ABAQUS response using the “connector element.” Blaek curve represents the test data and it is the
connector element property input for the ABAQUSIdation. The FEA prediction is the solid fine
(pink) line in Figure 14. The small load drop pasiximum load occurred in the experiment due to the
crack suddenly growing into the ferritic materid@oth data sets are close to each other and irdibat
ABAQUS can simulate the crack loading and damageawer accurately. Figure 15 shows the
comparison of the load and remote displacement teshmeasurements and FEA prediction. (Note, in
the experiment the pipe specimen was unloaded dife@s to mark the crack growth. That unloading
was not included in the FE analysis.) The simafatind measurements give very similar maximum
loading levels. After passing the maximum loaddoint, the FE analysis predicted a slightly higload

or shift in the displacement predictions. Thislddue due to the simplicity of the model. Overalbth
experiment and FEA results show similar trends éinatacceptable, but could be slightly improved.
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Figure 13 Photographs of pipe specimen for Experimm 1.1.1.28, the crack location in the weld
and the circumferential crack growth from one cracktip
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Figure 14 Moment versus rotation-due-to-the-crack eamparisons between ABAQUS and test for
Experiment 1.1.1.28
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Figure 15 Comparison of applied load and far-fielddisplacements between ABAQUS and test
data from Experiment 1.1.1.28

3.3.1.2 Circumferential surface-cracked pipe simulation

For this simulation, Experiment 1.2.1.3 was chdsem the NRC Degraded Piping Program, as shown in
Figure 16. The test specimen was fabricated frogairech (152-mm) nominal diameter Schedule 120
stainless-steel pipe. The test specimen had ansfezential surface crack on the inside surfaceveasi
loaded in four-point bending without internal pnegs A schematic of how a circumferential surface
crack grows to become through-wall crack is showrfrigure 17. The wall thickness of the pipe was
13.6 mm, crack length/pipe circumference was Od&iBtest temperature was 288°C (550°F). The outer
span and inner span of the 4-point bending wer241nsm and 609.6 mm, respectively.

In this study, the moment versus rotation-due-dfrack curve for a connector element to simulage t
circumferential surface crack to through-wall craahkd finally break of the pipe has to be carefully
defined. The FEA input of the moment versus rotatiue-to-the-crack curve was marked as the dashed
line with black color in Figure 18. This black earincludes two parts: one is the EPFM fracture
mechanics prediction of a circumferential surfaacked pipe in bending (EPFM predictions made using
the NRCPIPES code with the SC.TNP1 J-estimatioersehoption for a circumferential surface-cracked
pipe) and gives the maximum load capacity and imtatdue to the surface crack in the pipe. Theroth
part of the complete moment versus rotation-duivéeerack curve is from a circumferential thoughiwa
crack EPFM analysis. The circumferential througiheracked pipe analysis used the NRCPIPE code
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with the LBB.ENG2 J-estimation scheme option. B@TNP1 and LBB.ENG2 J-estimation schemes
were found to give the most accurate predictionallothe EPFM analyses investigated during the NRC
pipe fracture prograrff8 The sudden decrease in load represents thetimanom surface crack to
through wall crack. It should be pointed out ttiet experiment to FE predictions using the “conorect
element” (and only 20 pipe beam elements) stastiitly J-estimation scheme predictions of the moment
versus rotation-due-to-the-crack were from a funelatal start, i.e., no pipe test data used to guipkat.

Figure 19 shows the comparison of moment-versuaioot curves for ABAQUS “connector element”
response and the input curve. The FEA predicganarked in solid red line in Figure 19. Sinca¢hs

a sudden decrease of moment from the surface-toattkough-wall-crack transition region, there is a
slight difference in the numerical analyses resuR8AQUS still provides appropriate simulationtbke
crack loading and post-maximum load behavior (damagion for the connector element).  Figure 20
shows the comparison of the load and load-line ldtgment curves from NRCPIPES and FEA
prediction along with the experimental measurenvahies. (The occasional unloading during the pipe
test was not modeled in this FE analysis.) Ovgfallthese analyses and experimental valuesyénels
are similar. The maximum load was predicted we&le applied load was under-predicted (conservative
during through-wall crack growth. The FEA displamnt prediction is lower than the experimental
values. This may be because the inputted moméatiagn curve is a combination of surface crack and
through-wall crack curves from the J-estimationesofs, while in the experiment the load did not doop
the predicted value.

Figure 16 Post-test photograph of pipe specimen fdéxperiment 1.2.1.3
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3.3.1.3 Quasi-static circumferential through-wall-crackepepsimulation

For this simulation, a circumferential through-wedhcked pipe test was loaded by quasi-static
displacement-control fully reversed cyclic bend{fRy= -1). The objective of the validation efforasvto
see how hysteresis loops and low-cycle fatiguekcgrowth are predicted. The test was chosen from a
test record book entry from the NRC Degraded Pipirmgram, Experiment 1.2-5, as shown in Figure 21.
Figure 22 is a schematic of the test apparatusis &kperiment evaluated the fracture initiation and
propagation behavior of a 152-mm diameter, Type S@#hless steel pipe under cyclic quasi-static-fou
point bending. The loading cycle for this expenimeonsisted of loading the four point bend speaime
into tension by a known displacement, recordingltfzal at that point, then loading the specimen into
compression equal to the tension load (i.e., R)= lhe test specimen was fabricated from a 168r5-m
(6.6-inch) outside diameter SA-376 TP304 stainlsteel pipe (outside pipe diameter was slightly
machined to get a constant thickness specimen)k Wil thickness was 14.2 mm, crack length/pipe
circumference was 0.37 and test temperature wa¥22@50°F). The outer span and inner span of the
4-point bending were 1,524 mm and 610 mm, respalgtiv

Figure 21 Photograph of pipe specimen for Experimeril.2-5
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Figure 22 Schematic of test apparatus for ExperimerlL.2-5

In this analysis, the moment versus rotation-duvacrack curve for a connector element to sineulat
the cyclic behavior of a circumferential throughWvwaacked pipe needs to be defined. The finevewf
Figure 23 is the moment-rotation history from expent. The upper envelope of the experimental data
was used as moment-rotation input for the conneglament, i.e., the FEA input data of the moment-
rotation curve is the black dashed line in Figue & should be noted that the data acquisitidiedato
collect some data for this test and all fully resezt cyclic loads were actually applied by computer
control during the test (observe missing data meaximum load in Figure 23). This simulation started
using the experimental moment-rotation (near cragier envelope curve as input. The purpose was to
see how hysteresis behavior was predicted (kinerhatidening rule used) by the connector element.

Figure 24 shows the comparison of moment verswiootdue-to-the-crack curves for the ABAQUS
response and the inputted curve. The ABAQUS ougpare more rotation than the inputted value and
slightly over-predicted the displacement as shawhigure 25. Why the input and output did not rhatc
is a question being asked of ABAQUS staff at thieet Even though there are some differences betwee
the input and output data, the overall trends @itesinilar. Further, it is interesting to seetlife moment-
rotation changes, i.e., reducing input rotationabfactor (70%) so output moment-rotation curvenis i
agreement compensating for ABAQUS connector elerfiem¢ématic hardening used), what kind of load-
displacement history can be obtained. Figure 26wshthe comparison of input and output moment-
rotation curves, which are in agreement. It iseobsd that the load versus load-line displacement i
slightly conservative for R = -1 loading, see Fear.

From this analysis, it can be seen that the connetément can capture the hysteresis behaviocodek

at a reasonable accuracy level under static cyadiding condition, but the input and output moment-
rotation values need to be checked carefully WWBAQUS comes up with a solution to this observed
problem.
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Figure 23 Upper envelope to cyclic experimental moent versus crack rotation-due-to-the-crack
data from Experiment 1.2-5
(Note, the data acquisition system failed to taémnes of the cyclic data that was actually
applied in this test.)
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Figure 24 Comparison of moment versus rotation-du¢e-the-crack from the FEA and
measurements for Experiment 1.2-5 (from inclinometereadings)
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Figure 27 Comparison of load versus load-line dispcement curves from the FEA (using 70%
reduction factor) and measurement for Experiment 12-5

3.3.1.4 Dynamic simulation of circumferential through-wadtacked pipe under cyclic loading

The objective of this analysis was to evaluateh# tonnector element can be used to simulate the
response of a circumferential through-wall-crackgzk test under predominately inertial stressessaed
how hysteresis loops are predicted. The test Wwasen from a test record book entry from the IPIRG-
Program, Experiment 1.1-3, as photographically shawFigure 28. Figure 29 is the schematic of test
apparatus. The material used for this experimead seamless, schedule 120, SA-376 TP304 stainless
steel pipe. The pipe outside diameter was 169 ffb(inch) with a 14.0-mm wall thickness. The test
specimen length was 457 mm and, due to close talesamaintained by the mill for this particularqee

of pipe, required no additional machining to maimtaoundness and constant thickness. A
circumferential through-wall crack was machinedittte specimen using a band saw. The tips of the
saw cut were sharpened using a 0.13-mm thick jeisedaw. The total crack length was 37 percent of
the pipe circumference. The test temperature amgspre were 288°C (550°F) and 15.5 MPa,
respectively. Figure 30 is the post-test photplgraf the specimen. Figure 31 shows the load-line
displacement of actuators.
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Figure 28 Post-test photograph of pipe specimen Experiment 1.1-3
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Figure 29 Schematic of overall test setup showingrdensions and major transducer locations for
Experiment 1.1-3
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Similar to the third validation case, the momerngtion curve for a connector element to simulag th
cyclic behavior of a through-wall crack needs todeéined. The black cyclic curve of Figure 32he t
moment-rotation history from experiment. The uppevelope data curve in the lighter color was wesed
moment-rotation input for the connector elemeast, the FEA input data of the moment-rotation cusve
in dashed line in Figure 32. Note that here, shdace crack broke through to a through wall crack
during a re-load cycle so the drop off seen in FadLO is not always seen.

