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Abstract

ABSTRACT

Argonne National Laboratory and Battelle have 3aintly conducted a research program for the USNRC
to evaluate the ability of current engineering analysis methods and one state-of-the-art analysis method
to predict the behavior of circumferentially surface-cracked pipe system wamr-hammer experiments.
The experimental data used in the evaluation were from the HDR Test Group E31 series conducted by
the Kernforschungszentrum Karlsruhe (KfK) in Germany The incentive for this evaluation was that
simplified engineering methods, as well as newer "state-of-the-art" fracture analysis methods, have
been typically validated only with static experimental data. Hence, these dynamic experiments were
of high interest. High-rate dynamic loading can be classified as either repeating, e.g., seismic, or
nonrepeating, e.g., water hammer. Development of experimental data and validation of cracked pipe

analyses under seismic loading (repeating dynamic loads) are being pursued separately within the
NRC's International Piping integrity Research Group (IPIRG) program.

This report describes developmental and validation efforts to predict crack stability under water-
hammer loading, as well as comparisons using currently used analysis procedures. Current fracture
analysis methods use the elastic stress analysis loads decoupled from the fracture mechanics analysis,
while state-of-the-art methods employ nonlinear cracked-pipe time-history finite element analyses.
The results showed that the current decoupled methods were conservative in their predictions,
whereas the cracked pipe finite element analyses were more accurate, yet slightly conservative. The
nonlinear time-history cracked-pipe finite element analyses conducted in this program were also
attractive in that they were done on a small Apollo DN5500 workstation, whereas other cracked-pipe
dynamic analyses conducted in Europe on the same experiments required the use of a CRAY2
supercomputer, and were less accurate.
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Executive Summary

EXECUTIVE SUMMARY

The behavior of flawed pipingunder accident conditionsis a majorconcern in the nuclearpower
industry, with significant resourcesdevoted to developingand improving tools to predict such events.
Simplified engineeringmethods have been developed as well as newer "state-of-the-art"fracture
analysis methods. However, most of these analysis methods have only been validated with static
experimentaldata. High-ratedynamic loading comparisonsare rare becausehigh-rateexperimental
dataare scarce. High-ratedynamic loadingcan be classified as either repeating,e.g., seismic, or
nonrepeating,e.g., water hammer. Development of experimental data and validation of crackedpipe
underseismic loading is being conducted within the NRC's InternationalPiping Integrity Research
Group(IPIRG)program. The Test GroupE31 series, partof a study of the behaviorof flawed
piping subjected to dynamicloads in the HDR Safety Program (PHDR) Phase Ill conducted by the
KernforschungszentrumKarlsruhe(KfK)in Germany, provided a unique opportunityto validate
analytical andcomputationalmethods used in predicting the behavior of flawed piping under water-
hammerloading. ArgonneNational LaboratoryandBattelle have jointly conducteda research
program for the USNRC to evaluate the ability of currentengineering analyses methods and one state-
of-the-art analysis method to predict the behavior of the E31 water-hammerexperiments.

In this effort, typically used engineeringfracturemechanics analyses were assessed. For dynamic
loading cases, the peak dynamic load from an elastic untrackedpipe stress analysis is typically used
alongwith the fracturemechanicspredicted failure load, i.e., the stress analysis and fracture
predictions are de,coupled. The alternative is to embed the fracture mechanics analysis into the
dynamicpiping stress analyses. This was done in the NRC's IPIRG-1program. In the currentjoint
Argonne-Battelleprogram, there were three majoradvances in nonlinearFEA fracture analysis. The
improvementsmade to the IPIRG-1developmentswere: modeling of crackbehaviorpast maximum
moment, modelling the surface-crackto through-wall-cracktransition, and modeling of cyclic ductile
tearing with reinitiationon subsequent cyclic loads. These improvementswere validatedby
comparisons with various pipe fractureexperimentsfrom other programs. The following summarizes
the accuracyof the analyses, limitations of the methods, and comparisonswith other European
analysis efforts on the sameexperiments.

Accuracy of the Elastic Stress Analysis. The ANSYS code was employed in the calculations
conducted at Battelle for this project. In general, the predicted static, eigenvalue, and predicted
global dynamic responses underelastic loading were quite similar to the measuredbehavior. The
accuracyof the elastic stress analysis for the fractureexperimentswas determined by dividing the
momentfrom an elastic analysis at maximum load by the experimentallydeterminedmoment at the
cracklocation. The momentratio was greater than one but less than 1.5. This suggests that the
elastic analysis overpredictsthe actual moment. The moment ratios for the HDR-E31 tests are far
less that the ratio of 15 to 30 observed in the EPRI/NRCPiping and Fitting Dynamic Reliability
programon uncrackedpipe, but are close to the results observed in the IPIRG-1pipe system
experiments. The reasons why these differentprogramshave differentmoment or stress ratios are:

The IPIRG-1program employed large cracksin the piping system, so that the failure loads
would be near yield in the uncrackedpipe. Furthermore, the pipe system was mostly made
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from a high strength materialso thatit would behave elastically, andhence, be reusablefor
multiple tests.

For the HDR E31 experiments, the cracks were much smaller than the IPIRG-1programpipe
system cracks, but the materialused had a much higher yield to ultimate strengthratio so that
yielding of the unflawed pipe was less likely to,occur. Additionally,the crackedpipe section
had a reduced pipe wall thickness (16-mm-thickpipe in the flawed section versus 25-ram-thick
pipe in the rest of the HDR pipe loop), so fractureoccurredat nominal stresses which were
slightly below yield in the pipe loop exceptin the crackedpipe section.

In the EPRI/NRC Piping ReliabilityProgramthere were no cracks in the piping system, so the
failure loads were very high.

Experimentswith smallercracks in pipe systems with low yield to ultimate strength ratio piping
materials(typical of U.S. materials), where yielding may occur other than at the crack section, have
yet to be done. This is in part due to the expenseof having to replacemajorportions of the pipe
loop in every test. Hence, the margin in elastic stress analysis that might exist underhigher stresses
for shorter crackshas not been assessed experimentallyby any of these programs. This couldbe
assessed analytically, to some degree, with the capabilitiesdeveloped in this and the IPIRGprograms.
This may be a more importantissue with thepotential changes to ASME Section [] that propose to
increasethe maximum Service Level D elastic design stresses from 3S m to 4.5S m.

Accuracy of the Fracture Analyses. The inherentaccuracyof the various fracture analyses was
calculatedby dividingthe maximum momentin the experimentby the predicted maximum moment.
This accuracymay be thought of as the margin on the pipe to resist fracture, whereas the elastic
stress analysis ratio (elastically calculatedto actual moments)may be thought of as a margin on the
applied stress or the crack driving force. The following observationscan be madeabout the various
analyses.

* The Net-Section-(:oilapseanalysispredictedmoment was 20 percenthigher than the
experimentalmoments. This is because the toughness is sufficiently low with the higher
strength material, and the pipe diameteris sufficientlylarge, that elastic-plasticfailure is
a possibility.

• The ASMI_.Section XI flaw evaluationprocedu.resfor ferritic piping (IWB-3650) using
the Code values of Sm and SectionXI flaw size definition, has the highest fracture ratio,
i.e., it is the most conservativeof all the analyses used. This fracture ratio does not
include the ASME Code applied safety marginsof 2.78 for normal and test conditions or
1.39 for emergency andfaultedconditions. Inclusion of these factors would further
increase the conservatism for this method. This large fracture ratio for the ASME
FerriticPipe Flaw Evaluationcriteriais consistent with past results in the IPIRG-1and
Degraded Piping Programs.

• The Dimensionless plastic-Zone Parameteranalysis is one of the simplest means of
modifying the Net-Section-Collapse analysis for elastic-plastic fracture considerations.
The fracture ratio was slightly greater than 1.0 for the two experiments, showing this
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method wa_ fairly accurate, yet slightly conser,,ativein predicting the maximum
moments.

, The R6 R_vi$ion3. Option 1 analysisoverpredicted the experimentalfailure stresses for
ExperimentE31.2 and underpredictedthe failuremoment for ExperimentE31.3. In the
past, the R6 Option1 method was found to generallyunderpredictthe failure stresses,
since like the ASME criteria, it is ,afailure avoidancemethod not necessarily intendedto
be an accuratepredictor. Hence, ,he overpredictionfor ExperimentE31.2 was
surprising.

* The SC.TNP J-estimationanalysistended to give values which slightly underpredicted
the maximum load for both experiments. The predicted maximum moments are very
close to the Dimensionless Plastic-Zone Param_er analysis values.

A commonthread with all these predi_ions was that the fractureratios were lower for Experiment
E31.2 than for ExperimentE31.3. In examining the experimentaldata, there is the discrepancythat
the reportedexperimentalmoment is lower for the shallower surface crack in ExperimentE31.2 than
for the deeper crack in Experiment E31.3. This fact, along with the applied dynamic forces being
about 10 percent higher in ExperimentE31.3 than ExperimentE31.2, raisesthe questionof the
accuracyof the experimentalmomentdata. The HDR momentdata were recently re,assessed in
Germanybecause of this concern, but it was concluded that the although there were some
experimentaldifficulties, the moments of the E31.2 and E31.3 experimentswere approximately the
same as initially reported. The only explanationfor a lower maximummoment in the shallower
ExperimentE31.2flaw is a reducedmaterialtoughness or strength in that test pipe relative to the
E31.3 test pipe.

Crack Stability Analyses. Three differentcrack stability analyses were evaluated. These were the
fully plastic J/T analyses, the Energy BalanceStability approachdeveloped at Battelle, and nonlinear
time-history cracked-pipe finite element analyses. The Energy Balance Stability method has some
advantages over _neJ/T approachin that it can: (1) handlesurface-crack to through-wall crack
transition, (2) handle combined bending andtension loads, (3) handle different ratios of load-
controlled and displacement-controlledstresses, and (4) predict not only the start of a crack
instability, but whether or not the crackwill arrestor result in a double-ended guillatine break,
DEGB. The fully plastic J/T and Energy Balance Stability analyses are quasi-staticbased analyses
that assumethat the loads or displacementsremain essentially constant during the fracture event.
During the HDR-E31 water-hammerexperiments, the hoop stress at the crack sections remained
relatively constantduring the fracture event (the pressure transient at the cracksection occurred
before the large bending stresses), but dynamicbending stresses were createdin the pipe loop that
decreasedafter surface crack penetration. Neither the J/T nor the Energy Balance Stability analyses
can handle time-varying load predictions, andhence are conservative in predicting the dynamic crack
stabilitybehavior since they use the peak value. The nonlineartime-historycracked-pipefinite
elementanalysis considers the loads as they are applied in time and can predict crack growth and
arrest,and crackreinitiation and further growth duringsubsequentdynamicrepeatingloads. In
validating the nonlinear time-history cracked-pipefinite element analysis, the David Taylor Research
Center compliantinstability pipe tests were analyzed, and crack velocity and dynamic crackopening
predictions were madefor the first time.
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Nonlinear Finite Element Fracture Analysis. The nonlinearfinite element fracture analysis method
predictedthe HDR-E31 experimentsbetterthan any of the engineeringfractureanalysis methods.
The nonlinearfinite element fracture analysis models the crack as a nonlinear spring in the moment-
rotationdegree of freedom, while the remainderof the pipe system is modeled with standardfinite
elements. All of the standard capabilitiesof finite elementprogramsare available (dynamictime-
history analysis, plasticity, etc.). The fact that so many of the first order effects in the fracture
process and loading are an inherentpart of the method accountsfor the quality of the predictions.

However, in spite of the superioraccuracyof the nonlinearfinite element fracture analysis, there are
limitations that need to be mentioned. First, tile moment-rotationcurves generatedusing the SC.TNP
J-estimationscheme were scaled to remove knownconservatism. Second, predicted crackrotation
has not been fully validated. Furtherdevelopmentefforts on circumferentialsurface-crackedpipe J-
estimation schemes are in progress as pan of the NRC's Short Cracks in Piping andPiping Welds
program. Lastly, surface-crackpenetrationis assumed to occur at maximum moment, even though
some stable crack growth often occurs after maximumload, but before surface-crackpenetration.

Comparison with Other HDR-E31 Analysis Efforts. The HDR-E31 experiments have been
analyzed by other researchers. Brosi, et al., performedextensive elastic and plastic global analysis of
the piping system understatic, modal, and dynamicloading. His elastic calculations, like ours, tend
to be slightly stiffer than the measuredvalues. In general, he found reasonablygood agreement
between predictions and the global response in his plastic calculations. Brosi modeled the crack in a
separate3-D brick elementsubstructureanalysis, using bendingloads from the global structural
analysis. Using approximately2400 nodes and in excess of 400 elements, he predicted J-integral
values along the crackfront andpredicted that the crackwould initiate in ExperimentE31.3 and grow
only 0.5 mm radially, and that it would not even initiate in ExperimentE31.2. Neither of these
predictions was correct, andhis errors were on the nonconservativeside. One of the interesting
findings from Brosi was that J along the crack front was not symmetric with respect to the centerline
of the crack. The momentat 90-degrees to the principalbending planecaused this.

Kussmaul,e_ al., also did extensive finite elementanalysis of the global behavior of the system and
found good agreementwith the measuredvalues. Like our nonlinearfinite element fracture analysis
model, Kussmaul,et al., included the crackdirectly in their finite elementpiping system, after they
had completed a series of uncrackedpiping analyses. In their case, shell elements andline-spring
(surfacecrack)elements were used to model the crack. Their cracked-pipeanalyses showed that
ExperimentE31.2 would initiate. ExperimentE31.3 was problematicfor them because large
compression loadingof the crack prior to the large crack-openingmomentcaused the elements to
cease correctly evaluatingJ. Kussmaulet al., also did a 3D-brick substructureanalysis of the crack
area and essentially duplicatedBrosi's asymmetricJ behavior.

It is interestingto note thatneither of the other researchersthat have analyzed the E31 experiments
have predicted the behavioras accuratelyas the nonlinearfinite element fracture method that we have
used. This is especially significant in light of the fact that Kussmaulet al. indicatesthat CRAY2
supercomputerswere used in both Brosi's and their work, and that several investigationshad to be
abandonedbecause costs were getting unmanageable. Our analyses were easily performedon a small
Apollo DN5500 work station, basically a desk-topcomputer. Hence, the nonlinear FEA fracture
analysis, in spite of its relative simplicity, when compared with 3-D brick and shell models of cracks,
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does a good job of predicting crack behavior. Additionally, the nonlinear FEA fracture analysis is
the only method that currently can be used to assess the propensity for a DEGB, i.e., growth and
possible arrest of the through-wall crack after surface crack penetration. This dynamic
circumferentially cracked pipe finite element fracture analysis would allow realistic assessments of
dynamic crack speeds, crack opening, resulting leakage and thrust loads to be made in the future.
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Nomenclature

NOMENCLA_

1. SYMBOLS

A Parameterin Z-factorexpr_sion in IWB-3650

Ap Cross-sectionalareaof pipe at I.D.

Aps Area underM-_ curve or energyof pipe system

Ase Area underM-0c curve for surfacecrack

a Half cracklength at mean radius

C Statistically-basedparameter from plastic-zone size screening criteria

D Nominal pipe diameter

Di Insidepipe diameter

Dm Meanpipe diameter

d Crackdepth

E Elastic modulus

Fs4,puea Applied force

Fb Bending stress elastic function

Fk Resolved force from pressuredata at elbow in HDR experiments

Fm Membranestress elastic function

Fslid© Limiting force in spring-slider element

FT1, FT2,FT3 Forces used in modeling multilinearcrack behavior

Fl Elastic f-function in GE/EPRImethod

g Gravity

H1 Function in SC.TNP J-estimationscheme

h I Function in EPRI/GELestimation scheme to calculateplastic contributionof J
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I Area moment of inertia

J J-integralfractureparameter

Japplie,d Applied crack driving force in terms of J

JD J based on deformation theory

Jehutic Elastic component of J

Ji J at crack initiatign

lie Plane strain J at crack initiation by ASTM E813

Jmateri_ Material's fracture resistance in terms of J

Jm Modified form of J

Jr Ratio of Jappto Jmatvrialfor R6 analysis

Jplutic Plastic componentof J

Jto_ Total J applied, i.e., Jelagic plus Jplastic

Kx Applied linear elastic stress intensity factor

Klb Bendingcomponent of Kx

Klm Membranecomponentof Kx

Kr Ratio of Kxto Kr(a) from R6 analysis

k_ Stiffnessof surface-crackedpipe

ktw Stiffness of through-wall-crackedpipe

L Outerspan length of pipe in four-point bend test

Lr Load ratio in R6 analysis

1o, lt, 12, Length terms used in resolving pressuredata into force components at elbows in
HDR experiments

M Moment

Mb Net-Section-Collapseanalysis calculatedmoment at failure for pure bending
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Mb+p Net-Section_Collapseanalysis calculatedmoment at failure for combined pressure
andbending

Mep Equivalentbending moment

Mexp Experimentalmoment

Mi Moment at crack initiation

Mo Limit momentfor a crackedpipe underpurebending in the GE/EPRI method
where the flow stress is oo

M_ Momentfor surface-crackedpipe

M(sp el.) Moment from static push analysis

M(Tot.el.) Calculated elastic moment at crack section at time of maximummoment from the
experiment

M(Tot.exp.) Experimentalmaximummoment

Mtw Moment for through-wall-crackedpipe

Mtw.u Moment for through-wall-cracked pipe unpressurized

n Ramberg-Osgoodparameter

P Total failure stress

Pm Membrane stress

Pnse Net-Section-Collapsepredicted tension andbendingstress

Po Reference stress in J-estimationschemes

P l, P2, Pk Pressure termsused to resolve pressure into force componentsin HDR
experiments

p Pressure

Ri Insidepipe radius

Rm Meanpipe radius

Ro Outsidepipe radius
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Nomenclature

S Momentarm in four-pointbend test

SF Safety factor

Sm ASME code design stress

Sm (Actual) S m based on measuredtensile propertiesusing ASME Section HI Article 2110
criteria

Sm (Code) Sm based on ASME code properties

Sr Stress ratio in R6 analysis

T Tearil_gmodulus

Tapplied Applied tearing modulus

Tmater_ Tearing modulusof the material

t Pipe wall thickness

Z Stress multipliers in Section XI to account for low toughness

Ramberg-Osgoodparameter

fl Angle from bottom of pipe to neutral bending axis in circumferentialcrack limit-
load analyses

flASME Angle from bottom of pipe to neutral bending axis used in ASME Section XI
circumferentialcracklimit-loadsolution

flse-u Angle from bottom of pipe to neutral bending axis used for surface-cracked
unpressurizedpipe in original Net-Section-Collapse analysis

flsc-p Angle from bottomof pipe to neutralbending axis for surface-crackedpressurized
pipe in original Net-Section-Collapseanalysis

fltw-u Angle from bottom of pipe to neutral bending axis for through-wall-cracked
unpressurizedpipe in original Net-Section-Collapseanalysis

Aa Change in cracklength or depth, i.e., crackgrowth

e Strain

eo Ramberg-Osgoodreference strain, ao/E
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Nomenclature

Geometric constantused in general analytical procedurewhere Jplasfi¢is calculated
using experimentalload, displacement,and crackgrowth data

Pipe rotation

_c Rotation due to the crack

0ci Rotation at crack initiation

Stress

ab Bending stress

abNSC Net-Section-Collapsepredicted bendingstress at maximumload

af Flow stress

ao Ramberg-Osgoodreferencestress

ansc:sc,u Net-Section-Collapsepredicted failure stress for a surface-crackedpipe
unpressurized

a_:tw-u Net-Section-Collapse predictedfailure stress for TWC pipe unpressurized

at Axial tensile stress

afrot, el.) Total calculatedelastic stresss; calculated elastic bending stress plus pressure
induced axial tension stress

au Ultimate strength

_y Yield strength

0 Half circumferentialcrackangle

0 i Initial circumferentialhalf crack angle

/_ Angular position around pipe circumference

2. ACRONYMS AND INITIALISMS

ANL ArgonneNationalLaboratories

ASME AmericanSociety of MechanicalEngineers
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Nomenclature

BMFr German Ministry of Research and Technology

CEA Commissariat A L'Energie Atomique, France

CEGB Central Electric Generating Board, United Kingdom (now Nuclear Electric)

C(T) Compact (Tension)

DEGB Double-ended guillotine break

DPZP Dimensionless plastic-zone parameter

DTRC David Taylor Research Center

EPFM Elastic-plastic fracture mechanics

EPRI Electric Power Research Institute, USA

FEA Finite element analysis

GE General Electric

HDR Heissdampfreaktor (An experimental reactor facility in Germany)

ID Inside diameter

IPIRG-1 First International Piping Integrity Research Group

J-R J-resistance

JD-R J-resistance based on deformation theory form of J

Jm-R J-resistance based on modified form of J

j/r Tearing instability approach

KtK KemfortschangszantranKarlsruhe

L-C Orientationcodethatindicatescrackplaneisnormaltolongitudinalaxis(L)and
crackgrowthdirectioniscircumferential(C)

LEFM Linear elastic fracture mechanics

L-T Orientations code that indicates crack plane is normal to longitudinal or rolling
direction (L) and crack growth direction is transverse (T) to plate rolling
directions LVDT Linear variable differential transformer
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Nomenclature

MPA Materialpn3fungsanstalt (Stuttgart), Germany

NPS Nominal pipe size

NRC Nuclear Regulatory Commission

NRC-RES Nuclear Regulatory Commission - Office of Nuclear Reactor Research

NSC Net-Section-Collapse

OD Outside diameter

PC Personal Computer

PVP Pressure Vessel and Piping

RPV Reactor Pressure Vessel

RVDT Rotary-variable-differential transformer

SASI Swanson Analysis Systems, Inc.