Figure 33 shows the comparison of moment-versuaioot curves for ABAQUS (using kinematic-
hardening rule for connector element) response fthed inputted curve. Figure 34 presents the
displacement history comparison between FEA (kirteyal hardening rule) and measurement for
Experiment 1.1-3. It was observed that the outmaiment-rotation was close to input curve;
experimental compressive loads were greater thaA@BS prediction; hysteresis loops were slightly
larger and the displacements of end-mass were tbodee measurement. Another set of comparisons
was made by using the isotropic-hardening rule tfer connector element. Keep in mind that the
frequency of the system changes as the crack gaadisrack tip plasticity changes damping. Figdbe
shows the comparison of moment-versus-rotationesufer ABAQUS (using isotropic-hardening rule for
the connector element) response and the inputtede.cuFigure 36 presents the displacement history
comparison between FEA (isotropic hardening rule)) amneasurement for Experiment 1.1-3. With
isotropic hardening, the connector element reshitsved that the output moment versus rotation-due-t
the-crack curve grew progressively off. The expental compressive load was closer to the
measurement, and end-mass displacement slightiatddvfrom the measurement at termination of test.
There was almost no hysteresis loop during unl@pdifhis study showed that the kinematic-hardening
rule of the connector element was better overah tisotropic-hardening rule for capturing the aycli
plasticity. In reality, the fracture response cbhé between kinematic and isotropic hardening, tué
that effort was outside the scope of this study.

In summary, these four sets of validation investayes permit the conclusion that the connector el@m
approach can reasonably simulate the crack respiwose elastic, plastic, and damage until break.
Numerical comparisons between FEA predictions axmkemental measurements show, in general, a
well-defined connector element can capture the static and dgnlaemavior under monotonic and cyclic
loading. Moreover, the connector element appraachepresent a “cracked-pipe element” is more
efficient with reasonable accuracy. For all of #igove simulation models, there are only about 20
beam/pipe elements plus one connector element,eabefull 3D simulations with sufficient mesh
refinements for fracture analyses would requireuli®,000 elements per crack location. This apgroa
to making multiple crack simulations and crack gitownalyses during dynamic seismic loading is very
time efficient, while a three-dimensional modelluting one crack is very time consuming and muatipl
crack analyses would present an even greater npalle Additionally, a detailed 3D mesh refinement
would require the crack to be grown and additioeateshing during the seismic loading, making the 3D
FE analyses prohibitively expensive in computatiore and labor hours.
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Figure 34 Displacement at the ends of the pipe massversus time comparison between the FEA
(kinematic hardening rule) output and measurements for Experiment 1.1-3
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3.3.2 Additional Comments on Modeling Low-Cycle Fatigue @mage

Low-cycle fatigue damage can be modeled severrdiit ways. The “cracked-pipe element” approach
used in this report is one that facilitates thewation of the low-cycle fatigue crack growth sattit is
automatically accounted for during the dynamic Flgsis in a very efficient manner. Two different
ways to model low-cycle fatigue analyses are disedidelow.

One of the more fundamental ways to model low-cyategue crack growth is by looking at the change
in the crack-driving force during the cyclic loadin To understand this, first high-cycle fatiguaak
growth is briefly discussed. In high-cycle fatigagparameter called the “stress intensity facté)’ié
used so the change in the crack driving forcekswhere K is a function of the applied load, cratke,
type of loading (tension, bending, etc.), and geoynef the part. In high-cycle fatigue, the stessre
elastic, so that linear elastic fracture mechaaiwlysis (LEFM) is used to characterize the crackvth.
There are many handbooks on stress-intensity fadtor cracks in different geometries and loading
condition$§*®. High-cycle fatigue crack growth usually follo@selationship called a Paris Law, or

da/dn = CAK)™ 1)

where,

a = cracklength

n = number of cycles

C = an empirically measured constant

m = an experimentally measured parameter

K = stress intensity factor = 5&°

c = farfield stress

F = ageometric function related to the crack si@ading direction, and geometry of the

component (from stress intensity handbook solujions
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For high-cycle fatigue there are actually many adea forms of Equation (1) that account for loatibra
effects, mean stress, crack closure, among otletorf&a Here we use the Paris law, which is typical
used for high-cycle fatigue analysis. For low-eydhtigue, plasticity occurs and the LEFM stress
intensity factor cannot be used. An alternativalinear fracture mechanics parameter is calledJthe
integral®®. In linear elastic behavior J is related to Kby K?/E’, where E’ = E/(1v?) for plane strain
and E for plane stress. The applied crack-drivarge in nonlinear analysis igydies and theoretically it

is used only for monotonic loading, not cyclic loagl An empirical approach proposed for low-cycle
fatigue is the Dowling\J parametéY’). Since an experimental measure of the J-intégralfactor times
the area under a load-displacement curve (ener@sune), Dowling explored using that definition for
low-cycle fatigue testing. However, he found tivditen there was reverse or compressive loading, then
the crack faces will contact each other (calledlkcidosure), and the area of the load-displacemenie

to be integrated needs to include the compressagsldown to the crack closure behavior, see Figiire
Once the crack growth per cycle for thé value applied is determined, thé could be converted K
and the results follow the same log-log scale fmjuation 1) for high-cycle fatigue crack groith
The difficulty with this analysis approach is that a seismic loading event as was applied in MES)
tests, each cycle needs to be analyzed in the mélustrated in Figure 37. This tedious exerdis@ot
easy to automate within the dynamic FE analysis.

The alternative low-cycle fatigue analysis appro#@dt is convenient for automatic implementation in
the “cracked-pipe element,” is to consider the maar loading as interrupted cyclic tearing, ithe
load-displacement (or moment-rotation) curve folotthe curve for ductile tearing under monotonic
loading. A significant amount of effort was contketin the IPIRG prograrfi€’ to assess if this could be
done. If the reverse loading had the minimum cyldad close to zero load or greater, then thigpkm
method works quite well. During the positive lazglithe tensile stresses in front of the craclptgruce
voids at the inclusions. However, if there is yuleverse loading, then the corresponding compressi
stresses ahead of the crack can flatten voids.n @heng the subsequent tensile load, the ‘flaténe
sharp voids may break and link, leading to additiamack growtA®. (This is somewhat analogous to
repeated bending of a steel hanger in an effdoréak it. The more one fully bends it the eadiés to
break it). This causes a local drop in the matémdature resistance, so that if there was constgriic
loading of this magnitude and the crack was alwgrgsving in that damaged region, then the apparent
material tearing resistance (J-R curve) is reduc€dr fully reversed loading, a lower yield stréngt
material may experience a drop in the J-R curve ligctor of four. Pipe tests and laboratory speaim
compact tension (CT) tests were conducted withrthisrse cyclic loading to come up with approximate
methods to predict how the J-R curve changes Wwélcyclic loading. Guidance is provided in Refersen
2. Generally, materials with lower strength arerengensitive to the degradation of the J-R cundeun
fully reverse cyclic loading, while higher strengpttaterial and welds are not.