SC Surface crack

T/C Thermocouple

TWC Through-wall crack

USNRC United States Nuclear Regulatory Commission
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Section1 INTRODUCTION

1. INTRODUCTION

A major concern with the safety and operationof nuclearpower plants is the reliabilityof piping in
general and, more specifically, the behaviorof flawed piping underaccident conditions. The U.S.
NuclearRegulatory Commission (USNRC), in conjunctionwith the nuclearindustry, has devoted
significant resourcesto addressthis concern (Refs. 1.1 through 1.5). While simplified engineering
methodsexist to predict the behavior of flawed piping andnewer "state-of-the-art"methods have been
developed as partof the InternationalPiping Integrity Research Group(IPIRG)Program (Ref. 1.4),
these analysis methods have only been partiallyvalidatedwith experimentaldata. In particular,the
capabilitiesof these techniquesto predict the response of flawed pipingunder high loading rateshas
not been extensively verified, i.e., no comparisons between predictions and experiments under water-
hammerloading conditions have been conductedto date.

As partof the HDR Safety Program (PHDR) Phase [] conductedby the Kernforschungszentrum
Karlsruhe(KtK)in Germany, a series of experimentswas conductedon the behaviorof flawed piping
subjectedto dynamicloadings. A series of experiments, Test GroupE31, were concerned with the
behavior of flawed piping subjected to biowdown loadings. The dataand results from these
experiments providea unique opportunityto validate analyticaland computational methods used in
predicting the response and behaviorof flawed piping. The results from these experimentswere
made availabletothe USNRC and ArgonneNational Laboratory(ANL) as part of an agreement
between the USNRC, the KfK, and the GermanFederal Ministry of Research and Technology
(BMFT) on cooperative research in the HDR Safety Program. Of particular interest to this program
were ExperimentsE31.2 and E31.3, in which straightpipe sections with circumferentialflaws were
subjectedto high level water- hammerloads following blowdown.

The effort describedherein was partof a USNRC-sponsoredprogram at ANL. The specific objective
was to evaluate the capabilities of the currentengineeringandstate-of-the-artmethodsfor predicting
the response andstructuralintegrity of flawed piping subjectedto high-ratedynamic Ioadings.
Battelle conducted the fracture analyses, while ANL providedthe interfacewith the HDR Safety
Program personnel. This reportdocumentsboth the ANL and Battellecontributions to this program.

The following discussion presentsthe work performedon this programby the projectteam. Six
subjectsare addressed:

• A brief review of current engineeringfracture mechanicsanalyses

• Discussion of a state-of-the-artfractureanalysis method

• A description of the HDR-E31 experiments

• Predictions of the HDR-E31 experimentalresults

• Comparisonof the predictions and the experiments

• A summaryand discussion.
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2. CURRENT ENGINEERING FRACTURE MECHANICS ANALYSES

The moment-carryingcapacityof flawed pipe has been a subject of study for many years. Through
the years, cracked-pipebehavior hypotheses have been advancedwhich have been verified or refuted
with carefully executedexperiments. Based on these results, theories have been refined, empirical
factorshave been incorporatedto bringpredictedbehaviorinto reasonableagreement with observed
test results, and eventually, several of the assessmentmethodologies maturedso that they are now
seeing routine application. Parallel to the developmentof the pipe flaw assessment methodologies,
general piping stress analysis has been advancedfrom simplified "ruleof thumb"design to routine
use of linear finite elementresponse sp_,'trumand/or time-historyanalysis. Coupling the fracture
mechanics analysis with linear finite elementpiping stress analyses, the expected behaviorof a flaw
undera specific loading can be assessed.

In the section that follows, a brief discussionof six engineering fracturemechanics analyses is
presented. The six analyses are:

• Net-Section Collapse (NSC)

• ASME Section XI

• Dimensionless Plastic-Zone Parameter(DIrZP)

• R6 Revision 3, Option 1

• J-EstimationSchemes

• J/T and Energy Balance Flaw Stability.

These analyses form the core of currently"accepted"androutinely used fracture mechanicsanalyses
for flawed piping. The discussion of each method will, of necessity, be brief, but suitablereferences
will be given so that the full details of any method can be examined.

2.1 Net-Section Collapse

The Net-Section-Collapse (NSC) analysis is a limit-loadanalysis for predicting the failureof pipes
underbending loads, Ref. 2.1. One majorassumptionin the Net-Section-Collapse analysis is that the
materialtoughness is sufficiently high that failureis governed by the strengthof the material (that is,
flow stress or collapse stress) and is not sensitive to the material'stoughness. The flow stress is a
value between the material's yield strength and ultimate strength and represents an averagecritical
net-section stress reachedthroughoutthe flawed ligamentof the structure,Figure 2.1. Also, crack
growth is not taken into account, i.e., crackinitiation occurs at the maximumload.
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For an unpressurizedpipe with a ck_nferential through-wallcrack subjectedto purebending,an
idealized bending stress is assumed in the plane of the crack as shown in Figure 2.2. Axial
equilibriumanalysis shows that the point of stress inversion, 0 in Figure 2.2, is

0t_-_ = f - 0 (2.1)2

The bending moment predicted by the Net-Section-Collapseanalysis for an unpressurizedpipe with a
through-wallcrack, developed by integratingthe stresses aroundthe pipe circumferenceand assuming
the pipe retainsa circular cross section, is

2
Mtw_u - 2 of Rmt (2sin_tw_u- sin0) (2.2)

where

Mtw.u - predicted bending moment for an unpressurizedthrough-wallcrack
of -- flow stress or collapse stress
Rm - meanradiusof the pipe
t - wall thickness of the pipe
0 = half the initial crackangle.

From the bending moment in Equation2.2, one can calculate the nominalbending stress, Mc/l,
predicted by Net-Section-Collapse analysis for an unpressurizedthrough-wallcrack,

2
Omc:tw. u - ._ O'f (2Sil_tw_ u " Sil_) (2.3)

For an unpressurizedpipe with a circumferentialsurface cracksubjectedto purebending, an idealized
bendingstress is assumed in the plane of the crack as shown in Figure 2.3. Again, considering axial
equilibrium,the point of stress inversion is

_r-(d/t)0 (2.4)
01_-tl -- 2

assuming that the circumferentialcracklength, 0, is less than 0; that is, the surface crack does not
extend into the compressively stressed side of the pipe. The unpressurizedpipe surt_e crackbending
moment is then given by
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: (2.5)M.e.u = 2 of Rmt (2sJ_.o.u- (d/t)sine)

where

d = depthof thesurfacecrack.

From the bending moment in Equation2.5, the nominalbending stresspredicted by Net-Section-
Collapse analysis for an unpressurizedsurface-crackedpipe is

2
= ¥ uf(2sin._.- (d/0sinS) (2.6)

For a pressurized pipe with a circumferentialpart-throughsurface crack subjectedto bending, that is,
combined pressure andbending, an idealized bending stress is assumed in the plane of the crack as
shown in Figure 2.4. Axial equilibriumshows that the point of stress inversion in this case is

_r-(d/t)S _rRi2P (2.7)
__p -

2 4R mt Of

where

Ri = inside radiusof the pipe
p = internalpipe pressure.

Again, this assumes that the circumferentialcrack length, O, is less than/_.

Knowing 0, the predictedstress using the Net-Section-Collapse analysis can be calculatedas above
using Equation2.6. Thus, the only differencebetween surface crack Net-Section-Collapse
formulations for the pure bending case and the combined pressure andbending case is the stress
inversionangle 0. The pressure term shifts the neutral axis down away, from the crack, thus
lowering the predicted moment.

Net-Section-Collapse was first proposedfor application to stainless steel pipe with circumferential
through-wallcracks, Ref. 2.1. It was subsequentlyverified for differentdiameterstainless steel pipes
with circumferentialsurfaceand through-wall cracks, Ref. 2.2. The solutions developed in Ref. 2.2
have several assumptions embeddedin their formulation. First, the analysis is based on thin-shell
theory. Thick-shell formulations exist, but are not generally used. Second, it is assumed that the
pipe remainscircular. At high loads surface-crackedpipe will ovalize, and will lose moment-carrying
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capacity. This has been documentedexperimentally,Refs. 2.2 and 2.3, but analytical corrections do
not presently exist. (Such correctionsare the objective of a currentNRC programentitled "Short
Cracks in Piping and Piping Welds', Ref. 2.4.) Finally, anotherlimitation in the original Net-
Section-Collapse formulationis that the pressurecontributionon the crackfaces is not considered.
Pressure corrections exist, but have been found to be small for most experiments of interest.

A key aspect of the Net-Section-Collapse analysis is that it assumes that the material is sufficiently
tough so that there is negligible crack growth prior to reaching maximumload. It also assumes, for
simplicity, that thepipe cross section becomes fully plastic and the net-sectionstress reaches a
constant value. The critical net-section stress at maximumload is called the flow stress.

Several different definitions of flow stress have been used in the Net-Section-Collapse analysis. The
most frequentlyused value is the average of the yield andultimate strengths. Results from the
Degraded Piping Program pipe fracoJreexperiments, Re/'.2.5, have shown that if the value of flow
stress is defined as 1.15 times the average of the yield andultimatestrengths, then the experimental
results match the predictions better. Using just the average of the yield and ultimate strengths gives a
predicted failure stress approximatelytwo standarddeviations below the average pipe test results.
Consequently, using the average of the yield andultimate strengths for the flow stress is slightly
conservative. Per the original Net-Section-Collapse equations in Reference 2.1, the average of yield
andultimateis taken as the flow stress for this study.

Another definition of flow stress comes from the ASME Section XI flaw evaluation procedures,Refs.
2.6 and 2.7. Here, the flow stress is defined as 2.4Sm for ferriticsteels and 3Sm for austeniticsteels,
where Sm is the design stress intensity from Section HIof the ASME Boiler and Pressure Vessel
code. One also has the option to calculate an Smbased on actual properties. This Smvalue, called

Sm(Am_ud,is the lowest of'. o0/3 at temperature,0.9o at temperature,or 2oy/3 at room temperature,.
per the _SME definitions for ferriticsteels. Using _e SmfAmud) would account for material
variability, andessentially would evaluateevery pipe as if the test specimenfor that experimenthad
the minimum ASME Code properties.

Although there are controversiesassociated with modifications to the Net-Section Collapse analysis
for either short through-wall cracks (see Refs. 2.2 and 2.8), or for deep surfacecracks (see Refs. 2.9
and2.10), the basic equations are believed to be reasonablyapplicable for pipes with relatively large
surface cracks.

I

2.2 ASME Section XI

Within Section XI of the ASME Boiler andPressure Vessel Code, flaw evaluationproceduresfor
cracks in austenitic and ferriticpiping have been developed. The austenitic pipe flaw evaluation
procedures are in Article IWB-3640 andCode Case 436. These were developed first in 1985, and
have been modified to include proceduresfor evaluation of cracks in lower toughness welds,
Ref. 2.6. The ferritic pipe flaw evaluation proceduresare given in the ASME Code as Code Case N-
463, Ref. 2.7, as well as Article IWB-3650. Onlythe ferritic pipe criteria is discussed in this report
because there were no austeniticpipe experimentsin the HDR E31 test series.
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2.2.1 Ferritic Pipe Fracture Analysis

The ASME ferritic pipe flaw evaluationprocedureis essentially the same as the Net-Section-Collapse
analysis procedurewith modificationsto account for failure being below Net-Section-Collapsestresses
for flaws in base metal. The majordifferences between the ASME ferriticpipe flaw evaluation
procedure andthe Net-Selden-Collapse analysis are:

* The flow stress used for ferriticpipe is 2.4Sm in the ASME Code,

* For combined tension and bending, the Net-Section-Collapse analysis and the ASME 3
terms differ slightly:

For the ASME analysis:

a"- (d/t)0_ TPm (2.8)
_^S_ = 2 2o-"_-

For the Net-Section-Collapseanalysis:

T - (d/t)0 _ TR2 P (2.9)
/_-P = 2 4R mt of

, There is a screening criterionused to assess if limit-load, elastic-plasticfracture, or
linear-elasticfractureanalyses should be used in the ASME procedure, and

• There is a simple stress multiplierused for the elastic-plasticanalysis method to account
for the lower stresses.

The stress multiplier, Z, used for a crack in base metal (MaterialCategory 1 for base metals and
shielded metal arc welds in Ref. 2.7) is

Z ffi1.2011 +0.021A(NPS-4)] (2.10)

where

A ffi [0.125(Rm/t)- 0.2_5]°'25, 5 < Rm/t < 10
ffi [0.4(Rm/t)- 3.0]°'z_, 10 < Rm/t < 20

Rm ffi meanpipe radius
t - pipe thickness

NPS = nominalpipe size (diameter), inches.
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Unlike the other engineering fractureanalysis methods, ASME Section XI prescribeshow crack size
is to be establishedfor the evaluation,the crackdepth is takenas the maximumdepth and
circumferentiallength is takenas the length on the inner circumference.

2.3 Dimensionless Plastic-Zone Parameter

In order to differentiatecases where containedplasticityexists from cases where fully plastic
conditions exist (that is, where the NSC analysis should be appropriate),a screening criterionwas
developed as partof the Degraded Piping Program,Ref. 2.5. The Dimensionless Plastic-Zone
Criterion is a semi-empirical relationshipin which the ratio of the maximum predictedstress to the
calculatedNSC stress is a functionof a Dimensionless Plastic-Zone Parameter(DPZP). The DPZP is
a simplified ratio of the plastic-zone size, using Irwin's relationship, to the distance from the crack tip
to the neutral axis. This relationship is shown in Figure 2.5 with a large amountof experimental
data. In this figure, the NSC stress is based on a flow stress equal to the averageof the actual yield
andultimate strengths of the material.

Four curves are shown in Figure2.5. For the curves shown in Figure 2.5, the relationship between
the ratio of the experimental stress to the predictedNSC stress and the DPZP is given as

= 2 arccos(e-ca)pzp)) (2.11)
Pns¢

2EJ i
DPZP = (2.12)

where

P = total failure stress
Pns= = NSC predicted tension andbendingstress
E = elastic modulus

Ji - J at crack initiation (may be Ji=)
Of -- flow stress -- (O'y + Ou)/2
Dm = meanpipe diameter
C = statisticallybased parameter.

The factor "C" is selected based on a statistical fit of the data. The three upper curves in Figure 2.5
are for different values of "C" based on three different statisticalfits of the data. The solid curve
shows a 95-percent confidence level curve for all the datafor which the DPZP was less than one.
The value of "C"for this curve is 3.0. For the best fit of the through-wall-cracked pipe and surface-
cracked pipe data, the values of C were statisticallydetermined to be 4.62 and 21.8, respectively.
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2.4 R6 Revision 3, Option 1 Analysis

The R6 method is a fracture prevention design critfria developed by CEGB, Refs. 2.11, 2.12 and
2.13. The most recent refinement is referred to as R6 Revision 3, Ref. 2.13. Within this version
there are three options for performing a flaw assessment. In all three options, a failure assessment
diagram is used; points falling inside the failure a_sessment curve are deemed safe, points outside the
curve are unsafe. The first R6 analysis option Ls_be simplest, and does not require the use of the
material stress-strain curve input. The second option requires the use of the material stress-strain
curve, and hence is slightly more complicated. The third option allows the use of any appropriate
elastic-plastic fracture mechanics analysis, i.e., GE/EPRI, to create the appropriate failure assessment
curve. In this last option, the R6 method is essentially identical to the J-estimation methods that are
discussed in Section 2.5 of this report.

Option 1 requires the least material property information, but it can be applied to virtually any
cracked-pipe. The obvious penalty for ease of use, however, is conservatism. Using the more
advanced options, conservatism is reduced at the price of a more complex analysis. To get some
sense of the failure assessment diagram methodology, and the upper limit of conservatism inherent in
R6, Option 1 is considered in some detail.

2.4.1 R6 Rev. 3 Option 1 Calculationai Procedure

In the Option 1 procedure, a fixed failure assessment curve is used for any material, crack or
structural geometry. The failure assessment curve has a load or stress ratio (Lr or Sr) axis along the
abscissa, and toughness ratio using either the K or J fracture parameter (Kr or Jr) on the ordinate, see
Figure 2.6.