For the purpose of the “cracked-pipe element” appilbns, one would first determine the moment v&rsu
rotation-due-to-the crack starting with the staddaronotonic J-R curve. Next, that moment-rotation
curve would be implemented as a “cracked-pipe et¢hinto the FE mesh of the pipe system, and the
seismic load would be applied with all the othermal operating loads. One would examine the
moment-rotation behavior at the cracks to deterrthieemagnitude of the compressive loading, and then
use the IPIRG guidance to adjust the monotonicciiiRe for cyclic loading. The cyclic moment-rotati
curve is then used to recalibrate the “cracked-pileenent,” and with the seismic loading applied th
cyclic moments are then examined again to see wWietmagnitude of the compressive loads are.
Typically, this only takes one iteration step td gethe proper cyclic-adjusted J-R curve. Heioe key
aspect of the “cracked-pipe element” is that itdset® properly predict the magnitude of the congives
cyclic loading. As was seen in the earlier congmari with the cyclic loaded pipe test with a
circumferential through-wall crack, isotropic hamniey behavior better captured the compressive |loads
while kinematic hardening better captured the upgrerelope shape and the hysteresis loops. Real
behavior is somewhere between the two hardening.laWntil the proper hardening relationship for
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cyclic loading is worked out (it is probably matdrisensitive), the seismic loading with the initial
“cracked-pipe element” calibrated with the monotodi-R curve should be conducted using both
kinematic and isotropic hardening to assess theclmle fatigue corrections needed. Fortunatelthin
JNES tests, the crack is in a higher strength wadthl, so the detrimental effect of the cyclic liogdon

the J-R curve are minimal.
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Figure 37 Schematic of area under load-displacemewgtirve to calculateAJ during low-cycle
fatigue with compressive loading

3.3.3 Validation of Fracture Analysis in Component Systers

The elbow and reducer components were tested upaesi-static displacement-control monotonic and
cyclic loading conditions. These tests were cotetlido evaluate the ultimate strength of cracked
components and to determine the corresponding marfyithe safety. Figure 1 (in the Introduction
Section) shows a schematic overview of the compiotest program for degraded PLR piping. Two
types of tests were conducted using the reducerefyav components containing simulated cracking
(Figure 1). The component test specimens (redandr elbow) were designed to have a simulated
circumferential crack made by electronic dischargehining (EDM) in the welded joints. Two types of
cracks were considered, named Type A and Type Bigare 5. The base metal was stainless steel
(316L) and the test specimens were pressurizedltdM®a. This study focused on the analysis and
validation of the reducer and damage response=ofype A crack.

Figure 38 shows the geometric dimensions and arsatieview of the crack. The stress-strain curva o
typical base metal was provided by JNES and is showFigure 39(a). The J-resistance curve was not
available from JNES so it was obtained from pas€NfRoject efforts, and is shown in Figure 39(bheT
stress-strain curve, in conjunction with the J-Rveuwas used to calculate the moment versus ootati
due-to-the-crack curves for the initial surfaceckrasing J-Tearing methods. These curves areusiso
for the circumferential through-wall crack havirfgetsame length as the initial circumferential stefa
crack using J-Tearing theory. Figure 40 givesrtmment versus rotation-due-to-the-crack curvesafor
circumferential surface cracked pipe and a circuenfééial through-wall cracked pipe separately. In
reality, the crack will grow from surface, becomehaough-wall crack, and then completely break.
Therefore, a combination curve of surface to thieugll crack is defined as in Figure 41(a), whish i
used as input for FEA analysis.
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IJNESY conducted component tests for cases EM-1 to EMr4bbth the elbow and reducer under
monotonic loading. Since the present study wasded on the Type A crack for the reducer, EM-3 test
data were used to compare and validate the FEAtseshkigure 42 shows the results of ABAQUS and
the measurement data for the load-displacemerdrhisiThe black triangle-marked curve is the tegad
named as EM-3, while the square-marked curve shiogv& BAQUS predicted load-displacement history
under this monotonic loading with the assumed i#Rec The ABAQUS prediction was higher than the
experimental load. This may be due to lack of @nal J-R curve for crack resistance of the weldaine
(recall that we used a J-R curve from the past N&Ging work), or variability of the strength ofeth
stainless steel materials in this test. The cospegre apparently cut from a pipe segment with

D,=216.3 mm and t=12.7mm. The test coupons had aetiéaraf 4 mm.

Therefore, a reduction factor was applied to tiieclirve to match the actual load displacement cafve
the experiment. (Cracks in other components mayg slightly due to the statistical variabilitytbése
properties too.) The diamond-marked curve in B2 shows predicted results with the 85% reduction
calibration of the maximum load and the measurerardtFEA prediction match well.

The moment-rotation curve calculated from the catdd J-R curve was also used for the reduceEtgst

1 under cyclic loading. This curve is shown indg41(b). In JNES test ES-1, a reducer element wa
tested under sinusoidal loading, in which the siferack grew through the thickness and leakedhen t
29" cycle. Figure 43 shows the load-displacemenbhjistrom the measurement in the ES-1 test and
from the ABAQUS prediction using the same “crackége element” moment versus rotation curve
shown in Figure 41(b). They are in good agreeraedtthe calibrated J-R curve will be used to cakeul
moment-rotation curves for all cracks in the corsbiitomponent testing, i.e., the PLR scaled piping
systems, presented in the next section. Howewste that the behavior is in the very small-scale
plasticity region at this load level. The “conracelement” is behaving almost elastically at tioiad
level, so it will not capture the low-cycle fatigggowth with this small-scale plasticity. A separa
Dowling AJ analysis would be needed for this low-cycle faignalysis. With the EDM machined notch,
there may also be some cycles to initiate a fatigraek from the notch, so the crack growth in st t
may not be indicative of a sharp crack in service.

The results discussed above present a thorougbatiain of both the NRC, IPIRG and the JNES
component tests, and show that the connector eleapgroach is an efficient way to simulate crack
growth under static and dynamic loading conditiaith reasonable accuracy. For very small-scale
plasticity a separate low-cycle fatigue analysisiéeded using Dowling approach (Section 3.6). Even
though the weld metal properties for the JNES wmkterial were not available, the “cracked-pipe
element” moment-versus-rotation curve used wabredéd by comparisons with component test data. It
is possible to make reasonable nonlinear predistwith low-cycle fatigue crack growth and hystesesi
loop (energy damping) using the simple “crackecepgiement” in the FE model, i.e., using one
connector element and 20 to 25 pipe beam elemeitigltiple crack growth simulation in the piping
system is possible by using this novel featurehaf tonnector element in comparison to the more
conventional fracture analysis, which requires iy ¥me mesh for modeling one crack (frequentlytap
15,000 elements per surface crack) for proper mefamement of a surface crack for fracture mechanic
analyses. The efficiency of this “cracked-piparaat” approach allows for completion of multipleck
analyses compared with the extremely time consurilhgnodel solution normally needed for this type
of analysis. Additionally, if a full 3D model wassed, it would be necessary to have a crack growth
criteria and possible re-meshing during the seigestsimulation. This greatly complicates thelysis,
whereas the “cracked-pipe element” is capable tdraatically capturing low-cycle fatigue damage (wit
large-scale plasticity), ductile tearing, and thtémate failure of the material during the simulhteismic
loading if the loading is close to failure. If tl@ading is very low and in the elastic region oradl-scale
plasticity region, the “cracked-pipe element” id napable of capturing the fatigue damage. Catlicula
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of the high-cycle fatigue or low-cycle fatigue dajeawith small-scale plasticity can be done outsifie
the dynamic analysis since there would be no inteEna between the elastic behavior of the crackthed
elastic loading of the pipe system. As an add#iomwte, a blunt EDM notch may also take some sycle

to initiate a fatigue crack from the EDM notch.
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Figure 38 Dimension of reducer, the schematic viewaf crack and testing setup
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Figure 39 Stress-strain curve (from JNES) and J-Rurve for TP308 TIG weld at 20°C used for
initial estimate of toughness of GTAW

(Note, the J-R curve shown is the Modified J-R eunv §,-R curve, where past experiefftbas
shown it is more accurate for predicting large krgoowth for circumferential through-wall-

cracked pipes.)
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3.4 Analysis of INES Pipe System Test

The main purpose of this program was to condudtileet analyses of INES degraded piping system tests
with circumferential surface flaws under seismiadimg to gain insights on how the results mightsass
NRC efforts that consider seismic effects on deggiaduclear piping. The modeling can provide
important information on; (1) seismic LOCA analysies Transition Break Size development, (2)
margins in pipe flaw evaluation procedures, (3jdvainderstanding of Leak-Before-Break behaviod an
(4) seismic design stress rule changes. Most wast for circumferential cracks in welds between
straight pipes in nuclear piping systems was notapypical of plant installations. The JNES case
involves a more prototypical pipe system, and csatkmore prototypical locations, i.e., in girthldgsby
nozzles, at elbow girth welds, and tee girth weddstraight pipe.

Referring to Figure 1 and Figure 7 presented aatlie nominal outer diameter of the main pipe diten

in the 1/3-scaled PLR system is 216 mm (8.5 incid) the thickness is 12.7 mm; the outer diameter of
branch pipe in the scaled PLR system is 114 mmtla@dhickness is 9 mm. The mesh and three crack
locations are shown in Figure 44. The three crakslocated at a tee connection, a reducer, and an
elbow.