The load ratio or Lr term is the applied load divided by the limit load, the limit load being the Net-
Section-Collapse predicted load for circumferentially cracked pipe. For a pipe under pressure and
bending, such as the HDR pipe system experiments, one could interpret this ratio as being the total
applied stress (bending plus tension from the pressure) divided by the Net-Section-Collapse analysis
predicted bending stress plus the pressure induced axial tension stress,

LR = ab+°t (2.13)
ObNSC.O"t

or, the ratio of just the bending stress divided by the Net-Section-Collapse analysis predicted bending
stress,

LR = °b (2.14)
ObNSC
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where

ob -
M - bending moment
Ro - outside radius
I = fp,o3t
t = pipe thickness
o, :
R i = insideradius
p = internal pressure

ObNSC -- Equation 2.7 using Oy in place of of.

Unlike the Net-Section-Collapse analysis which uses flow stress, the R6 method uses the yield
strength in the limit-load equation. The ratio of the flow stress to the yield strength can be used as
the cut-off point along the Lr axis to be consistent with Net-Section-Collapse analyses.

The toughness or K r term is the ratio of the applied linearelastic stressintensity factor, Kl, to the
toughness of the material, Kr(a), where Kr(a) can be a function of crack growth from the J-R curve of
the material

Kl (2.15)
Kr = K--_

Kr(a) = (j E)O.5 (2.16)

where

J = the value of J for the corresponding Aa from the J-R curve
of the material

E = elastic modulus.

The linear elastic stress intensity, Kl, is composed of two parts

K I = Klm+ Klb (2.17)

where Kbn and Klb are taken in this reportto be the solutions given in the ASME Section X1 ferritic
pipe flaw evaluation criteria, Article IWB-3650, Ref. 2.7,
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KL,n = Fm0rd)°'Set (2.18)

K1b = Fb(Td)0.SOb (2.19)

where

Fm = 1.1 + [d] {0.15241+16.772[[d] [0]] 0"855_14.944[_dt] [O]} (2.20)

Fb- 1.1 + [d] {_O.09967 +5.0057 I[d I [OI]0"seS_2.8329[d ] [O]} (2.21)

The Option 1 failure assessment curve, Kr-Lr curve, has the following relationship:

Kr = (!- 0.14L2)[0.3 + 0.7 e -°'65L'e] (2.22)

The failure assessment curve for Option 1 is illustratedin Figure2.6. Note that on the Lr axis, there
is a cut-off stress, that is frequentlydefined as the ratio of the flow stress to the yield strength.

Using the failure assessment diagram, moment at crack initiationand maximumload can be
calculated. In the maximumload calculations,the crackgrowth is incremented causing the Kr(a)to
increase, K! to increase, and OblqSC tO decrease.

Normally in a design situation, one would take the applied stress, yield strength, etc. and calculate a
Lr and Kr. This point would be plotted on the failure assessmentdiagram. If the point fell underthe
curve it would be considered safe. If it was above the curve, it would be a failure. The safety
margin is generally calculated as the ratio of the distance from the origin of the graph through the
point to the failureassessment curve to the distancefrom the origin to point being assessed, i.e., the
ratio of the distance OB to the distanceOA in Figure 2.6. This assumes that all stresses are
proportional,which may not be true for the combined pressureand bending pipe system experiments
being evaluated in this report.

For some experiments, one may be interested in the margin of safety on moment with the pressure
remainingconstant. This makes the definition of the Lrterm important. In this case, the definition
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of the Lr term shown in Equation 2.14 should be used. Using this definition, the margin of safety on
the moment can be determinedas described above with one exception; a second calculationto
determinethe y-interceptof the _r line is required,becauseat zero bending stress, a low
toughnesspipe or pipe with a large flaw could fail underthe internalpressure, i.e., the point would
be along the y-axis of the failure assessment diagram.

2.5 J-Estimation Scheme Analysis

In the event that limit-loadanalysis predictionsare higher than actual loads, due to low toughness
and/or large diameter pipe, elastic-plastic analysis may be needed to obtain a more accurateestimate
of the loads at crackinitiationand maximum load.

Various methods exist to predict the maximum loads for circumferentiallycrackedpipe in pure
bending. This can be accomplishedby detailed finite element analyses or by simpler approximate
closed-form solutions. Detailed finite elementanalysis could be used in an applicationphase type of
calculationalong with the materialfractureresistancecurveto determinethe strength of the cracked
pipe duringcrackgrowth. Many different fracturemechanicsparameters have been proposed, but the
J-integralparameter is the most frequently used parameter in the nuclear indusu'y. Serial closed-
form solutions exist to give approximateelastic-plasticfracturemechanics solutions for
circumferentially crackedpipe. These are frequentlyreferredto as J-estimationschemes.

There are a number of finite-length circumferentialthrough-wall-crackedpipe J-estimationschemes.
Some of the existing methodsare:

GE/EPRI, Ref. 2.14

LBB.NRC, Ref. 2.15

LBB.ENG1 and LBB.ENG2, Refs. 2.16 and2.17, respectively.

The GE/EPRIscheme uses the finite element methodto develop tables of generalized functions, so
called h-functions, for calculating the plastic contributionto J from an applied load. The LBB series
of solutions were developed in the NRC Degraded Piping Program. LBB.NRC interpolatesbetween
known linear elastic andknown rigid plastic solutions for planar fracture specimens, adaptedto
through-wall-crackedpipe geometry, to find J at an applied load, and includes material strain
hardening. The LBB.ENG methods basically use the GE/EPRIh-functions to define plastic
displacements, but integrates numerically to find the plastic contribution to J from the applied loa_.
LBB.ENG2 modifies the h-function plastic crack displacementsusing an engineering estimate of the
reducedpipe compliance due to cracktip plasticity.

Likewise, there exist only a few finite-length circumferentialsurface-crackedpipe J-estimationscheme
analyses. Methodsavailableinclude:

GE/EPRI, Ref. 2.14
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R6, Ref. 2.13

SC.TNP andSC.TKP, Ref. 2.18.

The SC.TNP andSC.'IKP solutions were developed in the NRC Degraded Piping Program,
Ref. 2.18. The SC.TNP solution is based on thin-shell theory, while SC.TKP is based on thick-shell
theory. These solutions use the GE/EPRI360-degree surface-crackedpipe solution for pure tension
to develop new h-functions for calculationof the plastic componentof J for finite-length surface-
crackedpipe in bending.

2.5.1 J-Estimation Scheme Analysis Procedures

J-estimationschemes are a way of analyticallyestimating the appliedJ that can be precisely calculated
by finite element analyses. Because finite element analyses are time consuming and expensive to
conduct for all the possible cases of interest,J-estimationschemes are more frequentlyused. In a
generic sense, the GE/EPRI method is typical of J-estimationscheme analyses. In this method, the
applied J value is determinedby separatingJ into an elastic and a plastic component, i.e.,

Jt_ = Jelastie+ Jphutic (2.23)

Elastic component solutions typically exist from handbooksolutions, but the plastic componentof J is
more complicated. The GE/EPRImethod of calculating Jplastic i5 to use finite element analyses to
define a functionthat relates the Jplmia to the applied load as per the following gener_Jform

I

Jplutie -- Ixeo°oa [P/P0]n.lhi (2.24)

whereparameters cx,Co,ao, andn are from the Ramberg-Osgoodrepresentationof the material's
stress-straincurve

The term a is the crack length, and Po is the limit load using eo as the flow stress of the material.
The term hz is a function of the crack size, the geometry of the structure,and the strain-hardening
exponent, n. This hz term is determinedfrom elastic-plastic finite element analyses.

Similarly, there are relationshipsbetween the pipe displacementor rotation of the pipe as a function
of load. The general form for such displacementfunctions is
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_plutic = aeoaoa [P/Po]nh2 (2.26)

where for crack-openingdisplacementthe h2 function is defined, and for load-pointdisplacementor
pipe rotationh3 or h4 functions are defined.

Hence, for any given load, one can calculatethe appliedJ andthe pipe displacementor pipe
rotations. If the applied J is greaterthan the Jk of the material, then the crack length is incremented
and the J value from the appropriateJ-R curve for the correspondingcrack growth is then used in
subsequentcalculations.

The basic inputs to a J-estimationscheme analysis are the stress-strainbehaviorof the material, the J
versus crack growth curve (J-Rcurve) for the material, andthe pipe and flaw geometry. Given these
dataand some prescribed loading, the applied J, pipe displacements(rotations),crack extension, and
crack-opening displacementcan all be estimated. As appropriate,the cracklength is incremented
and, eventually, the load at crack initiationand maximumload can be determined. Because the
calculations are very intensive andrepetitive, they are generally implementedin computerprograms.

As mentionedpreviously, there arevery few finite-lengththrough-wallor surface-crackedJ-estimation
scheme analyses. Battelle's NRCPIPEcomputerprogram contains a rathercomplete selection of the
availablethrough-wall-crackedpipe J-estimationscheme solutions. Surface-crackedJ-estimation
scheme analyses are containedin the companion program NRCPIPES.

2.5.2 Modification for Pressure

The predictionof initiationand maximummoment for circumferentiallycracked-pipeexperiments is
complicatedby combined pressure and bendingloads. At present, Battelle's J-estimationscheme
analyses appearto be the most detailedpipe flaw analysis procedures, short of full three-dimensional
finite-element analysis. Even so, these methodsdo not currentlyinclude the effect of internal
pressureon J.

The effect of internal pressure is addressed in an approximate way, by ignoring possible (but
suspected to be insignificant) loading path effects on plastic deformation,and replacing the axial
tension in the uncracked ligamentaheadof the crackby an additionalapplied moment. The
equivalent moment, Meq,from the pressureinduced axial tension stress is calculated as being
approximatelyequal to the differenceof the Net-Section-Collapse analysis predicted stress under pure
bending and the Net-Section-Collapseanalysis predicted stress undercombinedbending andtension
for the internalpressure.

2.6 Stability Analysis

The previouslydiscussed engineering flaw assessment methodologies predict the initiationand
maximumload-carryingcapacityof cracks in pipes. They do not, however, makeany assessment of
the stability of the flaws when the flaws reach maximumload unless all stresses are load-controlled,
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which is not typical for real piping systems. Stability in this context meansthe absenceof large
amountsof rapidcrackgrowth. If a crack has a large maximummoment capacity, and the piping
system that containsthe crack is very compliant,the applied load that would cause the crack to
propagatewill causea great deal of elastic deformationin the pipe system. The elastic deformation
of the pipe system will result in a large amountof stored energy in the pipe system which may be
released in the form of rapid, unstable crack growth after maximum load. Less compliance in the test
system or lower moment-carryingcapacityof the cracktendto enhance stability.

There currentlyaretwo engineering analysis flaw stability assessment strategies, J/T stability analysis
andEnergy Balancestability analysis. In both cases, the methods are foundedon the idea of
determining the energy stored in the pipe system that can be madeavailableto drive the crack, and
comparing this available energy to the energy that is needed to grow the crack.

2.6.1 Fully Plastic J/T Stability Analysis

The J-integral/tearing modulus, fully plastic J/T, analysis is a method currentlyused to make an
assessmentof the stability of cracked structures. Paris and his co-workers popularized the
methodology, Ref. 2.19. A ratherextensive compilation of J/T solutions for various loading modes
(displacement-controlledand load-controlled) and assumed material behaviorcan be found in Ref.
2.20.

Simply statedthe J/T instability criteriafor crackedpipe can be expressed as:

Japplied> Ji¢ (2.27)

and

TappUed > Tmate_ (2.28)

If the applied J is greaterthan Jie, the crack will grow. Then, if the appliedtearing modulus becomes
greater than the material's tearing resistance, crackgrowth instability will occur.

Graphically, the J/T methodology is shown in Figures 2.7 and 2.8. In the left-hand part of
Figure 2.7, applied J is computed as a function of load for the given pipe, crack, and material.
Applied J is also calculatedas a function of applied T and plotted on the right-handside of the figure.
Next, a J/T curve representingthe material'scrack growth resistance, as developed from a compact
tension or pipe specimen J-R curve, is plotted on the right-handportion of the figure from datashown
in Figure 2.8. JappUedand TsppUedsolutions, as a function of load, can be found in Ref. 2.20.
Instability is predi/:tedto occur when the applied and materialJ/T curves intersect.
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J/l"analyses can be performedfor surface crackor through-wallcracks underassumed load-controlled
or displacement-controlledstresses with variousassumed materialbehaviors (LEFM, small-scale
yielding, fully plastic, EPFM, etc.). J/T analysis can predict the occurrenceof an instability, but it
does not predicthow severe the instability will be. In addition,J/T analysis is limited to the
boundingcases of fully displacement-controlledor fully load-controlledstresses.

2.6.2 Energy Balance Stability Analysis

The Energy Balance Stability Method is a techniquethat was developed in the Degraded Piping
Program(Ref. 2.21) to predict the onset of crack instability and to estimatethe crack length at arrest
of a limited instabilityfor either a through-wallor surface-crackedpipe. It uses an elastic-plasticJ-
estimationscheme to calculatethe force-deflectionresponse of a cracked pipe to determinethe energy
absorbed in the fractureprocess, and the elastic energy in the pipe system to determinethe energy
available to drive the instability. It has been verified for some limited cases by quasi=staticcompliant
surface-crackedpipe fractureexperiments.

The basic process used to conductan energybalance stabilityassessment is shown in Figures 2.9
through2.11. Although the process is described in moment-rotationcoordinatesand refers to a
surface cracktransitioningto a through-wallcrack, the conceptis perfectly general and applies
equally well to load-displacementcoordinatesand purethrough-wall cracks.

In Figure 2.9a, the moment-rotationbehavior of a surface crack is shown. The crack is assumed to
be a circumferentialplaneof zero axial length, with all effects of the pipe on either side excluded. At
any point on the loading curve, the shaded area describes the elastic energy that is stored in the
crackedpipe. In Figure 2.9b, the elastic energy stored in the attachedpiping is shown, assuming that
all of the piping remotefrom the crack remains elastic and that the loading and unloading compliances
are equal andlinear. Figure 2.9c is the sum of the energies shown in Figures 2.9a and 2.9b. This is
the total energy available to drive a crack.

The energy absorbedby a through-wallcrackgrowing from length 0i, the original length of the
surface crack, to some final length 0_ is shown in Figure 2.10. Figure 2.11 shows the energy being
absorbed to propagatethe through-wallcrack being made equalto the available elastic energy from
the crack andthe attachedpiping system. Stability is determinedby how far out on the through-wall
crack curve the energies balance.

In contrast to the J/T analysis, the Energy Balance analysis can estimatehow far the crack will
propagate;given that the energies balance at a given crackrotationthat is above zero moment, the
companion J-estimationscheme can be used to fred the cracklength at that rotation. Energy Balance
can also, in a rough way, deal with combined displacement-andload-controlled stresses. If the
applied momenton the crackdue to pressureand dead weight, for instance, is greater than the
moment where the energies balance (see the horizontalload-controlled r_oment line in Figure 2.11),
the crack will not arrestbut would be expectedto grow to a DEGB.
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2.7 Application

In application, the fractureanalysis methodsdescribedabove are used in conjunctionwith a linear
elastic stress analysis. Flaws are postulatedto exist at various locations, the applied momentsor
stresses at the flaw locations are extractedfrom the elastic stress reports, andthen capacityof the flaw
is comparedto the applied load. If the flaw capacity is less than the applied load, a stabilityanalysis
is then performed.
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Figure 2.1 Net-Section-Collapse criteria
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Figure 2.3 Nomenclature and loading for the appHcltion of the Nei-Section_Collapse criterion to
a pipe with a circumferential surface crack subjected to pure bending
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Figure 2.4 Nomenclature and loading for the appfication of the Net-Section-Collapse criterion to
a pipe with a circumferential surface crack subjected to combined pressure and
bending
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3. NONLINEAR FEA FRACTURE MECHANICS ANALYSES

The analysesdescribed in the previous section make liberal use of engineering assumptions to
intentionallyinduce conservativeestimates of flaw behavior. Foremost amongthe assumptions that
contributeto the conservatismare:

(1) The fractureandpipe response are assumedto be decoupled

(2) An elastic stress analysis is used

(3) The transient natureof dynamic loads is ignored, i.e., stresses are applied statically and
in a load-controlled manner

(4) "Design"values for materialpropertiesare used in a numberof the methods.

From a plant design and operationperspective, this conservatism is generally desirable. From the
point of view of analysis margin assessment, or the point of view of pipe fractureexperiment design,
the inherentconservatismof the engineering fracturemechanicsanalyses is not appropriate. To
address this issue, a state-of-the-artnonlinearFEA pipe fracture analysis method that directly deals
with the four points listed above was developed in the IPIRG-I program,Ref. 3.1. In the current
program, the state-of-the-arthas been refined to incorporateadditionalknown dynamic pipe fracture
phenomena.

3.1 Prior State-Of-The-Art

Prior to starting this program in January 1992, the state-of:the-an in dynamic fracture analysis had
been advanced to the point where the time to failure and maximummoment of a surface-crackedtest
section in a dynamicallyloaded expansion loop could be predicted with reasonable accuracy, Ref. 3.2.
Becausethe developmentof this basic capability formedthe foundationfor the advancements needed
to analyze the HDR-E31 experiments, a review of the state-of-the-artat the beginning of this program
will be useful.

There are at least three differentcategories of cracked-pipedynamic analyses. These are;

• Complete three-dimensionalfiniteelementmodeling

• Substructuring, using beam elementsfor the uncrackedpipe and three-dimensional
elements at the cracklocation

• Using beam elements for the uncrackedpipe and a nonlinearspring element to simulate
the crackresponse.
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Complete three-dimensional,elastic-plastic,dynamic analysis is extremely cosily, thne consuming,
and is not a practicalengineeringtool. Substructuringwith beamelements and three-dimensional
elements at the crack is more practical,but for a surface-crackproblem, the finite element mesh is
very complicated. Griesbach, Ref. 3.3, conducteda substructureddynamic analysis for a through-
wall crackwith a relatively coarse shell elementmesh, see Figure 3.1. Mesh development and
computertime for a more detailed analysis, particularlyfor surfacecracks, makes such an approach
very expensive.

The final approach, the one used by Battelleduringthe IPIRG-I program,has proven to be very
economical, and is possibly the most accurateapproach. In this approach, the crack response is
representedby a nonlinear spring andthe dynamicresponse of the pipe system becomes an inherent
partof the fractureanalysis.

3.1.1 Nonlinear Spring Dynamic Analysis Options

There are several different approacheswhich could be used to simulate the response of a crackedpipe
using a nonlinear spring. Some of these are:

• Reducethe thickness of a short length of pipe and/or change the stress-strain curve to
give the proper nonlinear response that the crack would cause. This is similar to the
engineering approachused in developing the Batteile's through-wall-crackJ-estimation
scheme LBB.ENG method, Refs. 3.4 and3.5, see Figure 3.2.