The circumferential surface flaws were electrongcidarge machining (EDM) notches and no shim was
put in the notched area to take compressive lodti& shims would be used to model crack face contac
and closure for a tight crack subjected to cyadiading during compression portions of the cyclde T
crack orientations are shown in Figure 45. In ptdestudy the growth of simulated cracks undesraed
loading conditions, JNES conducted a series of iaxeats labeled FTP-1, FTP-2, FTP-3 and FTP-4.
This study focused on the analysis of FTP-4 sihi®is the only test that led to a leak. The sated
seismic loading was generally more than 1.5 tinfeth@ Japanese S2 level (the original plan wasx1.5
S2= 1.5 g, while the actual measurement at the shékiolg top was about 2 g), and leakage occurred in
the last of the 6 large seismic loading seriesH®P-4. There are six consecutive acceleration-time
histories applied to the base of the shaking tad2:30 through CO-35 and the final case (CO-35)ded

a through-wall crack and leakage. Actually, thesere other acceleration-time histories appliedh® t
FTP-4 system that were of lower magnitude. Thesewot considered here since these loading blocks
cannot induce crack growth. Three of the importgpplied acceleration histories (CO-30, CO-33, and
CO-35) are shown in Figure 46 and magnified vietdifferent intervals are shown in Figure 47. gt i
seen that shaker table acceleration-time histdoe<C0O-30 to CO-35 are almost identical. Using a
correction procedure that involves Lagrange muéipbased minimization, the measured acceleration-
time histories were corrected so that the modeieaysvould not drift off in space at the end of the
analysis due to minor noise in the measurements.

For a dynamic analysis, it is hecessary to inclidemping coefficient in simulations. For thisdstuthe
damping coefficient follows the Rayleigh dampingdebas described in ASME N-1232.1. The selected
damping ratio was based on experimental dampinignatss at the first mode and adjusted by case
studies to consider the damping effects of plagtim elbows and cracked sections. As shown in
previous sections on the validation of componeststédboth JNES and the NRC tests), in order to
simulate the crack behavior, it is necessary termwmoment versus rotation-due-to-the-crack cuove f
each crack location. Therefore, as discussed abwowestress-strain curves of materials and proper
fracture toughness (J-R curve) are necessary talagg moment-rotation for the “cracked-pipe eletrien
Typical stress-strain curves for the pipe materiatye supplied by JNES. However, no fracture
toughness (J-R curve) or weld metal stress-straives were available. The variability of these
properties was unknown, but some statistical datvailable for probabilistic analyses being conedc
for the NRC?®. The moment versus rotation-due-to-the-crack esifer the flaws in the main pipe and
branch pipe were obtained at room temperature (Eigh8) and 288°C (550°F) (Figure 49). These
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analyses will give insight into the crack respoasboth room temperature and high temperatures ighi
important since the margins might be different atual BWR and PWR nuclear plant operating
temperatures.

Referring again to Figure 44, there were threeksrdic the JNES test piping system. Crack 1 ishin t
girth weld between the elbow and straight pipeaegiCrack 2 is located at the reducer, and Craisk 3
near the Tee junction in the smaller-diameter bugpipe. It turns out that Crack 2 began to leatindu
application of the final acceleration-time histq/O-35). From the J-tearing analysis discusselieear
concerning Figure 42 and Figure 48, the momentugerstation-due-to-crack curves were obtained.s Thi
moment-rotation curve was then input to the firliement model as ‘cracked-pipe element’ to model th
response of the crack in a convenient, albeit simialshion. From the fracture mechanics analysisi u
to develop the cracked-pipe moment-rotation cuilve surface crack was predicted to initiate inrttzen
pipe when the moment reaches a level of 0.181 MNHowever, when the load reaches 0.181 MN-m,
and the crack begins to grow, the cracked pipeorespwill reflect this in the form of moment-rotati
response. However, the major affect is when aasartrack breaks to a through-wall crack, which was
not predicted here. Interestingly, it will be sabat the moments produced at the crack locatioms f
the acceleration-time histories (CO30 — CO35) hemweaximum value of about 0.145 MN-m during the
CO-35 test. More will be discussed about thisrlafeer showing results of the cracked-pipe analyse

Figure 44 Mesh and crack locations of the scaled RR_system (Test FTP-4)
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Figure 45 Location and directions of simulated craking of Type A for test FTP-4

Figure 46 Applied acceleration histories for PLR sgtem in Test FTP-4 (Load blocks CO-30,
CO-33, and CO-35)
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Figure 47 Different intervals of applied accelerabn histories for PLR system (Test FTP-4, load
steps CO-30, CO-33, and CO-35)
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Figure 49 Moment versus rotation-due-to-the-crack arves for Type A flaws in the main pipe and
branch pipe flaw locations at high temperature (288C, 55CF)

3.4.1 Damping Considerations

Several analyses were made using different dangoeéficients. Proper damping can play a key role i
the accuracy of the solutions. Figure 50 showsptasticity contour plot of PLR with no damping aihd

is found there was about 16% plasticity aroundetivew area. A typical damping factor may be 3% to
5% for elastic design purposes. The IPIRG pipiysfesm, which likewise considered seismic loading of
a cracked-pipe systét, had experimentally measured damping of 0.5%. thierstudy of C0-30 to CO-
35 series test, the calculation of the damping fanehts follows the Rayleigh damping model as the
ASME N-1232.1 procedure, i.ax, = 1.148 and3 = 1.157E-04 for 2% damping specified at 5 Hz {firs
mode) and 50 Hz. For the case of high temperatiieesame damping coefficients were used due to lac
of experimental information. This should have aaBneffect on the predictions for the higher
temperature case, shown later. However, in tlpertehe viscous damping was also kept the same whe
increasing the amplitude of the acceleration taigtdailure in one loading block.

The DO1 displacement location of Figure 51 is ayeation for measuring displacement history near the
reducer crack. Figure 52 shows the comparison @hsured and predicted displacement history at
location D01 when using 2% damping. The overalhd and magnitude of Figure 52(a) compares well
with the test measurements. Figure 52 (b) showetimparison for times between 335 and 345 seconds.
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The comparison is good although the predictionshagyieer than the measurements in the time periéd 33
to 345 seconds. Figure 53(a) and (b) show conmasisat different time intervals. In general,
measurement and predicted data are similar exedpekn time 340 and time 345t should be noted
that the DOldisplacement responses are much srttzieDO07.

Displacement comparisons were also made at thelatisdupump location (D0O7) shown in Figure 51.
Figure 54(a) gives the overall comparison betwéenmeasured and predicted displacement results and
Figure 54(b) through Figure 54(d) are the magnifienvs at different intervals. Overall magnitudeda
trend are agreeable, while predicted data isla latger than the measurements over some timdiclusa

This could be due to the simplified model assurmstizvhere pipe and beam elements are used rather
than full three-dimensional elements. However, dlgeeement between prediction and experiment is
considered remarkable given the model simplicitgince displacements are in good agreement, this
validates that 2% damping assumption is reasonable.

Six seismic loading cases (CO-30 through CO-35)everalyzed for the FTP-4 case . In reality, there
were additional seismic loading cases applied te flystem prior to loading block CO-30, which
apparently did not produce any damage (except perhégh-cycle fatigue damage). The modeling
procedure developed here can account for increinlemiecycle fatigue damage that occurs due to prior
load history. For instance, if some low-cycledat crack growth and cyclic plasticity damage oczir
during load case CO-30, this nonlinear damage wseifde as the starting point for load case CO-3d, a
so on. In other words, the history of nonlineamege development can be properly accounted for with
the “cracked-pipe element” analysis approach (usesgart option in ABAQUS). However, because the
seismic loading was not large in the JNES testsjatizeable nonlinear damage occurred between each
test. The comparisons of displacement predictimt&een considering and neglecting history effémts
CO-35 showed very little difference. If the seisrtoading were higher, and damage occurred during
each load case, there would be clear differencdbdanpredictions, and damage history effects would
show clear differences. The effects of torsioncoack growth are not considered with this model.
Fortunately, mode Il fracture, which would be driviey torsion, is normally not a key driver in fract

and mode | typically dominates.

By using validated moment versus rotation-due-tdtack behavior for the “cracked-pipe element” and
damping parameters, it is possible to evaluatectheked piping system under seismic loading (CO-30
through CO-35). In addition, it is possible to ¢t low-cycle fatigue crack growth if large-scale
plasticity happens. Figure 55, Figure 56 and FEidaf are the moment histories in the plane of thekc

at the crack locations by the elbow, reducer, aadhdh pipe at room temperature under loading blocks
CO0-30 through CO-35 shaking accelerations. Natt ¢lach loading block lasted for about 65 seconds.
Therefore, loading block CO-30 was from time 0 fosg&conds, loading block CO-31 was from time 65
to 130 seconds, and so on until loading block COaBfich is from about time 325 to 390 seconds.
According to Figure 55, the maximum moment valuerahe whole history of loading at the elbow is
about 0.147 MN-m, while the maximum moment at thendge point for the “cracked-pipe element” is
about 0.185 MN-m, see Figure 48(a). The safetygman terms of reaching the maximum moment is
about 1.26. According to Figure 56, the maximurpligg moment value over the whole history at the
reducer is about 0.15 MN-m, while the maximum motveamrying capacity of the cracked section is
about 0.185 MN-m (nearly the same as elbow becthese two cracks are in the main pipe with the
same size). Notice that the magnitudes of theutatled moment for the elbow and reducer cracks are
similar. However, the reducer crack sees moreesydf higher moments compared to the elbow
(compare Figures 55 and 56). Therefore, the redadbe critical crack location as observed in tidwst
results. According to Figure 57, the maximum aggpmoment over the whole time-history at the tee-t
pipe girth weld for the branch section is aboutl8.0MN-m, while the maximum moment capacity
[Figure 48(b)] is about 0.033 MN-m. The safety giarin terms of the applied to the maximum moment
capacity is about 2.20.
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Additional analyses were conducted to assess wloaldvhave happened if these JNES tests were
conducted at 288°C (550°F). (Thermal expansiassts were not included in this analysis, but cbald
done, as well as seismic anchor motion stresséhg properties of the piping and the “cracked-pipe-
elements” were changed to represent operating ttondit 288°C (550°F), and then the FTP-4 CO-35
loading block was applied again. Figure 58, Figb®eand Figure 60 are the crack moment histories at
elbow, reducer, and branch pipe at high temperatufbée margins of the applied moments to the
maximum moment-capacity at the reducer was 1.288tC (550°F). Again, the margins are calculated
for moment by comparing the maximum predicted mdmeth the input maximum moment capacity at
high temperature (Figure 49). Figure 61 showshiséory of the moment versus rotation-due-to-the-
crack curve at the reducer crack location at roouh liigh temperature (288°C, 550°F). The ratcheting
behavior during the loading and unloading perio@ls presented in Figure 61. It is clear thatemor
damage is predicted at high temperature compar#gdtihe low temperature results, which is expected
since the strength and toughness of stainlessditged with increasing temperature.

Figure 50 Plasticity contour plot of FTP-4 test syiem with no damping
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Figure 51 Displacement measurement locations DO1 Q@2 and DO7 for FTP-4 test system
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(c) Time between 350 and 360 seconds
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Figure 55 Calculated applied moment (MN-m) at elber crack location at room temperature for
loading block CO-35
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Figure 56 Calculated applied moment (MN-m) at reduer crack location at room temperature for
loading block CO-35
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Figure 57 Calculated applied moment (KN-m) at branb connection crack at room temperature
for loading block CO-35
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Figure 58 Calculated moment (MN-m) at elbow crackdcation at high temperature (288C) using
loading block CO-35
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Figure 59 Calculated moment (MN-m) at reducer crackocation at high temperature (288C)
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Figure 60 Calculated moment (kN-m) at branch crackocation at high temperature using loading
block CO-35
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Figure 61 Calculated moment versus rotation-due-tdhe-crack history at reducer crack at high
temperature during loading block CO-35

It is clear that the nonlinear damage introducedhgy seismic-load histories applied to the FTPst te
system at room temperature is negligible and maafdgtic perhaps with some local small-scale plagti
The margin on predicted maximum moment capacitgh®® maximum applied moment that can be
accommodated by the crack element is 1.26. Thgimaalculated by moment is very conservative since
the pipe system can still perform past maximum laad to get to this maximum moment the damping of
the uncracked part of the pipe system should iseredHowever, after pipe pressure is lost, theegyst
probably cannot perform its cooling function. Aftee surface crack breaks through the pipe wad, t
crack will begin to leak, but the through-wall dtamay not completely tear into two pipe pieces.(e.g
double-end break) for some additional number ofes¢cIn addition, it may simply remain a leakiriggy
which does not break fully. This behavior can bedjrted using the methodology presented here.

It is also clear that at higher temperature, thegma are lower (in the range of 1.19 on the maximu
moment capacity compared to the applied moment&reover, from Figure 61, it is seen that a very
small amount of nonlinear cyclic damage is occgrimthe CPE. However, the seismic loading is smal
so that the cracked pipe will still not become ad\Wue to the applied low-cycle fatigue with jusisth
applied loading block.
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The following analyses consider another, and perhlmpre important, measure of the margins in the
JNES tests, i.e., the margins on the applied a@ea amplitude to the multiplier needed on the
acceleration amplitude to get the pipe to break.

3.5 Determining Margins on Acceleration Amplitudes forPipe Break

In this section, margins created by applying adiatd the seismic acceleration block (CO-30 to B)-3
are examined. This is perhaps a more importansuoneadf the margins as it directly addresses the ma
objective of this program. In order to accomplisls evaluation, sensitivity analyses were condlitbe
determine the increase in the seismic amplituddedkéo “break” the pipe. In this series of anatyghe
scaled amplitudes were only applied on a singlekotf seismic excitation (CO-35 level) to obtaire th
surface crack penetration in one seismic event Umtilé tearing rather than high-cycle or low-cycle
fatigue with small-scale yielding. The proceduse determining the margin on seismic loading folow
A factor of 2 was applied to the applied acceleratiersus time history shown in Figure 46. Thdyam
was performed, and it was determined if any ofgheace cracks became through-wall cracks and then
completely broke. If the surface crack did notwgrm a through-wall crack, then the multiplier was
increased to three and the analysis performed agathcrack failure was again checked. This proeed
was continued until one of the cracks failed. #hig analysis, the viscous damping is kept as 2étaa
entire pipe system (especially the elbows) is alldwo experience cyclic plasticity. Again, pressed
water at 8.1 MPa was included in the piping system.

Figure 62 shows the FE model with the calculatpe jbreak location from the room temperature loading
analyses, and Figure 63 is the calculated pipekidf&amodel from the high temperature (288°C, 550°F)
loading. The scale factor on the amplitude of @@-35 acceleration time-history to break the pipe a
room temperature was 5, and the scale factor fgliarde of the CO-35 acceleration to break pipe at
high temperature was 3. It was found that thecedtailed first and once the reducer fails, theedeack
(branch pipe) fails, and then the elbow crack fitsthe room temperature case. Interestingly eahe
reducer crack fails, the model predicts that thereerpiping system fails within about 5 seconds of
additional loading. This may be an important rethat should be examined further since typicafijyo
one pipe break is considered in pipe flaw evalmatioHowever, the issue of progressive failures nwy
be important from a safety standpoint since trst ireak may lose the cooling function of the pipate
that when the entire system was intact, the branadnection crack had a much lower crack-drivingéor
than the other cracks; but once the crack at tteces broke, then the crack-driving force at thanbh
connection increased significantly.
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Figure 62 Broken FTP-4 combined-component system abom temperature
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Figure 63 Broken FTP-4 combined-component system &igh temperature
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3.6 Low-Cycle Fatigue Crack Growth Assessment

Section 3.3.2 discussed the different types oficyaack growth damage that can occur in a cracked
piping system that is subjected to dynamic exatatnd cyclic loading. These are; (i) conducting a
fatigue crack-growth analysis, and (ii) performiadcracked-pipe element” analysis as was performed
and discussed above. The excitation for the Fpipd system produced moments and forces at th& crac
locations which were not high enough to produceirigeor large-scale plasticity at the crack locasio
Tearing of a crack can only occur if the appliealds are high enough to cause the driving forceéegyial
value (crack-tip severity parameter) to be higtmentthe Jvalue (material property determining crack
initiation). Here, the maximum moment predictedhat reducer crack location for all of the excaati
cases was about 0.15 MN-m. The moment requirgatdduce crack initiation was 0.181 MN-m (this
value came from the J-Tearing analysis used toym®drigure 48) and the maximum moment for the
surface crack in the reducer and elbow was 0.185mMIN Hence, based on elastic-plastic fracture
mechanics analysis, the crack will not grow by dedearing, as was seen in the analyses discussed
above.

A separate low-cycle-fatigue crack-growth assessmas made in this section to determine if the krac
would grow. Equation 1 lists the classical Paaiggle law that was discussed in Section 3.3.4s [Blw

is usually applied when linear elastic conditioegcept very close to the crack tip) prevail. Focls
cases, the value &K is quite small and the cracked component can leatygically more than tens of
thousands of cycles. Here, for the FTP-4 pipingteay, the loads are much higher than would typicall
occur in a system that is dominated by elastickctigicand corresponding fatigue crack growth resgon
As discussed in Section 3.3.2, for this case Dayvtieveloped a method to predict low-cycle fatigue
crack growth. To use this method, one calculatAs galue, and converts this infd using J = KIE’
(where E’ = E/(1v?) for plane strain (plane strain dominates fordbep point of a surface crack as exists
near the reducer and elbow). The technique forguihis method is described fully by Wilkowski, et
al.*® for a circumferential through-wall-cracked pipeakiation. Here the assessment is made for the
reducer circumferential surface crack only sinég iththe critical crack location.