• Completely embed one of the J-estimationschemes within the beam element code.

• Determine a nonlinearstiffness and implementit with a nonlinear spring element.

Of these, the first two requiremore computationaltime than the third. The first approachrequires
that the constitutiveequations be solved for the simulated crackedpipe section. The second requires
that an estimationscheme such as LBB.ENG, GE/EPRI, LBB.NRC, LBB.GE, Refs. 3.4, 3.6 and
3.7, for through-wall-crackedpipe or SC.TKP or SC.TNP for surface-crackedpipe, Ref. 3.8, be
solved at every matrixupdate. This method was pursuedby CEA in France, Ref. 3.9, but to date
only a rigid-elastic, perfectly-plasticfracture elementhas been incorporated. The last methodwas
adoptedby Battelle for the IPIRG-Iprogramandhas proven to be efficient, reliable, and accurate.

3.1.2 Nonlinear Spring Element

The method that Battellepursued and refined in the IPIRG-Iprogram for the dynamic analysis of
flawed pipingestablishedthe stiffness (moment-rotationrelationship)of a nonlinear spring
representationof a crackedpipe using the J-estimationschemes described in Section 2.5. Although
experimentaldata (i.e., results from a quasi-staticpipe fracture experimentwith the same material and
flaw size) might be available, the J-estimationscheme approachfor predicting the moment-rotation
response is more consistent with data that are likely to be available for a flaw evaluation, i.e.,
specimen materialproperties. In calculating the stiffness of a cracked-pipe section using a
J-estimationscheme, the material propertiesandcrack section geometry (i.e., pipe diameter,

i
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thickness, cracklength, and crackdepth) need to be well defined. In addition, several assumptions
are made in generatingthe crack stiffness:

• For low-cycle high amplitudeloading, the cyclic load effects on the circumferential
crack growth are assumedto be small; crack growth is dominated by ductile tearing
under increasing load amplitude.

• High strain rate effects on crackgrowth andon the constitutive relationshipare typically
ignored, even though they may tend to influencecrack growth and the plastic flow for
some materials. Rarely, however, will one have access to dynamic materialproperty
data (i.e., dynamic tensile or J-R curve data).

• Only a separation mode (Mode I) of crackpropagationunder bending is assumed. This
implies that the crack section is considered to be rigid in all degrees of freedom except
the rotationcorrespondingto the crackopening.

• The rotational deformationdue to the crack andrelevantplastic deformationsare
confined to the crack section.

The nonlinear cracked section modeldeveloped in the IPIRG-1program was implementedusing
spring-slider elements (STIF40, Combination Element) in the ANSYS Version 4.4a computer
program. The spring-slider element, one of which is shown in Figure 3.3, is a two node, two
degree-of-freedom elementwith a linear spring anda friction slider in series. At low loads, the slider
is locked and the two nodes behave as if they have a linearspring between them. When the spring
load reaches a magnitudeof + Fsttde, the force between Nodes I andJ remains constant. If the
spring-sliderreaches the limiting force and then is unloaded, a permanentdisplacementwill remain
when the load is broughtback to zero. Puttingtwo or more spring-sliderelements in parallel with
different stiffnesses andFstide values allows one to model a multi-linear load-deflection curve. Figure
3.4 illustrates the modeling of a 3-segment curve.

Under monotonically increasing load, a multi-linearspring-sliderrepresentationof a crack follows the
curve shown in Figure 3.5. Withload reversals, compressive yield andhysterisis effects are
exhibited. Referringto Figure 3.5, at the point of first unloading, the spring-slidermodel unloads
along a line parallel to the slope of the initial segment of the defined moment-rotationcurve.
Unloading continues along this line until the load reaches a value of 2FTIbelow the load at which
unloading took place. At this point, the system unloads along a line parallel to the slope of the
second segment. If the system continues unloading to a load level thatis 2(FT2- FTI)below the
slope change (yield), the system unloads along a line parallelto the third segment. Subsequent
yielding and load reversals continuewith the same pattern. The behaviorof the spring-slider
elements described above is a model of the Baushingereffect, i.e., kinematichardening in a plasticity
analysis. The implication of using a model like this is that energy is absorbedat the crack under
cyclic loading.

The multi-linearspring-slidermodel is attachedto a pairof coincident nodes at the cracklocation in
the pipe model, couplingthe two nodes together in the relativerotationbendingdegree-of-freedom of
the attachedpipe elements. The remainingfive degrees of freedom; the two shears, the torsion, the
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tension, andthe remainingbendingdegree-of-freedom,are rigidly coupledwith constraintequations.
To accommodatecrackclosure in the nonlinear springmodel, a very stiff spring is insertedthat is
"activated"when the rotationstry to become negative.

3.1.3 Nonlinear Spring Performance

The nonlinear spring model discussed above was used to design the IPIRG-Ipipe system and inertial
loading experiments. Figure 3.6 shows the configurationof the IPIRG-I crackedpipe inertial loading
test facility. In these experiments, a straightpipe with large masses at each end anda crack in the
middle is supportedat two points nearthe middle of the span. Load is appliedto the crack when the
supportpoints are moved vertically. If the frequency of the imposed motion is near the first resonant
frequency of the pipe, the inertial masses will oscillate in the vertical plane, and thus load the crack.
Figure 3.7 shows a typical applied supportdisplacementfor an IPIRG-I SubtaskI experiment.
Figures 3.8 to 3.10 show a comparison of predictionsusing the nonlinear spring model and an IPlRG-
1 inertial loading experiment. Figures 3.11 to 3.16 show the test facility, typical loading, anda
comparisonof nonlinear spring analysis results and an IPIRG-I pipe system experiment. The
agreementbetween the analysis andexperimentaldatasuggests that the basic cracked section
behavior, system dynamics, an_ flaw-structureinteractionhave been properlyrepresented.

The model describedabove is quite simple, andas long as the loading does not take excessively large
steps, closed hysterisis loops are tracedon unloading and reloading. The primarylimitationof the
spring-slider representationof the moment-rotationresponse is that it cannotconsider the crack
response past maximum load. Consequently, it is not possible to model the behavior of the crack
section as a surface crack penetratesthe pipe wall and transitions into a through-wall crack, a
behavior that is importantfor analysis of the HDR-E31 experiments.

3.2 Advancements in the State-Of-The-Art

The state-of-the-artin dynamicpipe fracture mechanics at the beginning of this program permittedan
analyst to calculatethe maximummoment and the time required to attainthis moment for both surface
andthrough-wall cracks. Energy dissipation, due to cyclic loading of the nonlinear crack prior to
initiation, was an inherentpartof the time-historyanalysis. Loading past maximum moment,
transitionof a surface crack to a through-wallcrack, and reinitiationof a crackthat has already
extendedwere not possible. Because all of these featureswere thought to be importantfor analysis of
the HDR-E31 experiments, refinementsand enhancementswere made to the basic nonlinearspring
analysis capability.

3.2.1 Prediction of Flaw Behavior Past Maximum Moment

The first refinementof the dynamic nonlinearspring model of crackedpipe that was explored was
predictionof flaw behaviorpast maximumload, including potential flaw instability. The difficulty
with making these kind of calculations is that the tangent stiffness of the crack is negative past
maximumload, see Figure 3.17. The conceptof negative stiffness, i.e., increasing displacementwith
decreasingload, is somewhat foreign, in that it appearsto be a manifestationof perpetualmotion;
ordinarysprings do not generally exhibit this kind of behavior. However, it must be recognized that
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the negative stiffness is local to the crack,because the overall pipe-cracksystem must have a positive
stiffness or the pipe will be unstable. The spring-sliderelements used in IPIRG-I, because they
model simple mechanicalsprings andfriction, cannotbe used to define a negative local stiffness.
Thus, a different model is requiredto be able to analyze cracked pipe behavior past maximum load.

3.2.1.1 Model

The requirementsfor a crack model that will permitanalysis past maximumload are as follows:

• The ability to model negative local stiffness

• The capability to accommodateunloading into the compressive regime

• Dissipation of energy throughkinematic hardening-typeplasticity behavior.

At the outset of this program, the planwas to use the nonlinearforce-deflectionelement, STIF39, in
ANSYS for modeling cracks past maximumload. This elementcan use up to 40 linear segments to
describe a nonlinear force-deflection(moment-rotation)response, including portions with negative
tangent stiffness. Based on experiencewith STIF39 in IPIRG-I, the element needed some
modificationsto meet all of the requirements. Basic.ally, as shown in Figure 3.18, the original
STIF39 exhibits a ratchetingphenomenonwherein the moment-rotationcurve is reset to the original
curve, but with an offset, whenever the elementreloads to a positive moment after going below zero
moment. Fundamentally, this means that the third requirementfor a model for analysis of cracked
pipe behavior past maximumload cannotbe satisfied. The proposedremedy for the ratcheting-upon-
reloading problemwith STIF39 was to modify the element.

Plans to modify STIF39 to removethe undesirableratchetingbehavior began when the source code
for STIF39 was purchased from SwansonAnalysis System, Inc. (SASI), the authorsof ANSYS.
With encouragementfrom SASI, we were led to believe that the changeswere simple, and that we
could make them ourselves. Inspectionof the source code for STIF39 suggested that the changes
needed were more substantial,so modifying STIF39 was abandoned.

Several ideas were proposed to achieve the effect of a modified STIF39 element. The most promising
idea was to use the standardkinematichardening plasticity constitutive law in ANSYS as a vehicle for
obtainingthe desired behavior, because it can be used to model post-yield behavior. Specifically,
rigid offsets from the pipe connected with a plastic pin-connected truss, as shown in Figure 3.19,
were proposed for creating the moment-rotationresponse for a crack. With suitableconsiderationof
the geometry of the offsets and size of the truss, it seemed reasonablethat a prescribed nonlinear
moment-rotationcurve couldbe converted to an equivalentnonlinear stress-straincurve that ANSYS
could inherentlyuse.

Figure 3.20 shows a moment-rotationcurve that was modeled as describedabove, and Figures 3.21
and 3.22 show analysis results for this "element'. The "element"traces closed hysterisis loops, it
unloads properlybelow zero moment, it displaces beyond maximummoment, and it unloads and
reloads properly even beyond maximummoment. In short, it is the behavior that was sought. The
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only limitationwith this approachto crack section modeling is that only five stress-stralnsegments are
permitted.

3.2.1.2 Validation

A criticaltest of the nonlinearspring element is to see if the element can predict an instabilityfor a
simple, quasi-staticallyloaded pipe in four-pointbending, when the moment-rotationresponse andthe
system compliance are known. Ideally, the elementshould also be able to predict how far the
momentwould drop if there was a limited crackjump, i.e., the pipe did not break in half.

To make this assessment, five experiments from David Taylor ResearchCenter (DTRC) on 8-inch
diameterAI06 GradeB pipe have been modeled, Ref. 3.10. The five experiments chosen for this
analysishad different crack lengths and test system compliances, but the same pipe material and
nominalpipe size. The relevant experimentaldataare summarized in Table 3.1, while the test system
configurationmodeled with ANSYS is shown in Figure 3.23.

The objective of the DTRC experiments was to providedata to evaluate the Tada-ParisandZahoor
J/T instability analyses. With referenceto Figure 3.23, if a crack has a large maximummoment and
the belleville springs are relativelysoft, the applied load from the pistons will be large andhence, the
deflections of the springs will be large. At large spring deflections, there will be a large amountof
stored energy in the springs availableto drive the crack unstableafter maximumload. Less
compliance in the test system or lower moment-carryingcapacity of the crack tend to enhance
stability. The cracks in Experiments 7, 11, and 12 were stable while the cracks in Experiments 13
and 14 were unstable.

Prediction of the DTRC experimentsusing the post-maximumload feature of the nonlinear FEA
fractureanalysis is straightforward:

(I) The geometry of the basic pipe system is modeled using ANSYS pipe elements.

(2) A J-estimationscheme analysis is performedto define the moment-rotationresponse of
the crack.

(3) The predictedmoment-rotationresponse of the cracked section is implemented in the
ANSYS model using a nonlinear truss.

(4) Dynamic time-history analysis is performed. Any tendency toward instability should be
evident in the load-time or load-deflectioncurves. (It mustbe noted that dynamic
analysis must be used, even though the displacements to load the pipe were applied
quasi-statically, because the inertia of the pipe provides a significant restraintto
instability, i.e., some of the energy in the springs must be used to accelerate the pipe).

Obviously, the predicted moment-rotationresponse has a significant influenceon crack stability in the
analysis of a compliantfour-pointbend experiment. Therefore, as a preliminarystep to actually
performingthe finite elementanalyses of the DTRC experiments, a quick check of the quality of the
J-estimationscheme predictionswas made. Table 3.2 compares the maximum moments for the
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DTRC experimentsandthe NRCPIPEVersion 1.4d predictionsmade using the LBB.ENG2 J-
estimationscheme analysis for a circumferentialthrough-wallcrack. Figure 3.24 compares
experimentalandpredictedforce-deflectionresponsefor the only DTRC experiment with a complete
datarecord in our files, DTRC Experiment7. From Table 3.2, it is apparentthat NRCPIPEdoes a
good job of predicting maximummoments, andfrom Figure 3.24, it is clearthat the load-line
displacementsandhence, crackrotationsare quitegood also. (The comparison in Figure 3.24 was
the worst of the maximumload predictions in Table 3.2.) The moment-rotation_rves for all of the
relevant DTRC compliantinstabilitycracks are shown in Figure 3.25. The J-R curve c_lculatedby
DTRC from the pipe experiments was used in the LBB.ENG2 analysis.

As indicatedpreviously, crack instability is a functionof the compliance of the test system: very stiff
Oow compliance)test systems tend to be stable, while soft (high compliance) systems promote
instability. To determinewhether this behavior can be duplicatedanalytically, several analyses of
DTRC Experiment 7 were performedwith varying machine stiffnesses. Using the measured stiffness
from the experiment, 87,563 N/ram (500,000 ib/in), the finite element analysispredicts complete
stability, Figure 3.26. This is consistent with the experimentalobservation. Reducing the belleville
spring stiffness from 87,563 N/mm (500,000 lb/in) to 2,627 N/ram (15,000 Ib/in), a crackjumpjust
after maximum load occurs, Figure 3.27. The abruptdrop in applied load for essentially no change
in displacementsuggests that the Rack ran some distance and then arrested. The moment rotation
curve in Figure 3.26b is identicalto Figure 3.2To, as expe_ed, indicatingthat the dynamic analysis
has not violated the prescribedcrack element constitutiverelationshipand that the predi_ed
equilibriumconfigurationis valid_

Considering DTRC Experiments 11 through14 with the measuredtest machinecompliance, all of the
dynamic finite element analyses indicatethat equilibriumcannotbe found after maximummoment.
Figure 3.28 illustrates a typical result. Based on the results presented for Experiment7, the correct
interpretationof this is that there is an instabilityand that it is so severe that the pipes are all
predicted to be severed.

Analysis of the DTRC 8-inch nominaldiameter AI06 GradeB pipe compliantinstability tests was
concludedby examining the predictedstabilityof Experiment7 and Experiments 11 through 13 using
the J/T stability analysis methodand the Energy Balance stability method. Table 3.3 presents a
comparisonof the predi_ed stability using all of the analysis methods and the experimentally
observed stability. The predictionof instability for DTRC Experiments 11 and 12 is not consistent
with the test observations. With regard to the severity of the instabilityof the unstable experiments,
based on the published reportof the DTRC experiments, there are no data concerninghow far the
crackactually grew when it went unstable. In a conversationwith Mr. Richard Hayes who ran the
experiments, however, we were told that the magnitudeof any instabilitywas artificially limited by
stops designed to limit spring extension, probably to keep from throwing thepipe out of the test
machine. Thus, there is no way to assess the actualmagnitudeof instability in the DTRC tests.

Originally, the J/T analysis of the DTRC experimentswas done using the Tada-ParisJ/T formulation,
Reference 3.11. Unfortunately,this formulationsuggested that instability would occur immediately,
because at Jic, Tapptiedis grea*_rthan Tmateri_. This, of course is nonsensical, because the
experiments were-_3nductedunderdisplacement-controlledloading andhence, crack growth is
inherentlystable at least until maximum load is reached. Efforts to discover an obvious flaw in the
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Tada-Parisformulationwere unproductive,so a more recentJ/T EPFM analysis by Zaboor was used,
Reference 3.12.

The Zaboor EPFMJ/T analysis requiredknowledge of load-displacement-crackgrowth behavior.
_e we did not have the experimentalP-_-L_adata, we calculated these values using the
LBB.ENG2 option in NRCPlPE using the pipe J-R curve calculatedby DTRC. The pipe andCO')
specimenJ-R curves were virtually identical, butthe pipe J-R curve extends to much larger_t values
than the C(T) specimen.

The universal disagreementbetween all of the predictionsandthe observed stability for Experiments
11 and 12 raised the issue of the sensitivity of the stability predictions to stiffness changes. The
thought was that perhaps the measuredstiffnesses were slightly in error,and that this was biasing the
predictions. To examine the sensitivity of the stability predictions to stiffness changes, several
hypotheticalstiffnesses were considered for Experiment 13.

Figures 3.29 through3.31 show Energy Balance stability assessmentsfor Experiment 13 at various
stiffnesses andFigure 3.32 shows similarresults for J/T analyses. Table 3.4 compares the
experimentaland predictedstability results with various stiffnesses using the three stability prediction
methods. For Experiment 13, ANSYS predicts imminentstability at a stiffness of 19,264 N/mm
(110,000 lb/in) stiffness, Energy Balance predicts imminentstability at 15,761 N/ram (90,000 lb/in),
and the Zahoor J/T analysis suggests that stability is imminentat just over 10,508 N/nun (60,000
lb/in). The conclusion from this investigation is that slight stiffness measurementerrors cannot
explain why the stabilityof Experiments 11 and 12 is incorrectlypredicted.

There is no clear explanationfor the discrepancies, both in terms of incorrect prediction of some of
the DTRC experiments and predicted stiffness changes needed to bring about stability for Experiment
13. Because all of the experiments had the same belleville springstiffness, however, it is not
surprisingthat the analyses predict Experiments 11 and 12 as unstable,because the predicted moment-
rotationcurves for the stable experiments (see Figure 3.25) arevirtually identical to the moment-
rotationcurve for Experiment 13. The root causeof the incorrectprediction of instability for
Experiments 11 and 12 is not apparent. To resolve these discrepanciesmore compliant instability
testing will have to be conducted.

3.2.1.3 Summary of Analysisof O,-acked-PipeBehavior
Beyond Maximum Lead

The FEA model developed for analysis of cracked-pipebehavior beyond maximummoment is a
simple extension of the basic cracked-pipeelementdeveloped in the IPIRG-I program. It
incorporatesall of the featuresneeded to captureexpected crack behavior:the ability to model
negative local stiffness, the capability to accommodateunloading into the compressive regime,
dissipation of energy throughkinematichardening-typeplasticity behavior, and the ability to predict
crackinstability. Comparison of performanceof the post-maximumnonlinear FEA cracked-pipe
elementpredictions with experiments and other prediction methodologies have shown reasonable
agreement, although the paucityof dataand apparent inconsistencies in the experimental results are
problematic. The bounds for use of the elementare: (1) it uses standardprogram capabilitiesthat
should be available in any nonlinearfinite elementprogram, (2) dynamic analysis must be used so
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thatthe restraininginfluenceof pipe inertiais included, and0) the qualityof the pipe-flaw system
analysis is a direct functionof the quality of the J-estimationscheme predictionof the moment-
rotationbehavior.

3.2.2 Predldlon of SC to TWC Transitions

The second refinementof the basic nonlinearspring model cf crackedpipe that was explored was
predictionof surface crackto through-wallcracktransitions. During loading of a surface crack in a
pipe, the surface crack will initiateandpropagateradially. Eventually, if the loadingcontinues, the
surface crackwill penetratethe pipe wall and the crack will become a through-wallcrack which can
grow in the circumferentialdirection. The transitionof the surface crack to a through-wallcrack is
generally quite abrupt,because surface cracks tend to have a much higher moment capacity than the
resultingthrough-wall cracks, i.e., there is the potentialfor unstable crackgrowth during the
transition. Ideally, a nonlinearFEA dynamic cracked-pipeanalysis should be able to addressthe
following:

, Whether or not the surface crackpenetratesthe pipe wall

• How far the through-wallcrackpropagateswhen me surface crackpenetratesthe pipe
wall

• Whetherthe resultingthrough-wallcrackpropagatesduringsubsequentloading.

Predictionof this type of behaviorcan be obtained using refinements of the previously discussed
spring-sliderand nonlinear-trussmodels.

3.2.2.1 Model

The first and last issues identified above can be addressed with the analysis tools already discussed.
A spring-slidermodel of a surfacecrack inherentlypermits one to determine if the surface crack
reachesmaximumload. The nonlinear-trussmodel, because it can be used for analysis past
maximum load, can be used for predictingboth the occurrenceof maximum load and crack
propagationbehavior.

Several concepts for modeling surface-crackto through-wail-cracktransitions were explored. These
included:

• Multiple parallel nonlinear trusses with a break-awayelement. In this model, the
surface-crackmoment-rotationresponse is modeled with one nonlinear-trusselement and
the through-wallcrack is modeledwith another. The transition from surface crackto
through-wall crackoccurs when a break-awayelement in series with the surface crack
element reaches a prescribedbreak-awayforce. Figure 3.33 shows a schematic of this
model.

3-9 NUREG/CR-6234



NONLINEARFEAFRACTUREMECHANICSANALYSES Section3

• Spring-slidersand a break-awaydement in parallelwith a nonlinear truss. This model
uses three spring-slidersin paralld to model the basic surface-crack behavior while a
nonlineartruss models the through-wallcrack. A break-awayelement "removes"the
spring-slidersfrom the analysis whenthe surface-crackmaximum moment is reached.
Figure 3.34 shows a schematicof this crack model.

The results of analyses with the models described above were successful in that surface-crackto
through-wall crack transitionscould be analyticallymodded. The results were somewhat
disappointing,however, in that none of the crack models was as convergentas desired. Specifically,
if the load on any of the crack models was increased too rapidly, in many cases the break-away
dement would "break"prematurely. Replacing a fore,e-based break-awayfeature (ANSYS STIF40,
Combination Element) with a displacement-basedbreak-awayfeature (ANSYS STIF37, Control
Element) did not improvethe convergence.

After some furtherinvestigation, the most successful approachto modeling surface to through-wall
crack transitions was found to be the spring-sliderwith one nonlinear-trussmodel as shown in Figure
3.34. The crack "element"is actuallyan assembly of ANSYS elements that give the desired effect.
The surface crack is modeled as in the IPIRG-1programwith ANSYS spring-slider elements. Using
three spring-slider elements in paxallel with appropriatelysdected stiffnesses and slide forces, one can
model the moment-rotationof the surface crack up to the point of maximummoment. The through-
wall crack is modeled with a plastic truss connectedby rigid links to the pipe. By suitable definition
of the nonlinear stress-straincurve for the truss, a through-wall-crackmoment-rotationbehavior that
extends beyond maximummoment can be described. The transition from surface crack to through-
wall crack is accomplishedusing a break-awaydement. Basically, when the maximumsurface-crack
moment is achieved, the break-awayelement takesthe surface crack out of the analysis leaving the
through-wallcrack element.

In theory, one should be able to set the break-av_ty elementmaximumload to the maximumsurface-
crackmoment andhave everything behave properly. In practice, however, the break-awayfeature
has a propensityto "break"prematurely. Therefore, the procedurethat had to be adopted for
conductingsurfac_'rack to through-wall-crack transition analyses is as follows:

(1) Set the maximum force of the break-awayelement to a high value.

(2) Conductthe dynamic "analysisand note when the maximumsurface-crackmoment is
achieved.

(3) Restartthe analysis at the time step of maximum momentof the surface crackwith the
correct break-awayforce in the break-awayelement. This will "remove"the surface
crack from the subsequentload steps.

This procedure, when implemented, works very well. It is not particularly elegant or easy to use, but
it is effective. One must be careful when assigning stiffnesses to be certain that all series and parallel
springs have been properlyconsidered, otherwise the structurewill be too stiff.
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A final note here is that the above procedureworks well as long as the through-wall-crackcurve is
below the surface-crackcurve. For very deep andshort cracks, the converse can be true (Ref. 3.13
and 3.14), but the currentJ-estimationschemes cannotpredict these cases.

3.2.2.2 Validation

Verificationof the surface-crackto through-wall-cracktransitionelement was performedby analyzing
one of the IPIRG-I pipe system test experiments, Ref. 3.1. Specifically, IPIRG-I Experiment 1.3-7
was analyzed:

* Nominal 16-inch diameter,Sch 100 pipe

• Aged cast stainless steel material

• Initial surface crack: 53 percentdeep, 50 percent aroundthe circumference

• Pipe system at PWR conditions,288 C (550 F) and 15.51 MPa (2,250 psi)

• Growing amplitudesinusoidal excitation.

Figure3.11 shows a schematic of the IPIRGpipe system, while Figure 3.12 shows its dimensions.
The measured forcing function for Experiment1.3-7 is shown in Figure 3.35.

The inputfor the crack response for Experiment1.3-7 consisted of the spring stiffnesses, slide forces,
stress-strain curve for the plastic truss, and the associated geometry. These datawere generated from
J-estimationscheme analyses of the surfacecrack (SC.TNP) and through-wall crack(LBB.ENG2).
Using laboratoryspecimen J-R and stress-strain data, the J-estimationschemes predict the moment-
rotationresponse of the surface crackandresultingthrough-wall crackto be as shown in Figure 3.36.

Figure 3.37 shows a comparison of the predicted andmeasuredmoment-timeresponse at the crack.
(The experimentaldata after 4 seconds are not valid). To the point of maximummoment, the
prediction agreesvery well with the experiment. The prediction also is quite good duringthe surface
crackto through-wallcrack transition. In fact, the analysis properlypredicts the first small cyclic
load increaseafter maximum moment. When the through-wall-crackreaches its first positive peak in
load, the prediction is also good. In subsequentcycles of loading, however, the prediction shows the
crackalways attaininga positive momentof about 113 kN-m (I.0 x 106 in-lb), while the experiment
shows a progressivedecrease in peak momentup to about4 seconds. The predicted behavior is
counter intuitive, because as the through-wallcrackgrows to maximumload on any given cycle, we
expect the peak attainablemoment to progressivelydrop off undercontinuedcyclic loading.

To understandthe predicted behaviorafter maximummoment, one need only look at the moment-
rotationresponse, Figure 3.38. The predicted through-wall-crackbehavior representsclassical
kinematic hardening, as can be seen in the hysterisis loops that are traced. In a case where there is a
stress-straincurve that softens aftermaximumload, as is the case with our crack model, the kinematic

hardening flow rule prescription that the next yield always occurs at 2ay above or below a change in
loading directionincreases the moment capacityof the crackas it gets to larger and larger cyclic
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rotations. There is no simple remedy for this anomalousbehavior, because it is inherentto the
kinematichardeningmodel. The net resultof this limitationis that _through-wali-crackgrowth after a
surfaceto through-wall-cracktransitioncan be predictedonly for the first through-wallloading cycle.

3.2.2.3 Smnmary of Dynamic Surface to Through-wall Crack
Transition Behavior

The analyses discussed indicatethat the proceduresandelements used to model the crack are quite
reasonabi¢. As a pioneering effort, the results suggest that it is possible to predict dynamic pipe
fracture,including the surfaceto through-wall-cracktransition,with betterthan "good enough"
accuracy. Although there still is room for improvement,particularlyin the way of defining a new
hardeningrule for cyclic through-wall-crackgrowth, a primaryconcern for design, the propensity for
a DEGB, can be addressed with this analysis. Within the contextof the HDR-E31 analyses, the
approachused here is all that is required becauseonly one large load cycle is expected.

3.2.3 Cyclic Loading with Reinitiation

The third refinementof dynamic, nonlinear, cracked-pipe analysis thatwas examined in this program
was the behavior of through-wallcracks under cyclic loading. Up to the time when the validation
analyses for the surface-crackto through-wall-cracktransitionswere being conducted, no systematic
considerationof analyticalpredictionof cyclic ductile tearing hadbeen undertaken. The observation
from experiments with through-wallcracks that were unloaded and reloaded several times is that there
shouldbe a continuous degradation of maximum moment-carryingcapacitywith each increment of
crackgrowth. As described above, the kinematichardeningflow rulebehavior is inconsistent with
this observation.

3.2.3.1 Model

Two technicalfeaturesdominatemodeling of cyclic ductile tearing episodes:

• A methodology to predict the moment-rotationcurve of a crack that has previously been
extended

• Behavior of the crackwhen it is unloaded into the compressive regime.

The first feature must be addressed in such a fashion that the model incorporatesprogressive
degradation of maximum moment-carryingcapacity and increasing elastic compliance with increasing
crack size. The second featuremust incorporate only crack section yielding (no crack growth) and
crackclosure duringcompressive loading.

Becauseof the limitations of standardplasticity flow rules (isotropichardening, kinematichardening,
etc.), reinitiationof previously extended cracks cannotbe handled automaticallyby finite element
programs; the programscontinueto refer back to the original input curve behavior. Rather, multiple
restartswith new through-wall-crackmoment-rotationcurves have to be used. Basically when a
through-wallcrack is reloaded, a new moment-rotationcurve must be defined that is based on the
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amountof crackgrowth attainedin the previous loading cycle. Implementingthis process is quite
straightforward,but it is somewhat cumbersome.

As a partof developing this analysis procedure, a rationalbasis for generatingthe new moment-
rotationcurve hadto be defined. Several ideas were explored before a satisfactory one was found.
The first idea that was tested, and the simplest one, used the NRCPIPEJ-estimation scheme with the
original stress-strain curve and the original J-R curve, but with an updated crack length. The results
of this analysis producedmaximummoments in the longer crackthat were substantiallybelow the
nioment at which the originalcrack was unloaded. Based on IPIRG-1program, Ref. 3.15, results for
through-wall cracks that were unloaded and subsequentlyreloaded, the maximummoment upon
reloading should be almost the same as the moment at unloading.

The second idea assumed that as the crackgets longer, Ji is raised to the value of Jappliedbefore
unloading. This assumptionsatisfies the requirementthat the reloaded maximummoment be
approximatelyequal to the moment at unloading. Furthermore,the moment-rotationresponse after
maximummoment for the longer crack is identicalto the original moment-rotationcurve. Figure
3.39 illustratesthe results from using the two differentproceduresfor consideringcrack growth. The
modified length with modified J-R curve is the one that makes the most sense.

The issue of the compressive loading behavior of a cyclically loaded through-wall crack is important,
because hysterisis loops traced during unloading of a through-wallcrack appearto the pipe system as
damping. As a consequence, the shape of the moment-rotationresponse of a through-wallcrack when
it unloads will influence the pipe system dynamics, and indirectly, the propensityof the through-wall
crackto grow.

The dynamic analysis model discussed in Section 3.2.2 used a kinematichardening model, with the
cow,_ressiveregion being a mirrorimage of the tensile region. As presented in the discussion of
serface-crackto through-wall-cracktransition, the kinematicmodel exhibits an anomaly when one
operates out at large rotations where the tangentstiffness is negative: on unloading,the reflected
tensile moment-rotationcurve goes througha minimumandthen moments become more positive, see
Figure 3.40. In fact, in the compressive region, the kinematic model implies some son of "crack
growth" behavior, which is not appropriate. What is needed to correctthese deficiencies is a
moment-rotationresponse that has distinctly defined tension and compressivemoment-rotationcurves
andsome sort of flow rule.

A simple engineeringmodel for pipe crack unloadinghas been hypothesized to behave as follows:

. The unloading stiffness is equal to the elastic stiffness at the crack length when the crack
is unloaded. This implies that if a crackhas grown, it will unload with a stiffness less
than the elastic stiffness of the crackbefore it grew. Conversely, if a crack has not
grown, it will unload with the initial elastic stiffness.

• The behavior of a crack duringunloading is governed only by materialstress-strain
response and crack size until crackclosure occurs. This implies that J plays no role and
that the crack location appears to the remainderof the pipe system as a yielding pipe
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sectionwithreducedwallthickness.When crackclosureoccurs,thecracklocationmust
behavelikecompetentpipe.

• A simple flow rule is postulated:the crack unloadselastically to zero moment, then
loads in compressionfollowing the moment-rotationresponse consistent with the
nonlinearstress-straincurve as shown in Figure 3.41.

To implement the proposed crack unloading model, the nonlinear FEA cracked-pipeanalysis and the
NRCPIPE through-wall-crackJ-estimationscheme analysis are used as follows:

(1) Conducta dynamic nonlinear FEA cracked-pipeanalysis with a prescribedthrough-wall-
crack moment-rotationresponse.

(2) At the point of crackunloading, determinethe amountof crack growth andsave restart
files for the dynamic analysis.

(3) At the given amountof through-wall-crackgrowth, conductan NRCPIPE through-wall-
crack analysis withthe new cracklength and Ji Set very high. This has the effect of
suppressingcrackgrowth in the analysis, so that only materialstress-strain nonlinearity
is considered.

(4) At thegiven amountof through-wall-crackgrowth, conduct an NRCPIPEthrough-wall-
crack analysis with the new cracklength and Ji set to the value attainedwhen the crack
unloaded. This basically implements the change in compliance caused by the longer
crackwhile retaining the correct moment-rotationresponse when the crack reinitiates.

(5) Restartthe dynamic cracked-pipeanalysis with new material properties. The tensile part
of the moment-rotationcurve comes from Step 4 andthe compressive part comes from
Step 3.

(6) Recycle to Step 1, as needed.

This model addressesthe deficiencies of the kinematic hardeningmodel andincreases the quality of
dynamic predictions past maximumload.

3.2.3.2 Vafidafion

To test the proposed crack unloading modeldescribed above, IPIRG-Icyclic R=-I through-wall-
crackedpipe datawere used, Ref. 3.15. IPIRG-IExperiment 1.2-4 was a nominal 6-inch, Schedule
120, AI06 Gr B carbonsteel pipe loaded quasi-statically in four-pointbending underdisplacement-
control. The resulting cyclic moment-rotationresponse is shown in Figure 3.42.

Using the measured crack growth andquasi-static stress-strainproperties, the unloading model, as
described above, predicts the performanceshown in Figure 3.43 for several selected loading cycles.
As an alternative to using the measured crackgrowth data, a J-estimation scheme prediction of crack
growth can be utilized. To make the comparison as meaningfulas possible, the J-estimationscheme
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(LBB.ENG2) used the J-R curve calculatedfrom the experimentalload-displacementand crack growth
record. The unloading responsefor this case is shown in Figure 3.44. The differencesbetween
Figure 3.43 and3.44 exist because the crack length at a given rotationis predicted to be shorterby
the J-estimation scheme than was observed in the experiment,see Table 3.5.

3.2.3.3 Summary of Analytical Cyclic Loading
with Reinitiation

The crack growth andunloading model described above appearsto work reasonablywell, in that it
agreesfairly well with the limited R=-I pipe test datathat are available, and it certainly gets rid of
the objectionablebehavior of the kinematichardening model. As a first approximationof a very
complex problem, the model is judged be to quite acceptablefor engineering applications. There are
certainlyother issues that could be explored to refine the model such as the impact of cyclic stress-
strainbehavior, and comparison with other experimentaldata. These will have to wait until a data
base of high temperaturecyclic stress-strain dataandcompanion cyclic R----I pipe test databecome
available.

3.3 Summary of Analysis Methodology

The state-of-the-artin dynamicfracture mechanics at the beginning of this programwas advanced to
the point thatan analyst could calculate the maximummoment and the time requiredto attainthis
momentfor beth surface andthrough-wail cracks. Energydissipation, due to cyclic loading of the
nonlinearcrack prior to initiation,was an inherentpartof the time-history analysis. Loading past
maximummoment, transitionof a surface crackto a through-wallcrack, and reinitiationof a crack
that had already extendedwere not possible. Throughexplorationof the limitations of the available
tools within the ANSYS finite elementprogramand with an emphasison engineering solutions, the
boundaryof the state-of-the-arthas been moved outward to include these new features. Although
none of the new features hasbeen fully validated, there is amplejustificationfor their use in research
situations, based on the favorable comparison of predictions with experimentaldata. Although the
main intentof the ANL-BattelleHDR program was not to develop analysis tools, these modest
pioneering efforts are significant andpermitbetterpredictionof the HDR-E31 experiments.
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Table 3.1 Test matrix for instability assessments of A106 steel pipes
subjected to four-point bending

...... i i , | i,i .......... ill, ....

Moment
Initial Arm Total

DTRC Pipe Pipe Mean Mean Crack Length Machine
Experiment Length, Radius, Thickness, Length (2a), (span), Stiffness,

No. mm* mm* mm* mm* mm** N/mm
ii i 11 r i i i i iF ii1 I II i Ii1 i r: '|11 i] T

7 1219 102 13.7 210 457 87,550
i lllllli, ,., ...,n

11 1067 102 15.2 160 381 6,480
ii l lJ

12 1067 102 13.9 149 381 6,480
i i |ll i llw

13 1067 103 13.4 138 381 6,340
. i i

14 1067 103 14.6 124 381 6,480

* 25.4mm = 1.0inch.
** 0.17513 N/ram = 1.0 lb/in.