The main difficulty in applying this method is deténing AJ. The J-integral parameter is theoretically
valid under proportional load conditions with tliadl monotonically increasing. During cyclic loaglin
especially if plasticity occurs, J-theory breaksvdo Despite this theoretical limitation, J-thetigs been
used as a practical ductile fracture mechanicsigiieel tool in the nuclear industry for thirty yesawith
success, although there are other alternative appes. We use the procediffeliscussed below to
estimate J for the low-cycle-fatigue crack-growssessment.

The value ofAJ was estimated by using the SC.TNP J-estimatibense. This is the estimation scheme
used to obtain the cracked-pipe moment-rotationecgtiscussed as part of the “cracked-pipe element”
analysis, and was statistically validated againahynpipe fracture tests during various NRC research
program&. Since crack closure can play a role in low-cyekigue crack growth, it must be accounted
for. From Reference 18 it was shown that one maiewJ =3J, wheref is a factor that accounts for
crack closure effects and is between 1 and 2. ckGrosure occurs when the crack faces contachguri
negative, or compressive stress, portion of thditmacycle. Fof = 1, J =AJ, and crack closure effects
are not important (this is the case for the minimdg,;, to maximum M, load is defined by R O
where R = Mhi/Maxloads). For full reversed loading, and no crdokure (i.e., a large notch where the
crack faces cannot touch during the unload step,(M- Mmay) and R = - 13 = 2. For the JNES pipe
system cracks, it is difficult to estimate the &ratosure effect. Based on circumferential througtl-
cracked pipe tests analyzed by WilkowW¥kiit is estimated that can range between 1.3 and 1.4. Here,
the crack growth calculations were made for valig of 1, 1.3, 1.4, and 2. For the JNES tests, since
the notch for the surface flaw was introduced using=DM procedure, the notch opening is about
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0.7 mm. Prior to crack growth, the crack facesxdbtouch during the compressive portion of thdexyc

After the crack begins to grow, the crack facesrdhe crack growth portion of the crack faces will
contact, and crack closure is important. Henaegttperimental procedures used induced a charthe in
crack closure conditions as the crack growth occurs

The procedure used to perform the low-cycle fatig@ek growth calculations is given in the sevepst

below.

1.

Determine the crack growth constants for Equatin (For crack growth in meters and stress
intensity factor, K, in MPa-Iff, the constant C is 2.75E-12 and m is 3.3. Thisetation is in

the ASME code, Section C 8410 of Appendix C to 8acKl, and is used for austenitic stainless
steels fatigued in air at room temperature. Tmeaterial constants are very close to those used
by Wilkowski®, for TP304 stainless steel base metal and shawdde reasonable fatigue-
crack-growth predictions.

Place the moment spectrum from load cases CO-8Mt85 into ‘load segments’. The moment
load spectrum for CO-30 is shown in Figure 64(ad)an example. Figure 64(a) shows the
predicted moments at the reducer section for tinbe 00 seconds. It is seen that the maximum
moment over this time period is about 0.7 MN-m.isTlavel produces AJ value that is so low
that the crack growth for all of these cycles cenignored. It turns out that, for these material
constants of TP316 stainless steel, crack growth lim neglected for practical purposes for
moment values below about 0.95 MN-m because theuatrof crack growth per cycle is so
small (this value was determined by including adodoad in the load segment initially (0.825
MN-m) and determining that the additional crackvgito from this level is small). Figure 64(b-f)
shows the predicted moments for time between 1®Q€E0, 30-40, 40-50, and 50-65 seconds,
respectively. It is seen that moments higher thh8b MN-m occur for the time period from 10 to
40 seconds only, all other moments can be negletteg the amount of crack growth per cycle
is very small and there are not many cycles ofgahnagnitudes for consideration for high cycle
fatigue.

Place the load cycles into ‘bins’ for analysis msps. For instance, the loads for the time
periods 30 to 40 seconds [Figure 64(d)] are binnéal 0.1375, 0.125, 0.112, and 0.1 MN-m
moment cycles for fatigue spectrum analysis. Tkeerhination of the load bin levels is
somewhat arbitrary but made to be conservativeweyer, one tries to determine levels where
an equal number of loads are above and below tigeraMoreover, when picking the levels, we
conservatively place a moment in the upper ‘bireleif there is any question as to where it
should be placed. From Figure 64(d), it can ba seat there are 4 x (0.125 MN-m), 2 x (0.112
MN-m), and 8 x (0.1 MN-m) cycle bins that are paftthe spectrum for CO-30. This same
procedure was used for all six load sets. In gintyad sets CO-30 to CO-33 are similar, and
C0-34 and CO-35 have higher moments that are impbfor low-cycle fatigue crack growth.
Figure 65 shows a plot of the binned load spedoaverted to stress) that were applied for the
low-cycle fatigue assessment in the AFGROW codsc(dised in Step 5 below). The lines
represent each important cycle within each of tloeks. The stress was simply defined as the
nominal bending stress (this normalization is e@veint as this is just used to interpolate K-values
in AFGROW with user defined values) in the redupgre at the mid thickness based on the
moment loads that were predicted, i®5 (M Rnean)/l, where M is the moment from Figure 64.
Rieanis the mean radius of 0.1017 m, and | = 4.274E‘£E(hare the thickness is 0.01294 at the
pipe reducer section of the crack — which is sliglatrger than the nominal .0127m). Note that
CO0-34 is more severe compared with CO-30 to CCaA8,CO-35 is the worst case.
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4. The binned moment cycles are placed into spediwakb. For this analysis, CO-30 to CO-33 are
represented by one block that is applied 4 timed,the CO-34 and CO-35, which have larger
moments, represents the final two blocks, with GOH3e worst contribution to fatigue crack
growth. The blocks in Figure 65 have each spectpplying the lower loads first followed by
the larger loads for each of the six spectra. df neverse the order, with the larger loads first
followed by the lower loads, the results are necéd much (this was done here). In reality, for
each spectrum, the lower loads are experiencetdafirseen in Figure 65. The stress levels in
Figure 65 are represented by the different coldree plot, which is output from AFGROW, is
somewhat deceiving in that only 4 total load lewe¢se applied, 3 for CO-30 to CO-33, and 4 for
CO0O-34 and CO-35. The mixed colors are an artshthe AFGROW plotting routine.

5. The Air Force fatigue analysis code, AFGROW (Vemsi), which uses a Vroman crack growth
integration scheme to march through the low-cyatggbie crack growth analysis, was used for all
predictions. AFGROW is a very powerful fatiguesliéstimation code used throughout the U.S.
Air Force and other U.S. agencies that managesflekfplanes, and it is used in many other
industries as well. This code can handle veryglmaited load spectra, has five different fatigue
laws, numerous crack growth libraries, and a larggerial database and has been validated
extensively.

6. AFGROW was used by inputting a user-defined spettfdiscussed in Reference 22), a user-
defined Walker-based fatigue law which was simgdifdown to a simple Paris law of Equation 1
(constants from ‘1’ above), and a user-definedsstietensity-factor solution based on estimation
of J-integral (discussed in Reference 18). J walsutated using the SC.TNP J-estimation
method, discussed earlier. These J-values had totwverted into K in the form of an influence
function table, which relates ‘K’ to load (or norlizad stress here) for use in AFGROW.
Because low-cycle fatigue crack growth based oms danlinear, the influence functions are
actually nonlinear whereas the elastic functiors larear for high-cycle fatigue calculations.
Since nonlinear influence functions are not possibith AFGROW, upper level average values
were used, which cause the predictions to be §figlbihservative. If failure does not occur after
the entire spectrum, CO-30 to CO-35 is applied,ahtire spectrum is re-applied until failure
occurs.

7. It was assumed that the fatigue crack would gromediately from the 0.7 mm wide EDM notch.
In high-cycle fatigue there may be a considerabimlrer of cycles to initiate a crack from an
EDM notch, while in low-cycle fatigue the numberayfcles to initiate the crack from the EDM
notch significantly decreases. Hence, the low&yaltigue analysis here should slightly over
predict the number of cycles to leakage compareckperimental results.

Figure 66 illustrates the fatigue-crack-growth pegdns in the form of crack size versus load cgclét

is seen for the case Bf= 1 (no crack closure) the crack does not breedutih the wall for the CO-30 to
CO-35 spectrum application. In fact, leakage wat occur until Cycle 302, which is near the begign

of block CO-34 during the second application osthpectrum if the blocks continued to be applied
(Cycle 302 represents application of thé"katal load block). (It should be noted that fedluvas
checked for net-section collapse (limit-load faguand elastic-plastic fracture for each case aitiun
AFGROW). For3 = 1.3, leakage is also not predicted within losahCO-35. As seen in the summary
table at the bottom of Figure 66, the a/t ratierafhe six spectra are applied is 0.958. If tloekd were
repeated again starting with CO-30, leakage isiptedion Cycle 203. Fd@ = 1.4, leakage is predicted
at Cycle 179 within load block CO-35, which is wlidhe experiment apparently experienced a leak.
Finally, for full crack closuref = 2), leakage is predicted near the end of loadkoCO-33 at Cycle 113.
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Notice from Figure 65 that the crack growth for theles can be correlated with the load blocks with
more growth predicted near the end of each bloakrevthe higher stresses were applied.