Table 3.2 Comparison of experimental and predicted maximum moments

. ', ,, ,,,.,

Maximum Moment,

DTRC kN-m*

Experiment Actual LBB.ENG2 LBB.ENG2/Actuai
ii i i

7 95.38 87.92 0.92

11 127.10 131.80 1.04
m ,,

12 132.19 129.59 0.98

13 138.72 133.19 0.96

14 153.37 155.60 1.01

* 1.0 kN-m --- 8,851 in-lb.
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Table 3J Stability comparison for D'rRC compliant instability experiments

' SPring " '
DTRC Stiffness, Energy Zahoor

Experiment N/ram {a) Experiment ANSYS Balance EPFM Jfr
II 1111iiim II II I_l IIIlll[ I ZF:I III IV 'Ill' i II IIllll I ii j i ii illlllll[ ill ill ii -ii-

7 87,563 stable stable stable stable

11 6,480 stable....... unstable(b) ......unstable(b) unst_le

12 6,480 ' - stable ....Ultstable(b) unstal_le(b) unstable

" 13 ' 6,340 trustable ' unstable unstable "tmst_le

14 6,4._ unstable unstable(b> unstable(b) unstable
i.i i i 1,ill i i llllll iiii llu i =q

(a) 0.17513 N/ram -- 1.0 lb/in.
(b) Although not analyzed, these experiments are almost certainly unstable due to

similarity with Experiment 13.

Table 3.4 Stability comparison for DTRC compliant instability Experiment 13
with various hypothetical stiffnesses

_ Spring ..............
Stiffness Energy Zahoor
N/mm(a) Experiment ANSYS Balance EPFM Jfr

ii L iiii i ' i I"ll i, i ji , i ii ,,m, ul

........ 6,340 unstable unstable unstable unstable

10,5(}8(b) " ' ........ unstable(e) unstable(_j stable

12,959(b) ;"' unstable unstable 'stable
0rated)

15,761Co) -' unstable stable stabl'e
Ointed)

19,264(b) - stable(d) stable(d)' stable

(a) 0.17513 N/ram ffi 1.0 lb/in.
(b) Not used in experiment.
(c) Although not analyzed, these experimentsalmost certainly unstablebased on

comparison with higher stiffness analyses.
(d) Not analyzed, but almost certainly stable based on other Experiment 13

predictions.
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Table 3.$ Crack size data for unloading stiffness calculations

Crack Crack Length
Rotation (#Ix)

Loading Cycle (radiam) ....
Experiment J-Estinmtion

Scheme

14 0.01073 0.405 0.380
........... s,, H, ,,

20 0.02784 0.530 0.461
i i i i imlll

26 0.04120 0.622 0.516

37 0.05541 0.746 0.576
............... H
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Figure 3.1 Cracked pipe analysis beam and shell piping system
model or Griesbach, Ref. 3.3
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Figure 3.2 LBB.ENG reduced section for modeling cracked pipe response
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Figure 3.3 Basic spring-slider element

kl F,
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/,- I 1 k2 Fz

_f"TZ : "VVVV_, V d_
FTI -

i
I
, I I

DT! DTz DT3
Displacement

kI + k2 + k3 = kT1 F1 + (k2 + k3)DT1 = FT1

k2 + k3 = kT2 F1 + F2 + k3DT2 = FT2

k3 = kT3 F1 + F2 + F3 = FT3

Figure 3.4 Modeling of a multi-Hnear load-displacement curve with spring slider elements
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Figure 3.5 Spring-slider model of a crack under reversed loading without crack closure

Figure 3.6 IPIRG-1 Subtask 1.1 inertial loading cracked pipe experimental fadHty
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Rgure 3.7 IPlR6-1 Experiment 1.1-3 forcing function
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(b) Moment-time from experiment

Figure 3.8 Comparison of experiment and pretest design analysis for moment versus time
for IPIRG-1 Experiment 1.1-3 in.ally loaded stainless steel through-wail crack
(analysis valid only up to maximum moment)
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Figure 3.9 Comparison of experiment and pretest design analysis for inertial mass displacement
for IPIRG-1 _ment 1.1-3 ('m_ally loaded stainless steel fll_ugh-_ll crack)
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Figure 3.10 Coml_L_m of _p_Nm_t and lx'_t design analysis for moment versus
total rotation for IPIRG-1 Experiment 1.1-3 0nerfiaily loaded stainless steel
through-wall crack) (analysis valid only up to maximum momenO
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Figure3.11 Artist'sconceptionof the IPIRG pipeloop test facility
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Figure 3.12 Dimensionsof the IPIRGpipe looptest facility
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Figure 3.13 IPIRG-1 Experiment 1.3-3 (pipe system stainless steel
surface crack experiment) forcing fm-leUon
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Figure 3.14 Flaw location moment for IPIRG-1 Experiment 1.3-3
(pipe system stainless steel base metal experimen0
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Figure 3.15 Crack section moment-rotation for IPIRG-1 Experiment 1.3-3
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Figure 3.16 Global pipe loop displacement at the crack location for
IPIRG-.1 Experiment 1,3-3 (stainless steel base metal experiment)
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Figure 3.1"/ Post-maxlmum moment crack behavior
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Figure 3.18 ANSYS $11]_9 (nonlinear force-deflection dement)
response under reverse cyclic bending
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figure 3.19 Model for analysis of post-maximum moment crack behavior
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Figure 3.20 Input moment-rotation response for a through-wall crack in a pipe
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Figure3.22 Nonlineartruss modelanalysisof a through-wallcrackwith unloadsexhibiting
absenceof ratchetingand properkinematichardeningresponse
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Figure 3.24 Comparison of experimental results (DTRC Test Number 7) and predicted
behavior (LBB.ENG2) showing the high quality of the predictions
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Figure 3.25 LBB.ENG2 through-wall crack J-estinmtion scheme predictions of
moment-rotation behavior for selected DTRC experiments
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Figure 3.26 Stable crack growth behavior for DTRC Experiment 7 with 87,$63
N/mm (500,000 Ib/in) system stiffness
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Figure 3.27 Limited instability behavior for DTRC Experiment 7 with
2,627 Nlmm (15,000 Ib/in) system stiffness
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Figure 3.28 Completely unstable behavior for DTRC ]Experiment 13 with measured
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Figure 3.29 Energy balance for DTRC I_pe_ment 13 with
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Figure 3.30 Energy balance for DTRC Experiment 13 with
12,959 N/mm (74,000 Ib/in) system stiffness
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Figure 3.31 Energy balance for DTRC Experiment 13 with 15,761 N/ram
(90,000 Ib/in) system stiffness
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Figure 3.35 Forcing function for IPIRG-1 Expe_ment 1.3-7
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Figure 3.38 Crack section cycJic moment-rotation for IPIRG-1 Experiment 1.3-7
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Figure3.39 Ideas for incorporating crack growth in a cyclically
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Figure 3.40 Kinematic hardening behavior at large rotations when the
tangent stiffness is negative. (Note inflection on
compressive loading is incorrect modelling)
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Figure 3.43 Unloading model performance using measured crack growth data (solid
curves are selected cycles from IPIRG-1 Experiment 1.2-4 and dashed
curves are predicted unloading response)
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Figure 3.44 Unloading model performance using LBB.ENG2 J-estimation scheme
predicted crack with J-R curve derived from an _-factor analysis of the pipe
experiment data (solid curves are selected cycles from IPIRG-1 Experiment
1.2-4 and dashed curves are predicted unloading response)
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4. HDR-E31 EXPERIMENTS

In a postulatedbreak andblowdown of a BWR feedwaterline, the amountof cooling wateroutflow is
limited by the rapidclosing of a check valve. The rapid pressuredrop and subsequentwater-hammer
waves, caused by the valve closure, produce severe structuraloscillations of the piping system. Past
experienceindicatesthat the resulting loads can usually be sustainedby the piping materials used in
modern nuclearplants. However, it is not clear thatthis also holds for a weakenedpipe thatmay
have been damaged(cracked) by long term operationalstresses. To address this question, two
blowdown experimentswith predamagedpiping were conductedas partof Phase [] of the HDR
Safety Program. The tests were designatedE31.2 and E31.3 (Test GroupE31). The overall
objectives of these tests included the following:

* Determine the global structurJ response of the pipe system subjected to water-hammer
loads and estimate the effect of the cracks on this response.

• Determine the failureloads andprocesses for the predamaged components, i.e., crack
growth, possible leaks, etc.

* Ascertain how a dynamicallyinduced event influences the leak-before-break behavior
deduced from static experiments.

• Determine the pipe whip resulting from the possible breakof the predamaged
components.

• Provide data for the validationand verification of linear and nonlinear analysis models of
the structural,fracture-mechanical,and thermohydraulicaspects of the blowdown event.

The next to last item is of primaryinterest in the currenteffort. As stated earlier, finite element
analysis was used to model both the behavior of the cracked pipe section as well as the overall
structuralresponse of the pipe system. The intent is to assess the analyses by comparingpredictions
with experimentallyobserved behavior.

To providethe backgroundfor performingthe structural/fractureassessments, a descriptionof the
HDR-E31 test facility is presented. Three topics are included:

* Description of the facility

* Discussion of the loading

• Details of the flaws.

The presentationis made at a level of detail sufficient that other researcherscould model the
experiments. References from which these data have been extractedare all identified.
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4.1 Experimental Facility

The HDR Facility, where the E31 blowdown experimentswere conductedin 1990 and 1991, is a
decommissioned superheated-steamBWR located in Karlstein,Germany. It is operated by the
KernforschungszentrumKarlsruhe(KfK) and since 1975, has beenused for a wide variety of
structural/seismic,thermohydraulic,andmaterialsexperiments.

4.1.1 Geometry

The pipe system used in the E31 tests was newly constructedfor this purpose and is a model of a
BWR feedwaterline. The line is approximately25 m (82 feet) long and is attachedto the reactor
pressure vessel (RPV) at one endas shown schematicallyin Figure 4.1. A nearly rigid support
(Fixed Point) is provided just upstreamof the check valve and a second support is located near the
end of the rupturedisc assembly.

The flawed section was a straightsection of pipe in the pipe emanatingfrom the RPV and located
close to the vessel. For the E31 experiments, predamagedsections were installed, tested, and then
removedfor each test. Exceptfor the predamaged section, the pipe system components remained the
same for all tests. The pipe systemwas nominally 425 mm (16.7 inches) in diameter(DN 425) and
ran from the S-nozzle of the RPV about6 m (236 inches) in the radial direction, then proceeded
approximately 7 m (276 inches) vertically downwards and continued3 m (118 inches) horizontally
perpendicularto the S-nozzle. Finally, the line continued throughtwo more elbows to the Fixed
Point support. From there, the pipe continuedwith the feedwater checkvalve to the rupturedisc
assembly. In contrastto earlierblowdown tests conducted in this facility, the check valve was located
behind the Fixed Point support,i.e., outside the region of significant structuralresponse.

The global dimensions of the pipe runs and components are given in the perspective view of Figure
4.2. Details of the pipe system geometry are contained in the experimentalDesign and Quick-Look
Reportsfor Tests E31.2 and E31.3, Refs. 4.1 to 4.4. The geometry and overall length of the piping
for the two experimentswas identical, except for some minor length differences in the predamaged
pipe componentand the immediatelyadjacentsections. Most of the pipe system hada nominal wall
thickness of 25 mm (0.98 inches), but in order to ensure that the test sections were the weakest
component, their wall thickness was reducedby machiningto 16 mm (0.63 inches). Table 4.1
summarizes the as-built dimensions of the pipe system.

The pipe system was insulated along its entire length using mats with a thickness of 80 mm and a
density of approximately 100 kg/m3 (1602 lb/ft3). This gives an additional mass of about 14 kg/m3
(224 lb/ft3) of pipe length.

4.1.2 BoundaryConditions

The pipe system was rigidly supported at the RPV wall, Figure4.3. The second nearly rigid support
was provided by the so called Fixed Point support, which was specifically designed to restrain all six
degrees-of-freedomof motion. A massive steel structuremade up of beams, columns and plates
transmittedthe load from the pipe to the building, Figure 4.4. A specially fabricatedpipe section
with four trunnionswelded to it, Figure 4.5, restrainedthe pipe at the Fixed Point. The trunnions
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were held by plates, which have holes of the same diameteras the trunnions. The plates in turnwere
welded to the steel structure. This arrangementassured that all six degrees-of-freedomwere
restrained,but no stresses were generated due to the radial expansionof the pipe during heat-up. All
four trunnionstogether carriedthe axial force and torsion. The two lateral forces and the bending
moments were carried in each case by two opposite trunnlous.

Becausethe feedwater checkvalve and rupturedisc assembly extend another4.5 m (177 inch) from
the Fixed Point, an additionalsupportwas provided nearthe end of the assembly. This support was
designed to restrain horizontalforces of 255 kN (57,330 lb) andvertical forces of 178 kN (40,020
lb), Figure 4.6, and suppressesany unwanted oscillations that could possibly influence the functioning
of the valve. This support had no effect on the test system proper, because it was located past the
Fixed Point.

The design stiffnesses for the Fixed Point supportwere calculated to be 457 MN-m/rad (3.37x108 ft-
lb/rad) for vertical bending and 637 MN-ra/rad(4.7x10s ft-ib/rad)for horizontalbending, Ref. 4.1.
To estimatethe effect of the Fixed Point stiffness on the vibrationbehavior of the pipe system, the
piping was modeled as a beam rigidly supportedat the RPV and having the above stiffnesses atthe
Fixed Point, Ref. 4.5. Taking into accountthe effect of the piping components downstream of the
Fixed Point, as well as of the supportat the rupturedisc assembly, it was estimated that the first
eigen frequency of the pipe system was reduced by 3-percent in comparisonto a pipe system
supportedrigidly at both ends.

Using datafrom static displacementtests, as well as from the dynamicblowdown tests, it was found
(Refs. 4.5 and 4.6) that the actualFixed Point stiffnesses were only aboutone half of the values
estimated from the design data. Further, it was shown that a slight softening (approximately 10-
percent)of the Fixed Point support occurred betweenthe first (E31.2) and second (E31.3) blowdown
tests. However, the overall effect on the pipe system dynamic behavior of all these aspects is at most
a further 1-percentreduction in the fundamental frequencyof the pipe system relative to piping rigidly
supportedat both ends, Refs. 4.5 and 4.6. This clearlydemonstrates, that the stiffness of the Fixed
Point supporthas, at best, a minor effect on the global dynamicresponse of the pipe system.

4.1.3 Pipe System lVlaterials

All of the piping materials for the test system were German ferritic steels. Their designation
accordingto German Standards(DIN), as well as their nonfinal compositions are indicated in Table
4.1, where the variouspipe system compunents are listed. The nominal mechanical and physical
characteristic,as obtainedfrom standarddatasheets, are given at three temperatures(20 C, 200 C,
300 C [68 F, 312 F, and572 F]) in Tables 4.2 to 4.6. For specific referencesto the material
propertydata, Ref. 4.1 should be consulted.

Extensive material characterizationtests on the pipe materials were also performed by the Materials
Testing Instituteof the University of Stuttgart- MPA, Stuttgart, Ref. 4.7. Their tests were, in
general, run at room temperature(RT - 20 C [68 F]) and at 240 C (464 F), the latter being
comparable to nominalbiowdown test temperature. The IVIPAexperiments included tensile tests,
some compressiontests, notch (Charpy) impact tests, spectral analyses to determine the material
composition, and fracture-mechanicaltests. In these tests, multiple sampleswere analyzed from
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various components. Samples were taken from the components longitudinally and circumferentially,
both in the axial and radial (thickness) directions.

Comparisons of the yield point, tensile strength and elastic modulus between the MPA tests and the
data sheet values for the three most important materials at 240 C (464 F) are given in Figure 4.7.
The averaged MPA data for the yield point and tensile strength are significantly higher than the
minimum values from the data sheets. There is excellent agreement between the measured elastic
modulus values and those given in the data sheets. Some variability in the measured data for a given
material was also observed by MPA, depending on the component from which the test sample was
obtained. The actual measured stress-strain curves at a temperature of 240 C (464 F) for these
materials are shown in Figure 4.8.

4.1,4 Instrumentation/Measurements

The pipe system in the E31 tests was fully instrumented to measure all important thermohydraulic and
structural response variables, Refs. 4.1 to 4.4. These included pressures, temperatures, flow rates,
strains, displacements, and accelerations. For the current application, of greatest significance are the
pressure, strain, and displacement measurements. The pressure measurements in the pipe system
between the RPV and the Fixed Point support define the loading for the structure. The strain
measurements at the various cross-sections are used to determine the moments and forces acting at
these locations, Refs. 4.3 and 4.4, and these, in turn, can be compared with the predicted values.
Finally, displacement measurements describe the global response of the pipe system and can again be
used to check the calculations.

The behavior of the predamaged (cracked) sections is primarily inferred from post-test fracture-
mechanical and metallographic examinations. Details of these studies are given in References 4.8 and
4.9. Because of the large strains occurring at the cracks, the strain gages installed at these locations
can only follow the early history of the crack response.

The pipe system cross sections at which strains were measured are shown in Figure 4.9. Typically,
at a straight pipe section, six strain gages were installed to allow the computation of all the forces,
moments, and stresses, Refs. 4.3 and 4.4. These include four longitudinal (axial) measurements, one

circumferential measurement and one diagonal measurement at 45 degrees, Figure 4.10. At elbows
and the cracked pipe section, as many as 22 strain gages were installed, Refs. 4.3 and 4.4. The
global cartesian coordinate system, as well as the local (pipe related) polar coordinate systems, are
indicated in Figure 4.11. These define the strain and displacement measurement directions, as well as
those of derived quantities such as forces and moments.

While dynamic pressure measurements were made throughout the entire system, only those located
between the RPV nozzle and the Fixed Point support are essential for determining the
blowdown/water hammer loading of the pipe system. Due to gage malfunctions, only three such
measurements were made in test E31.2, but as many as six pressure-time histories were recorded in
test E31.3. The locations of these measurements are shown schematically in Figure 4.12.

Global displacement measurements were made at three locations. At two of these locations, triaxial
measurements were recorded and at the third location, displacements only in two directions were
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obtained. The locations of the displacementmeasurementsaregiven in Figure 4.13. To check out
the instrmnentationand globalbehavior of the pipe system, staticdisplacementtests were performed
prior to each of the blowdown experiments. A vertically upwarddirected force applied in the center
of the U-bend, Figure 4.13, was applied in stag_ up to a maximumof 100 to 110 kN (22,482 to
24,730 lbs). These measurementscan be used for a global check of analyticalmodels.

4.2 Loading

4.2.1 Initial Test Conditions

The _xperimentswere intended to simulatea fee_water line at thermohydraulicconditions typical for
a BWR. Table 4.7 gives a comparisonbetween the thermohydraulicvalues achieved in the
experiments and the intendedtest design values. For the m_ured data, the mean value of the
appropriategages are used and standarddeviationsare given.

4.2.2 Rupture Disc Assembly and Check Valve

The blowdown/waterhammerevent in the E31 tests was inigiatedby the rapid burstingof double
rupturediscs located at the end of the rupturedisc assembly. The discs were held in a special fixture
as shown in Figure 4.14. The two rupture discs were arrangedin series and each could sustain only
70 percent of the test startingpressureof 90 bars (1,320 psi). Therefore, it was necessaryduring the
pressurizationandheat-up to adjustthe pressure in the spacebetween the rupturediscs such that
neither disc exceeded its rupturepressure. Using a nitrogen gas supply and pressureregulators, the
pressure in that space was always maintained at one half of the system pressure.