For this case, we estimate that the closure val@eshould be between 1.3 and 1.4, as was observed in
Reference 18. Hence, despite the assumptions aratleecognizing the theoretical concerns regarding
the DowlingAJ low-cycle-fatigue crack-growth procedure usedhthre predictions compare rather well
with the test measurements. It would be quiteuldefdevelop a procedure that combined the J-mgari
based approach using the “cracked-pipe elementi thie cycle-by-cycle Dowling low-cycle-fatigue
analysis within the dynamic FE procedure. Thisldédee done by developing a special user element
(UMAT) for use with the ABAQUS code.
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Figure 64 Predicted moment versus time history foreducer crack for spectrum CO-30
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Figure 65 Binned Stress cycles calculated from th@edicted moments for all spectra (CO-30 to
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CO-35). ¢
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Figure 66 Low-cycle fatigue-crack-growth predictiors
(Ignoring number of cycles to initiate the cractrfrthe EDM notch.)
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3.7 Summary of Results

The connector element in ABAQUS has been introducethe fracture analysis in piping systems to
represent a “cracked-pipe element” (CPE). Theacstatd dynamic behaviors were thoroughly studied
and validated against a large variety of pipe a@rpents. This connector element can be used tolaienu
and automatically calculate the low-cycle fatiguack growth during large-scale plasticity and udtten
failure under static and dynamic loading with mueks computation time than full 3D FE modeling.
Elastic loading where high-cycle fatigue or low-ey¢atigue with small-scale plasticity might ocaar

not properly modeled with this “cracked-pipe eletyieand currently a separate analysis is needed for
such failure modes outside of the dynamic FE aialys

Since the analysis predictions using the CPE apprdal not predict leakage, this indicated thatlicyc
ductile tearing with large-scale plasticity was tiw crack growth mode. This was evident fromtiflet
crack at leakage in the experiment. Hence, thatpawas caused by low-cycle fatigue with very $mal
scale yielding, rather than by ductile tearingaw-cycle fatigue with larger plasticity that wowdcur if

the loading were near the ultimate-load capacitythef cracked pipe. The procedure used to make
predictions of low-cycle fatigue crack growth wdrased on the DowlindJ procedure together with
experience from circumferential through-wall-cragtgpe low-cycle-fatigue analysis in Reference 18.
The Dowling approach is an extension of lineartgldsased fatigue-crack-growth methodology
extended into the nonlinear plasticity regime. Phedicted moments from the CPE approach were used
in a cycle-by-cycle crack growth procedure. Th&. Air Force fatigue-crack-growth code, AFGROW,
was used to make these predictions. AFGROW isnaplaiely validated code that is used by many
organizations to make fatigue crack growth predicdi using complicated loading spectra. The
predictions using this approach compare quite wéh the experimental measurements where leakage
occurred during the sixth load block when usingrfommendations of tHe factor of 1.3 to 1.4 from
Reference 18 for converting deformation plastiditjo the DowlingAJ, although the analysis does not
account for the number of cycles that it may hakeh to initiate a fatigue crack from the EDM notch
No experimental data were available to make theg¢ssnent either, however, in low-cycle fatigueaher
are not as many cycles needed to start a fatigaek from an EDM notch as there is in high-cyclégiae.

The low-cycle-fatigue-crack-growth predictions wemeesented in the form of crack size versus load
cycles. For values of closure load expected inJMES tests = 1.3 to 1.4) leakage was predicted very
near or in the sixth and final loading block, asrsexperimentally. The crack growth for the cydes
examined by comparing growth per cycle throughbetldbading spectra.

Margins on the applied moment to the maximum monsaptcity, as well as the acceleration amplitude
applied relative to the acceleration amplitude eeetb fail the pipe, were determined. Table 1
summarizes these margins for different cases. ré@mn temperature, the margin was calculated to be
1.26 for the applied moments in FTP-4 versus thgirmam moment capacity of the cracked pipe. The
calculated maximum acceleration level to causdlgiipe break in the FTP-4 combined-component test
system was 5 times the CO-35 acceleration leveéIBWR operating temperatures [288°C, (550°F], the
calculated margin on the applied moment to the mari moment capacity was 1.19, while the
calculated margin on the applied acceleration &abceleration needed to break the pipe was 3. The
margins on acceleration to cause failure may bestdwounding since the viscous damping factor fer th
entire system may slightly increase above the 2%piag value used in these analyses. The major
energy dissipation for analyses with increasedtation levels was achieved by the plastic deforomati

of the piping system (elbows in particular).

As a final evaluation, consideration was given ewvtthe full-scale BWR pipe section might respond to
such loading at 288°C (550°F). Although the actulitscale model was not created in this effong t
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behavior was estimated from simple fracture measanonsiderations using an elastic-plastic fracture
mechanics parameter called the Z-factor, wherefdilare stress at limit-load conditions divided the
elastic-plastic fracture mechanics failure stremsactual failure stress). The Z-factor is a fiorctof
material, as well as the pipe diameter.

To assess the Z-factors that should be used (treralifferences between the JSME and ASME Z-
factors), the monotonic loaded JNES Test EM-3 thas analyzed using the “cracked-pipe element”
approach in Section 3.3.3 was further analyzedyuréi 42 showed the experimental load-displacement
record from that test, Figure 39 gave the strassasturve (flow stress is the average of the ysaid
ultimate strength), and knowing the crack dimensi@®-degrees and a/t of 0.75), internal pressugelo
MPa, and moment arm length (~1 m) the predictetuirasimoment from the Net-Section-Collapse
equation (used in both the ASME and JSME codesse adlled limit-load) can be calculated and
compared to the experimental result. This reswigd that the limit-load failure stress was 1i88&86
larger than the test maximum moment. That meaasdffectively the Z-factor was 1.38 in that test.
Interestingly, from Figure 4 it was seen that f@02anm diameter pipe the Z-factor is 1.31 for GTAW
using the JSME relationship. That is excelleneagrent.

As a result of the above Z-factor validation, tligedence in the failure stress from a 711-mm (B8hi)
diameter full-scale pipe relative to the 200-mmir(@) diameter pipes tested could be estimated by
simply finding the ratio for the Z-factors for ttesvo pipe diameters using the JSME Z-factor equati
That is Z(711)/Z(200) is the correction factor tbatild be used on the 200-mm diameter pipe testtses
for estimating 711-mm diameter pipe fracture betavir his ratio is 1.48/1.31 or 1.127.

Using that Z-factor ratio, the margins on the aggplnoment to this reduced moment capacity for EPFM
behavior at 288°C (550°F) would be about 1.06 lier 711-mm (28-inch) diameter pipe behavior. From
this load level, the margins on the applied aceglens were roughly estimated to be 1.92 to 2.39 by
scaling with the other analysis results. Againséhare slightly conservative estimates of the margi
since the damping could slightly increase as etioitdevel increases. A constant viscous dampatig r

of 2% was used for these analyses. It would biuctve to actually run the full-scale case witte t
“cracked-pipe element” analysis (including thernexjppansion stresses). Similar results for a PWR
primary pipe loop system would also be instructivEhe above calculated margin values are given in
Table 1.

In conclusion, these analyses showed large mafgiirthe acceleration to cause failure relativehi t
typical design PGA values. These margins are ldwending since the viscous damping could slightly
increase as the excitation increases, and areafaly instructive in understanding the safetgtéas

that might actually exist under seismic loading.tHe NRC’s Transition Break Size seismic
considerations analy€8sit was known that such margins might exist betwelastically calculated
seismic stresses for beyond design basis earthguaké nonlinear fracture behavior. A correct@acidr
of 1 to 2.8 was applied to the elastically scaleidraic stresses for seismic events with probadsliaf
occurrence of 10E-6 from actual plant seismic-hézarves. (That correction factor was a functibn o
the crack size with 2.8 corresponding to unflawign mnd 1 for elastic piping response with a vargé
flaw.) It is comforting that the margins seenhe analyses of these JNES tests of the tolerable
accelerations relative to the SSE design PGA vdhed.S. plants are much larger than the maximum
nonlinear stress correction factors used in thadit@n Break Size seismic consideration analyses.
Although analyses as conducted in this report wbakk to be conducted for the crack sizes andaypic
pipe system used in the Transition Break Size seiamalysis to better quantify the margins thathhig
exist. Similar margins would also affect LBB arsdg, ASME code criteria, and on-going probabilistic
pipe fracture analyses such as the NRC’s xLPRtsftbat are just starting up.
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Table 1 Summary of margins for different cases

Case Temperature Margins on applied Margins on a_lpphed
moments accelerations
1/3-scale model
Crack in GTAW Room temperature 1.26 5
1/3-scale model o o
Crack in GTAW 288°C (550°F) 1.19 3
Full-scale _ ~1.92t0 2.39
Crack in GTAW/SMAW 288°C (550°F) 1.06 = 1.19/2(711/200 (Not actually
using JSME Z-factor* conducted)

* JSME Z-factor for 200-mm diameter pipe = 1.3dddor 711-mm diameter pipe = 1.48. Z(711/200) =
1.48/1.31 = 1.127, which is the ratio of the faglstresses expected from a 200-mm versus 711-mm

diameter pipe due to elastic-plastic fracture maitsa
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4 CONCLUSIONS AND RECOMMENDATIONS

The connector element in ABAQUS was used to siraullaé global response of a cracked pipe, i.e., it
performed like a “cracked-pipe element” that cobtl placed at any node point in the FE model. All
validations were good, albeit some improvementsbteamade with the element formulation to get better
agreement with some of the experimental resultss fias been discussed with the ABAQUS staff. The
beauty of the current “cracked-pipe element” apginda that it is capable of automatically capturiony-
cycle fatigue with large-scale plasticity, hystésesnergy due to the plasticity at the crack durtimg
seismic loading, and ductile tearing at the ultenbdad capacity of the cracked-pipe section under
complicated seismic loading without any tedioust pwscessing. High-cycle fatigue crack growth from
elastic loading or low-cycle fatigue with small-kcgielding is not automatically captured by thigrent
approach, and currently requires a second fatigaek@rowth analysis using the applied cyclic motmen
Moreover, this type of element tremendously redwmesputational time, i.e., ~1 hour of CPU time was
used per FTP system run (using eight 64-bit prazesa parallel). Only 25 elements were needetthén
FTP-4 system model, whereas a full 3D analysis whh three cracks would probably require about
45,000 elements for similar full three dimensionahlinear analyses of surface cracked pipe perfdrme
by the authors in past work or proper mesh refimdgna¢ each crack locations, and even then, this FE
mesh would not allow for crack growth so multipleshes and FE runs would be necessary.

The viscous damping value for the FTP-4 test systam was specified as 2.0%, which was obtained
based on test data [23], while the entire pipingtay was allowed to deform plastically, including
plasticity development at cracks (i.e., connectements). These modeling specifications led todgoo
agreement between experimental displacements aathsstand the corresponding analytical results,
confirming the validity of the 2% viscous dampiragio and the plasticity modeling in the elbows #mal
cracks. The analysis also showed that there wigssamall-scale yielding loads at the crack locasioso
that only classical fatigue failure should occlihe dynamic FE analyses showed that the pipingsyst
model could accurately predict displacement andadgmesponses for various input motions.

In the JNES combined-component experiment wheratga occurred (FTP-4), it was determined that
the loading at the crack location was in the sreedlle plasticity range of the “cracked-pipe elemmént
Hence the leakage was caused by low-cycle fatigtrewery small-scale yielding, rather than by diacti
tearing or low-cycle fatigue with larger plasticityat would occur if the loading were near thenodtie-
load capacity of the cracked pipe. The procedseduo make predictions of low-cycle fatigue crack
growth were based on the Dowlidg procedure, which is an extension of linear-atdssised fatigue-
crack-growth methodology extended into the nonlindasticity regime. The predicted moments from
the CPE approach were used using a cycle-by-cyelekarowth procedure outside of the dynamic FE
analyses. Only moments large enough to producefis@nt crack growth per cycle need be included,
and the U.S. Air Force fatigue crack growth codEGROW, was used to make these predictions. The
predictions using this approach compare quite wéh the experimental measurements where leakage
occurred during the sixth load block.

It would be advantageous to develop an automatezkdure to permit both cyclic ductile tearing (athw
the “cracked-pipe element”), and low-cycle fatigarack growth (as with DowlindJ approach) within
the full dynamic finite element analysis. It isspible that a crack may grow under low-cycle fagigu
conditions to a size where ductile tearing may o@nd the “cracked-pipe element” modeling will take
over. As such, there is an interaction betweentwteapproaches that should be accounted for. The
FTP-4 analyses were performed in two separate viggecting interaction. In reality, it is likefgr the
FTP-4 analysis, that low-cycle fatigue dominateal ¢larly portion of the test and then cyclic tearimay
dominate after the crack grows to a certain depthis combined analysis could be done in an ABAQUS
finite element framework by writing a user routi@@UMAT) that can account for both types of damage.
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Margins for failure in one loading block were cdétaed for the FTP-4 test for the applied momertht®o
maximum moment capacity of the cracks for the raemperature testing that was done, as well as for
the calculated case of the tests being done at B#Wace temperature of 288°C (550°F). Those margin
on the applied moments were 1.26 and 1.19, resdcti The lower calculated margins on the moments
at service temperatures were expected since taegsir and toughness of stainless steel decreaties wi
increasing temperature.

Perhaps a more important margin assessment involeeadmuch more the accelerations needed to be
increased to cause the pipe to break in one seikrading event. (Six seismic loading blocks were
applied in Experiment FTP-4.) The margins on manaem accelerations are not linearly related since
the plasticity at the crack and the elbows absenesgy like increased damping. These calculatiere
performed for the FTP-4 room temperature case,akas considering the FTP-4 system with material
properties at the BWR service temperature of 2883D°F). Compared to the applied accelerations in
the FTP-4 test (2000 gal), the margins of the acatibn needed to cause failure in just one loadecy
were determined to be 5 and 3 at room temperatnle283°C (550°F), respectively. These are lower
bound margins, since the damping from the reshefuncracked-pipe system would slightly increase
above 2% at the higher-level excitations.

Finally, an estimate was made as to what the margmthe moments and accelerations would be if
elastic-plastic fracture mechanics consideratioesewnade for the full-scale pipe system. To ds, thi
first the appropriate Z-factor relationship neetledbe determined. That was done using the monotoni
component test EM-3. Using the failure stress ftbat JNES component test, the calculated Z-factor
was 1.38, which is extremely close to the JSME ddavalue of 1.31 for GTAW/SMAW welds. To
predict the margins that might exist for a fulldecpipe system, the JSME Z-factor equation was then
used. This resulted in a conservative estimatetiieafull-scale pipe system might have a margit.06

on the failure load. Although the dynamic “crackepde element” analysis was not conducted for the
full-scale pipe system, the margins on acceleratiene scaled to the FTP moment and acceleration
margins, and estimated to be between 1.92 and &% seismic design criteria are being developed i
Japan as a results of the earthquake event at dshiWazaki nuclear plant site. Qualitatively, thes
results show that larger crack sizes could be datderwith margins, although more precise analyses a
needed.

In conclusion, these analyses showed that the JNES4 pipe test should have failure due to low-eycl
fatigue with small-scale yielding, and there weasgé margins on acceleration needed to causedailur
even for extrapolated results to full-scale behasitd design PGA values. These analyses showgel lar
margins for the acceleration to cause failure indato the typical design PGA values for U.S. pdant
These margins are lower bounding since the viscdamsping could slightly increase at large
accelerations, and qualitatively instructive in ersfanding the safety factors that might actuakiste
under seismic loading. In the Transition BreakeSiork?, it was known that such margins might exist
between elastically calculated seismic stressesfrfacture analysis involving beyond-design-basis
earthquakes using nonlinear-fracture behavior. ofrection factor of 1 to 2.8 was applied to the
elastically scaled seismic stresses for events prithabilities of occurrence of 10E-6 from actukanp
seismic-hazard curves. (The correction factor abfresponds to the stresses being purely elastic f
flawed pipe failure and the factor of 2.8 corregwomo stresses that would cause failure of unflawed
pipe.) The correction factor of 1 to 2.8 changeshe flaw size changes. This result is consisteitit
results from the BINP prografh. It is comforting that the margins seen in thalgses of these JNES
tests of the tolerable accelerations relative tB& Sesign PGA values for U.S. plants are much targe
than the maximum nonlinear stress correction faabged in the Transition Break Size work. However,
analyses as conducted in this report would have toonducted for the larger crack sizes and ty piied
system used in the Transition Break Size seismidyais to better quantify the margins that mighisex
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Similar margins would also affect LBB analyses, ASMode criteria, and on-going probabilistic pipe
fracture analyses such as the NRC’s xLPR effoesdhe just starting up.

Other issues that deserve further study includeetiiect of cyclic loading on crack initiation, the
constraint effects on ductile tearing, and constraffects on low-cycle fatigue crack growth. When
plasticity at the crack tip is important, voidsttki@velop in front of the blunted crack (prior totiation)
may sharpen and cause initiation to occur at adasiie of J. It is known that constraint effeate
important for surface cracks in pipe during elaptastic fracture. Improvement of the J-estimation
schemes and developing a factor to apply compastde J-R curves to make them more appropriate for
use in surface-cracked pipe is needed. Finallgsitaint effects on fatigue is a topic of interesthe
elastic high-cycle fatigue field at present. Ityni@e even more important for low-cycle fatigue sinc
plasticity is more important.
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