The opening of a valve rapidlydepressurizesthe spacebetween the rupturedisc at the startof the
tests. This leads to the rapidburstingof the inner disc. Be_mse the full system pressure now acts on
the outerdisc, it also burstsout of its fixture. In this manner, the total break cross-section is opened
in approximately3 ms.

The feedwater check valve used in the experiments is designatedSRV-350 and had also been used in
previous blowdown tests (for details see Refs. 4.1 and4.2). It was designed to minimize the water
hammer effect, by rapidly limiting the outflow andthus preventingthe developmentof high flow
velocities, andby providinga soft closure of the valve throughhydraulic damping. In the E31 test
series, the objective was to producelarge pressure waves and pipe system Ioadings. Hence, the valve
was modified to essentially close without damping. In order"to allow the valve to remainopen prior
to the blowdown, even without flow through the pipe, it wa_ installedwith its stem at the shallow
angle of 15 degrees, relative to the horizontal. During the tests, the valve closed in approximately51
to 53 ms (167 to 174 fps) andits maximum closing velocity was about I3.5 m/s (44.3 fps), Refs. 4.3
and 4.4. In spite of its large weight (24 kN [5,396 ib]), the valve had no significant influence on the
pipe system dynamicsbecause it was installed on the downstreamside of the Fixed Point support.
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4.2.3 Pipe System Pressure-Time Histories

"l'nepressure-time variationsin the pipe system were measuredat a numberof locations. However,
due to gage malfunctions, only three measurementswere available in test E31.2, Ref. 4.10, whereas
in test E31.3, six measurementscould be used, Ref. 4.11. The locations for the pressure
measurements are given in Figure4.12. At all loc._ions, there is first a rapidpressure drop from 92
(1,350 psi) to about 30 bar (440 psi), due to the rupturedisc bursting. This is followed by an
oscillation due to pressure wave reflection at the RPV, and then by a very high pressure spike caused
by the closure of the valve. The maximumpressures observed in the tests were respectively 237 bar
(3,480 psi) in Test E31.2 and 236 bar (3,470 psi) in test E31.3. These pressures are about 15-percent
lower than those that are estimatedusing water hammer equationsand the measured maximum mass
flow rate,Refs. 4.3 and4.4. It is thought that these discrepancies are due to the flow measurements
overestimating the actual flows.

The threeusable pressure-timehistories for test E31.2 are given in Figure 4.15, and the dynamic
pressuresfor test E31.3 are presented in Figure 4.16.

4.2.4 Elbow Pressures, Forces, and Moments

The pipe system in the E31 tests was essentially rigidly supportedat the RPV and at the Fixed Point
support. Thus, the only substantialloads that actedon the structureduring the blowdown/water
hammerevent were the loads generatedby the pressurewaves passing through the elbows. The loads
resulting from the blowdownjet were taken-upby the Fixed Point support andhave no effect on the
piping upstreamof this point.

No detailed pressureor flow measurementsin the elbows were made duringthe E31 tests. Even if
such informationwas available, it would still be necessaryto derive the resultanttime varying elbow
forces, either through the momentum equationor by the surface integralof the pressureover the
entireelbow. Most piping response analysis codes (and specifically ANSYS) do not have the
capabilityof generating the elbow forces from the surface integral of the pressures. Therefore, in the
currentapplication it was necessaryto provide as inputto the calculations, approximateelbow forces
derived from the availablepressuremeasurements.

It has been shown, Refs. 4.12 and 4.13, that a good approximationof an equivalent pressurefor the
elbow center plane can be derived by arithmeticinterpolationbetween pressuremeasurementsat
locations upstream and downstreamof the elbow. Multiplying this equivalentpressure by the pipe
cross-sectional area, one obtainsforces that are applied at the ends of the elbow. The forces
determinedin this mannerare a good approximationof the actual fluid forces, Ref. 4.13. The
procedureis illustrated in Figure 4.17. Note that only two pressure measurementsox_opposite sides
of an elbow are necessaryto derive the elbow pressureandhence, the forces actingon the elbow.
The force-time histories obtainedin this mannerfor both Experiments E31.2 and E31.3 are shown
respectively in Figures 4.18 and 4.19. Although they are nominally identical, the forces from the two
experimentsare slightly different andthus, the crack driving force is also slightly different. These
forces were inputinto the ANSYS calculationsto predictthe gross piping response andto generate
the moments and forces acting on the crackedpipe section.
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The "measured"cross-sectionai forces andmoments in the piping can be inferred (calculated)from
the measured strains. However, the force and moment ca'tculationsare based on linear-elastic
formulas. Hence, the obtainedvalues areonly valid at locations which do not experience significant
plastic strains.

4.3 Flaws

4.3.1 Test Section

As indicatedearlier, straight pipe test sections with circumferentialcrackswere subjectedto
blowdown/waterhammer loading in the E31 tests. The overall geometry of the test sections is shown
in Figure 4.20. The only difference between Experiments E31.2 andE31.3 is the depth of the initial
crackand some minordifferences in the overall length of the test sections. The startercracks were
producedby first errosively forming a 2 mm (0.079 inch) deep, narrow(0.2 mm [0.0079 inch]) notch
of the desired extent, andthen subjectingthe test section to cyclic bending, thus obtaininga fatigue
crackof the desired depth. The crackdepth was controlledby continuoussurveillance during the
cyclic bending.

The wall thickness of the test sections was reduced by machiningfrom 25 mm to 16 mm (0.98 to
0.63 inch). This was done to ensure that the test section would experiencethe highest stresses and
that other pipe system componentswould not be undulystressed, thus limiting any possible failures to
the cracked section.

The importantgeometricalvariables for the test sections in the two experiments are summarized in
Table 4.8.

The actual starter crack profiles, as measuredultrasonically priorto the test and as obtained by
sectioning ai_ the experiment, are shown in Figure 4.21 for ExperimentE31.2. As can be seen, the
MPA pretestmeasurementis in excellent agreementwith the post-test measurements. For
ExperimentE31.3, the ultrasonic pretestmeasurementof the startercrack profile is given in Figure
4.22. Post-testmeasurementsfor E31.3 were not available when these analyses were performed.

4.3.2 Test Section Materials

The material for the test sections containingthe initial flaws is a Germanferritic steel, 20
MnMoNi 5 5, containingabout 1.28-percentMn, 0.64-percent Ni and 0.46-percent Mo. Other major
constituentsare 0.17-percent C, 0.18-percent Si, and0.20-percent Cr, Ref. 4.7. Nominal values of
the mechanicaland fracturerelated parameters, taken from standarddata sheets, are given in Table
4.2. Density of the test specimen materialis about7.84 Mg/m3 (489 lb/ft3).

Extensive studies on the material were conductedby MPA Stuttgart,Ref. 4.7, and it was shown that
the laboratorydeterminedyield stress and tensile strength are considerably higher than the datasheet
values, while the elastic moduli are in close agreement. The latterhas an averagevalue of 198 GPa
(28,710,000 psi) at 240 C (464 F) and increases to about208 GPa(30,160,000 psi) at room
temperature. Tensile test stress-strain curves, Figure 4.8, indicatethat there can be considerable
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variationin the material post yield behavior, depending on the component from which the test
specimens were ob_ined. On the other hand, orientationof the test samples has little influence on the
behavior.

The effect of temperatureon the mechanicalcharacteristicsof the test section material, as obtained
from the tensile test.,;,Ref. 4.7, is illustrated in Table 4.9.

It is observed that while temperaturehas a significanteffect on the yield point (0.2-percent offset),
there is virtually no influence on the ultimate tensile strength of the material. On the other hand, the
strain at ruptureis significantly largerat room temperature,Whencompared to that at 240 C (464 F).

MPA Stuttgart,Ref. 4.7, also conductedextensive tests on the test section materialto determine its
fracxuretoughness characteristics. They developed the crack resistancecurves using the single
specimen techniqueand employing the method of partialunloading. In this approach,the J-_a curve
is determined by indirectly calculating the crackgrowth from the changes in the sample stiffness or
compliancefunction. In addition to developing crackresistanceor J-R curves, MPA also obtained
crack tip opening curves and determinedcrack initiationcharacteristics(energy values) in accordanc°,
with various criteria.

The maximumvalue for J determined in the tests was about 750 kJ/m2 (4,282 in-lb/in2),
correspondingto crack elongationof 3.2 mm (0.126 inch) and a CTOD of 0.75 mm (19.05 inch). It
was shown that the J-R curves are not very sensitive to the sample orientation. This also holds for
the J at crack initiation, Ji" A typical J-R curve for the test section materials is given in Figure 4.23.

Finally, notch impact (Charpy)tests were conducted over a range of temperaturesfor the test section
material using samples at various orientations in the pipe component. The results are summarized in
a series of impact energy versus temperaturecurves shown in Figure 4.24 and takenfrom Ref. 4.7.
The results do depend on the orientationof the test sample, with the maximum impact energies
ranging from 200 to 250 J (147 to 184 ft-ib).
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Table 4.1 Table of the individual HDR ID1 test system pipe sections

' If I" 'Pr .',, .,,,.,.,'. ,,., , = I '_ JI , i III " " " " ' ' '

Dimensions**

n.sipatio, ofPipe Length" 'roudt,mgth.* n_x t; it
Section Material* (m) (m) (mm)

II l I llli II II ,,,,,, I II I III II 'r_ i r . ,, .H ,i i ,, , ,, , ,ii, i iii H r

P.PVwall I 0.142 0.142 438.8
S-nozzle 1 0.285 0.427 439--453 x 111-30

II I II I II I /

Reducer 1.6368 0.204 0.631 453-424 x 32.5-26
I I lib II I II I II I

Test section 1.6310 0.450 1.081 425 x 16-25

...... ...... 425 "Straight sections 1.6210 3. 4.542 x
0.284 4.826 425 x 25
0.522 5.348 425 x 25

II I I I I I

First elbow 1.6310 1.088 6.436 429.3 x 29.6;
R=I000

_; 1.'6210 .........traight section 0.522 6.958 425 x 25
4.373 il.331 425 x 2.5

I II II II I I I I IIIIll I I /I

U'beod 1.6210 0.482 11.813 425 x 25
(inductive bend) 1.570 13.383 425 x 25;R= 1000

0.949 14,332 425 x 25

1.570 15.902 425 x 25;R--1000
0.037 15.939 425 x 25

I II II II I I I I Ill I

Single elbow 1.6210 0.063 16.002 425 x 25

(inductive bend) 1.570 17.572 425 x 25;R-1000
0.508 18.080 425 x 25

IIII I I IIII

Straight piece 1.6210 1.893 19.973 425 x 25
Illl I I II II / I1[ I I I I

Fixed Point fabricated 1.6368 0.824 20.797 425 x 41.5
section

I II III II I II Ill I IL II I

Straight section 1.6210 0.534 2i.33i 425 x 25
I II III fl I II II III I I

Reducer 1.5415 0.254 21.585 371-425 x 18-25.5
I III II II I I III Ill IIII I I

SRV-350 valve 2 1.232 22.817 371 x 17.5
II I I II I II Illl I I I ......

Reducer 1.5415 0.254 23.071 371--453 x 18-27.5
I II II I I _ I II I

Pipe section 1.5415 1.046 24.117 444 x 32
III II II II II Ill I I

Rupture disc nozzle 1.5415 0.520 24.637 453 x 30--61
I I I II I I II Ill I IIII III II l

Rupture disc fixture 1.5415 0.135 24.772 453 x 88
i | JL I I .

* MatedldIdentification
1 23 NiMoCr3 6
2 GSC 25amongothers
1.636815 NiCuMoNb5 {WB36)
1.621015 MnNi6 3
1.621015 MnNi6 3
1.631020 MaMoNi5 5
1.541515 Mo 3

** 1.0 in : 39.37 inches,1.0 nan = 0.039 inch.

NUREG/CR-6234 4-10



Section 4 HDR-E31 EXPERIMENTS

Table 4.2 Mechanical and physical properties of the pipe mterials,
from data sheets: 20 MnMoNi 5 5

IH ,H, I ....... i ' , ' I|I,IIH ,'

mtm a,d
DIN _ _ Units 20 C 200 C 300 C
MmmiaiNo.

J ii I in i JII ii ii i __ • i i i i i i i lli l i i lill'lJ I I U

20 MnMoNi 5 5 Yield point N/ram2 (min) 430 392 371
II II Ilil[ I II II1' I I

1.6310 Tmmliemmngth N/ram2 570-710 513 $13
IIIII ms,m III

_fioa at rupture percent(rain) 19 = -
Test Piece and Elbow I .........................

Area reduction percent (rain) 45 - -
II I [ I III III I [11 I I[1[[

NouUimpactmergy J (mia)
(0c) - -

IIIlI I II I IIIII IIIII

Mg/m3 7.s4 - -
in i JiB HImaim l i

Modulus of ebu_ici_j kNImm2 211 199 192
It Ill I II

Thermal conductivity Wm-IK -I 44 43 41
I I It IlIII I I

Spociflcheat Ig-lK "1 0.46 0.32 0.56
II II I I

Coefficient of thermal 1/I( - 13.2"10.6 13.6"10-6

e,'q_umion

Table 4.3 Mechanical and physical properties of the pipe materials, from
data sheets: IS MnNi 6 3

Mxterlal aid
DINdkmipafim dmumctm'_ Units 20C 200C 300C

Matm_ No.
....II IS 1 11 , , Ill I I I I' I , I Illl I ' I:Z IIll'l_lI _ Illl__ I

15MnNi 63 Y'wldpoim N/nun2 (main) 330 245 210
I I

1.6210 Tensile Imngth N/ram2 490-610 400 400
I I Wl Ill I

Elouga_ouatrupture perce,m(rain) 22 - -
Pipe Nctimm except for ........ . Ill

Area_duc_on percent(mia) 45 - -
I I I III I III I IIII

Te,X Pieceand Notch impact mscrgy J (min) 100 - -firm_ ..... i il li _ __ _

l_mity Mg/m3 7.84 - -
i RII I I I I II I I

Modulusof ¢lamkity kN/mm2 211 199 191
I IIl I II llI IIIlll

Thermal conductivity Wm'IK"l 42 43 41
I II I I IIIIII

Specificheat |g-lK-I 0.43 0.54 0.58
II I I I! I IIIL II

Coef_ientoffl_rmal I/K - 12'9"10-6 13.5"10-6

expmio,
I I i ii ii ii I II i_ iiiiiillii iii
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Table 4.4 Medmnical and physical properties of the pipe materials, from data sheets: WB 36

DINdmismtim clmrsem_ks Usas 20C 200C 300C

....... , iRi_ ............... I_ ,r, , _ ,iii ii i iii i| I iiiii 11111111 i ii, [

WB 36 Y'_I point N/ram2 (main) 440 402 382
II ql I II I I1| I I II I

1.6386 Tensile idrenl_h N/ram2 610-760 520 520IIIII II I III III

Eio,_eonatrapture pe_m (mia) 17 - -
Reducere_at__the ' ' ' " ' ' ' ' ' '

S--ncoJe sad the Fixed Area reduction percent(rain) - - -
Ill I [ II I II I IIII I

Point shaped Notchimpact energy J (rain) 35 - -
restrainingpiece .................

Density Mg/m3 7.84 - -
I I II I III I II II II I

Modulus of elasticity kNImm2 210 198 190
I II I II II I

Thermal coaductlvity Wm-IK"l 38 42 41
i I I II I il ii li i

Specific heat Jg'lK'l 0146 0.52 0.56
li I i i I i i

Coe/_iem of thermal I/K - 12.8"10 -6 13.3"10"e

e_
"' ,i, _ ' f , • i ,,,

Table 4.5 Mechanical and physical properties of the pipe materials, from data sheets: 15 Mo 3

i • iiill i i i i iii iiii i i IIHI i i ii inll n , 1111 i i all ii

DIN dmipatim clmmetttlst_ Usits 20 C 200 C 300 C
_I_.

.... J ...... i_ • I i,i, .... i i , u| lili i i i n l i I in i i] i iii I nil

,5uo3 27o 225
I II I I I II

1.5415 Tensile Irength N/mm2 450--600 390 390IIIIII III I I I I I

Elmgationateuq?mrc percem(mia) 20 - -
ReducerspasttheFtxed ..... "....................
Pointandmpmm diac Areareduation percem(rain) - - -

i I I i II i

asaembly Nol_himpact eneqry i (main) 34 - -
IIIII I

Density Mg/m3 7.85 - -
i HI i ilil ill i i i

Modulus of elasticity kN/mm2 213 202 193
II i Ill

Thomal conductivity Wm'IK "1 49 47 44
II i i i i l I

Specific: heat lg-lK'l 0.46 0.50 0.54
I I II II I I I II II

- 13.l.t 13.6.10
' expsmim

i | u, i i i,, , lu,,,,
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Table 4.6 Mechanical and physical properties of the reactor pressure vessel material:
23 NIMoCr 3 6

I ] u ii i i i i i il

DIN_ _ UulU 20C 300C 360C
MatmtdNo.

I Ill I • I iii plla i Iih 1 II II IIIIIII II ] I Ill n

23NiMoCr3 6 Y'uddpoint N/uu_(ram) 5O9 - 453
lllllllll II • IIIIII III I I IllIll II I

1 Tensile stnmgth Nlmm2 697 - 618I I In II II I Illnllll I I I

igaelaticm at rupm_ peroem (rain) 17 - 21

Reactorprmurevmel ....... (mia)with Area mdumlm peroeut 56 - 55
I II II I I I1|11111 IIII

S-_ Noah impactenert'Y J (mia) - - -
I I I I I I | IIII I

_uay us/_ - 7.85 -
I I

Modul_of elmi_ity ir_/mm2 - 185 -
I I II IIII I

Themud mnduetivity Wm'lK"1 - 42 -
I I I I I I II llll lllIllll

Specificheat Jg'lK'l - - -
II I I II I ! I

Coef_ientofthermal I/K - 12.9*10"6 -

,, ,, i i i liml, ,

Table 4.7 Initial thennohydraulic test conditions - comparison of measured and design values

i i i ii i i i i iiii i IIH iI IITI Illlll I I II Illll I

IIIII III I IIIII I I II II lllI

Teat Variabh= Test I)esilpt Measured Mean Value (Stmdanl Deviation)
II

(Dimemiom) Vldlm Test E31J Test i_1.3
IIIlllm Ili Ill

......Symm preamn_(bur) 90 92 (1.0) .
III I I I Ill I Hill II IIIII_

Tempemlme ofRim/-Upper
Pan(C) 300 302(-) 302(-)

III II I I I III I

TemperatureofRFV - Lmver
rm (C) 240 247(0.6) 246(0.5)

I I i lilllli II l i ii in iiiiii i

Pipe Symnn Fluid 240 239 (2.6) 239 (3.3)
Temlmalare(C)

IIIII II II III I III I

PipeSymmWallTempermure 240 238(3.8) 238('2.9)

i i I ii ii i i l

ValveStroke(nan) 130 130(-) 130(-)
i,m i i ,,,|1| ,,ll,, H , , H! ,
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HDR-E31 EXPERIMENTS Section 4

Table 4.8 Initial geometrical parmnelers of lest sections

" I 'r.,t l.3
I I III _..... '1"_' ..... ' I'

Outer Diameter - Do, mm 457 457
, , I I t t t

Wall Thickness - t, mm 16 16
I il III [ I I I I I I

Crack Length - 2#, degrees 60 60
, ,mi I II I I I Ill II IllU --

Crack Depth - d, mm 4.8 8.0
I I I tit I I I Hit I t t

Depth Ratio, dlt 0.3 0.5

* 25.4 mm = 1.0 inch.

Table 4.9 Mechanical characteristics from tmsile tests of test section
mterial 20 MnMoNi 5 5

O.2-Perce_ TemUe, Rupture Area
Sample Temperature, Sample YieldPoint., Strenl_, E-Modulus, Strsin, Reduction,

DesiFjmtion C, _ Orieutation MPa MPa GPa percent percent
1; us nnnl[ lint It I I II I I IN I IIIif i ,i.-, ,, ,,,. i r II i i m,, i i I II ii

1 240 (464) L 496 662 208 21.4 59.0
i iiii ii i i|11

2 240 (464) L 487 647 200 21.0 70.8
I ii jl ii i i

Z2 20 (68) L $51 658 208 25.0 76.0
ii I ii i ii ii i i ii i IJ II

7 240 (464) T 488 647 199 19.2 65.2
I I I ill illli I illlllmi I I

8 240 (464) T 485 652 192 19.0 62.8
i lit i

Z7 20 (68) T 554 659 208 23.5 71.0
inl i F ]ill i n_l l n _ i i i n

* 6.895 kai = 1.0 MPa = 0.001 GPa.
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!
t

_Flawed Section
_ i _ Circumferential
RPV I _ Crack

z_ 'i
Y Pipeline

up,°,e DN42S--'"-.IJAssembly X

1T'SRV 350 7m

; Pipeline: OD: 475 mm
; t: 25 mm
, OD/ID: 1.12

. L _r,,,_ Base Material: 15 Mn Ni 6 3

''-_____jj_ Damaged Section: 20 Mn Mo Ni 5 5

•l;1gure 4.1 HDR-E3I test system with flawed section

RuptureDiscAssembly
• _--J_l

- _"r_ _ SRV--Z,0
IL.._'llll-""P.,_ II FixedPoint

Figure 4.2 Isometric of the IIDR-31 test system (Units in nun)
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-+/__.___oC,.+ ?..+,iHoc,._ ,.+,sso +o3+

t/'////////_ _\N _ _

II I_I

----" "= L I

427 .

Figure4_1 S-no_.le at the r_(m)r pressure+(_sel(RP_)
(Unim in mm)

t,

_ , _ -..... 3
I=====_ I ---- ___k_..

I -.--+-.+-4
I ++-----I---+

Hp,_ 4,4 I_t_l Point support (Unitsin nun)
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r---. 193.7-- t

' ! Ii it
I

Material:WB36

Figure 4.5 Pipe restraint section at the F'_ed Point
(Units in ram)

7_

OelailXR]S5 _ _2
x " R_S I

I

.............. _1 T.o=o.,_,o

• O

i/I

! i , .

I I'

]

/ L, 1690 _.2 S.

I

,
I 0

Figure 4.6 Rupture disc _bly support (Units in _)
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600i ' r--,,489427.._, 394 Yield Point400-t .384_ 405

,_, 23 I

200 _I! o
I
1

0 , ,

20Mn._oNi55 15MnNi63 WE)36

800t 65...22 625 Tensile Strength

513 527 520

ca ! , _ Data Sheets

4OO ,
¢o _ . _ Tensile Test
¢n o

°2oo _i

,, -

0 20Mnk4oNi55 15MnNi63 •W8 36

E-Modulus198 195 190200 196 198 196 r-
!

ca

Ioo I
I I

0 i ,
20_nl_oNi55 15MnNi63 WB 36

Figure 4.7 Comparison of measured mechanical properties of the HDR-E31 pipe
componentswith datasheetvaluesat 240 C (464F)
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" .oolY "Te P'
_; Elbow 1
I/J
m
ID

200 20 MnMoNi 55

600

_. _ __'_"_" - Longitudinal Samples

3E 400 _o- ......... Tangential Samples_, 15 MnNi 63
(n 200,

°o .d5 .'_ ._'s ._ .2s

°o ..... .o .... °

600 ... "............- -.o
o

.'" WB 36

a. 400

O

- 200(/)

i

°o .d5 .'_ ._'5 .2 .25
Strain

l_gure 4.8 StresHtrain curves fr_mntensile tests for the
HDR-ID1 pipe system mata-ials at 240 C (464 F)
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Cross Sections
/1", Q01.002

/

Cross Sections for Strain Measurements ,
/

/
/

/ r ............

, ' QP1.QP2
/ /

/ /

Rpvl__ " _" ' ' Q1

,,_ / / /
/ /

/ /
/ / /"

/ / /
/ / /

/ / /
/ / /
,- / /

I 060. 06-3

Rupture Disc Assembly I
¢ S'/£x61 ,"Q81

". \ \ _ / / //

, , , ,--"ago.
\

\ \

, Q92

%..., ....

OV

Note" Measurements at Q20, Q63 and QV were omitted in test E31.3

Figure 4.9 Strain measurement locations for the HDR-E31 tests
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Section 4 HDR-E31 EXPERIMENTS

r ............. _HA 1911
/

- HA 2911/

0 o .." HA 3911

.i¢"

'_ , _HA 1912//f/

270° --- ___ ,_--90o

_HA 1913
, 180°
%

.......................... .HA 1914

HA1. = Longitudinal Strain Gage
HA2 = Circumferential Strain Gage
HA3.. = Diagonal 45° Strain Gage

Figure 4.10 Typical strain gage installation in a straight pipe section
(cross-sectionQgl shown)

Cartesian Coordinates: X.Y1

Local Pipe Coordinates:r.f.Z,

0"

l_N 4.11 I'_11-_1 piping coordinate s_tam

4-21 NUREG/CR-.6234



Section 4
HDR-E31EXPEP.IMEN_

,-............ MP9001
i

/

t /:

/ "" _"/" ,,,- MP9002
7 /

• ...... MP9003

MP9004MP9005

_ "- ............ MPg006
i

................ MP9007

NOte: For test E31.2 only MP9002. MPg004 and MP9007 were functional.
Gage MPg002 was not used for test E31.3.

Figure 4.12 ]Pressuregagelocationsfor HI)R-E31 tests

I

i
I

i
!

I

i , 1

Z i

Y

!

F i Pos.2
J,

• :_

Note: At Pus, I only y and z displacementsare measured.

Figure 4.13 Displacement measurement locationsfor the [-][DR-E31 tests and point of
static load application (F)
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Double Rupture Disc

/
. .

- -

,y

Q U_ _

I

1
i,

I
J

: I

,
\r ,

- 520 = \

Burst Pressure

Connection

WEIGHT (WITHOUT RUPTURE DISCS)" APPR. 4220 N -

MATERIAL: 15 Mo 3

Figure 4.14 Rupture disc assembly; nominal 450 nun diameter (Units in mm)
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251 "+ .
g002

Ii

20"

0-o.2 ,.o o;2 ol, o;+ oi. 1.o
TT,I_, second

2S _"

i,ol. .,oo,I

!
I

,

i5

0 '
-0.2 ).0 0.2 0.4 0.6 0.8 1.0

TZI4E, second

25 ''

I PiP goo7

20

15 '

|

I 10 --- ,

_ s

0 "

-o.2 o.o o_2 ol, o;, o_, 1.o
TTJMI]¢,second

Figure 4.15 Pressures used for calculating elbow forces for HDR-E31_

NUl_GICR-6234 4-24



Section 4 I-IDR-E31 EXPE_NTS

Figure 4.16 Pressuresused for calculatingelbowforces for HDR-E31.3
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12 i1
pk= pl +

Fk= ApPk
_gure 4.17 Procedure for calculating equivalent elbow forces from elbow pressures
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Figure 4.18 Elbow forces for ItDR-E31.2
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Figure 4.19 Elbow forces for HDR-E31.3
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weldseam weldseam

!'__-_,. , ecrosivelyformed

I notohwidthO.2 mm

t- ,,.,o.e d/t = 0.15
] fatigueorsok

i d/t = 0.3 (0.5), inetatledin piping at

[ 12 o'olo©kposition

..... ,. / / / /,'2 / _1 / / / // /,"
.,,, , L.,,,, ' ' "' . • l _ =_ _r [ ...4

Material: 20 Mn Mo Ni 5 5
_,t,(>I424) testpiecelengthat HDR|__. ........ - _

_ s0o (47s), _ testpiecelengthat MPA

Figure 4.20 Test sectionwith drcumrermtl=]flaw for the re)R-E31 tests(numbers in
parenthesis indicate values for HDR-E31.3), units in mm

10-.
- X - measured on broken surface

8- o = MPA-_ ultrasonicmeasurements
• = IzfP J

E 6- Interior.- Partial circumferential crack, 2 e= 60°E

- _,._...-,,'_..,':'0 ....._ .....

"_ 4" ....e--- - "_--4¢--"

° 2- _

_ ' i ' I i I ..... i ..... i : i 'i 'l 'I "i

-120 -80 -40 0 40 80 120
crack length, mm

Figure 4.21 Initial flaw profile for re)R-E31.2
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0"" ' ' ........................

8. _ /_: =

_6. .........
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.... U,,I,0O S nlc Measuroment
Intarlor - Partial Clreumferentlal Crack, 2 0 = 60°
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. ,, ,, , ,...........
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-' 20 -80 -40 0 40 80 120
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Figure 4.22 Initial flaw profile for HDR-E31.3
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Figure 4.23 Typical J-R curve for test section material 20 MnMoNi 5 5, I.,-T orientation C(T) data
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0 20 MnMoNi 55 MPA195 T-L
0 20 MnMoNi 55 MPA195 L-T
A 20 MnMoNi 55 MPA195 L-S
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Figure 424 Charpy energy-temperature curves for test section mterial 20 MnMoNi $ $
at vario_q sample orimtations
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Section5 PREDICTIONSOFTHEHDRoE31EXPERIMENTS

$. PREDICTIONS OF TIIE HDR-E31 EXPERIMENTS

Prediction of the behaviorof flawed piping requiresa structuralanalysis to define the crack-driving
force and a fractureanalysis to determineif the crackresistance is exceeded. In the engineering
fractureanalysis, these two elements of the evaluationare assumed to be uncoupled. That is, a
structuralanalysis is performedto find the maximum applied load, which is then used in a separate
fracture analysis to determineif this load causessome fracture criterionto be exceeded. In the
nonlinear FEA fractureanalysis, the fracturecriterionis an inherentpartof the structuralanalysis.

In the section that follows, the previously discussed engineering fractureandnonlinear FEA fracture
analyses are applied to predictionof the HDR-E31 experiments. Because the methodologies have
alreadybeen discussed, the presentationfor each mainly includes just a summaryof the results.
Assumptions needed to complete each analysis are also stated. Prior to presentingthe fracture
predictions, the basic structuralmodeling of the HDR test system is discussed, because it is an
integral pan of either analysis.

$.1 Finite Element Modeling

Prediction of the behaviorof flawed piping sections is very much dependentupon the specific
geometry, materialproperties,andglobally applied loads of the piping system, i.e., to know the
crack-drivingforce, the piping system response must be precisely estimated. Finite element piping
stress analysis permits all of the essential featuresof a piping system to be rigorously included in a
structuralanalysis, in a routine fashion.

5.1.1 F'mite Element Models

Separatefinite elementmodels were developed to analyze HDR-E31.2 and-E31.3. The reason that
separate models were developed was to includethe modest section length variations between the two
experiments. As appropriate,the models were modified for conducting modal analyses, static point-
load analyses, anddynamic analyses of the uncrackedpiping system. In addition, a third, simplified
engineering design model of the E31.2 pipe experimentwas developed. The more detailed HDR
models are referredto as refined models, while the less detailedmodel is called the engineering
model. Eventually, the refined uncrackeddynamicpiping system models were modified to include
the nonlinear-crackFEA fracturemechanics crackmodel.

In an attempt to produce a very high quality structuralanalysis, the pipe system was rigorously
modeled to account for all of the pipe transitions, materialchanges, instrumentationlocations, and
boundaryconditions. The models of the E31.2 andE31.3 experiments were developed using the
HDR design reportsfor the specific experiment. Nodes were defined at locations where the material
propertiesor pipe geometry changed andwhere instrumentationwas applied during the experiments.
Materialpropertieswere inputas a function of temperature,when available.
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The refined system models were developed using ANSYS elastic pipe elemems, a generalizedmass
d_ andlinear spring-damperelements. The straightpipe runs were modeled using the elastic
pipe eleme_ STIFI6, andthe four elbows v,_re modeled using elastic curved pipe elements, STIFI8.
The check valve was modeled using pipe elementswith no materialdensity and a generalizedmass
elmnent, STIF21, located at the centerof mass of the valve to account for its weight. Single dt_r_-
of-_m spring-damperelements, S'I_14, were used atthe F_xedPoint support. A spring element
was connectedin each local degree-ofofreedomto model the s_i_T_ne_.sof the support. The second
support, at the rupturedisc, was modeled by constrainingthe lateral andvertical translationalmotion
of the piping system, Longitudinaltranslationandrotationof the pipe were allowed at this support.
Over 275 elements were used in each refined model.

The refined piping system model used six differentmaterials. A complete listing of the elements,
includingdimensions and elementorientation, is provided in Appendix A. A table of the material
propertiesused in the finite element analyses is also given in this appendix.

The third version of the HDR-E31 piping system model was a simplified model of the _31.2
experiment. An engineering model, similar to that used for design purposes, was developed so that
comparisonscouldbe madewith the results from the refined models. This model used the same
ANSYS elastic pipe elements; however, only a few sets of averagepipe geometric dimensions were
consideced. "_uewall thickness anddi_uneterof the pipe elementswere only changed at two locations
in the piping system. The pipe element !engthswere considerably longer in this engineering model
than in the refined E31.2 model. Approximately50 elements were used in the engineering model.

One set of materialproperties was appliedto all of the pipe elements, except for the test section, in
the engineering model. The boundaryconditions at the reactorpressurevessel were fixed in all six
de, tees-of-freedom, and the boundary conditionsat the Fixed Point support were fixed against the
lateral andvertical translationalmotions. The analysis using the engineering model was conducted
under the same conditions of temperatureandpressure as the E31.2 analyses.

Figures 5.1 and5.2 show the basic HDR-E31 test system and the ANSYS finite element model,
respe_vely.

5.1.2 Modal Analyses

A modal analysis was conducted for each model to determinethe naturalfrequenciesandmode shapes
of the system. The nx_lal analyses were conductedwith the piping system at a temperatureof 240 C
(464 F) andan internalpressure of 90 bar (1,323 psi). The value of the internalfluid density was
844.6 kg/m3 (52.07 Ib/ft3).

The modal analysisof Experiment E31.2 was conducted using two versions of the E31.2 finite
element mod_l. The first version used fixed-boundaryconditions at the Fixed Point support, while
the second analysis used the linear-springelements previously described. The naturalfrequencies for
the first five modes are shown in Table 5.1 for both versions of the E31.2 model. Plots of the mode

shapes from the E31.2 model with the fixed-boundaryconditions at the first support are shown in
Figures 5.3 through5.7. The plots of the mode shapes for the E31.2 model with the support stiffness
showed no discernabledifferences from the plots in Figures 5.3 through5.7.
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The modal analysis of the E31.3 finite dement model was conduced under conditions identical to the
E31.2 analysis, including the spring stiffnesses at the Fixed Point support. The naturalfrequencies
calculatedfor the E31.3 model are also shown in Table 5.1. Modal analysis of the engineering model
was also conducted,and the naturalfrequencies are listed in Table 5.1.

An additionalanalysis was conducted to determineif elbow flexibility influences the natural
frequencies significantly. The reportedANSYS results used the standardASME Section III elbow
flexibility factors, Ref. 5.1. An alternativeto Section I11flexibility factors, Code Case N-319-2, Ref.
5.2, provides a different "approved"method to calculate elbow flexibility factors. If the Code Case
flexibility goes up, the calculatednaturalfrequencies using ASME Code Case N-319-2 should drop.
The Code Case N-319-2 flexibility factors changed the flexibility factor from 4.05 to 3.19 for Elbow
1 and from 3.11 to 2.45 for the remainingelbows. The resultingchange was a very slight increase in
the calculatedfirst naturalfrequencyfrom 5.07 Hz to 5.17 Hz. Because the naturalfrequency of the
finite dement model using the Code Case elbow flexibility factorwas not significantly different when
the Section HIfactor was used, the Section HI flexibility factors were used in all subsequentanalyses.

As a final effort, modal analysis of the HDR-E31.2 experimentwas also conducted using the
experimentallymeasuredvalues of stiffness againstvertical bendingand horizontalbending at the
Fixed Pointsupport. A summaryof the stiffness values is shown in Table 5.2. The design values for
the translationalstiffnesses and the stiffness againsttorsion were used in both analyses. The results
showed a slight decrease in the frequency of the piping system for each mode; however, the change
was typically less than one percent. The mode frequenciesusing each set of stiffness values are
summarizedin Table 5.3.

5.1.3 Static Analyses

The HDR-E31 uncrackedpiping system was analyzedwith a static point load applied midway between
the two elbows in the U-bend. All three versions of the HDR-E31 finite dement model were used iL

the analyses. The static point-load analyses were conductedat a temperatureof 22 C (72 F), with no
internalfluid pressure. An internal fluid density of 998.0 kg/m3 (62.3 lb/ft3) was used to account for
the mass of the water. Displacementsand momentsat selected sections were calculated.

Figures 5.8 and 5.9 show the pipe system geometry and the location of calculated displacementsand
moments for the engineering and the HDR system models, respectively. The _isplacements were
measured at sections along the pipe system slightly up stream from each elbow. The bending
momentswere calculated at three locations in the pipe system. Section 002 correspondsto Elements
5 and26 in the engineering model andtermed pipe system model, respectively. The flaw was located
at Elements 8 and 43 in the respe_ve models. The third set of momentswas calculated at Section
Q91, nearthe Fixed Point support,and corresponds to Elements 38 and 194 for the engineering and
refined system models, respectively. Tables 5.4 to 5.8 presentthe static point load predictions. The
results of the engineering model agree with those of the detailed pipe system models to within 10
percent.
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$.1.4 Linear Dynamic Analysis

Linear-elastic, time-history, uncrackedpipe calculationswere conductedusing the finite element
models previously described. These analyses were performedto provide inputs for the engineering
fracturemechanicsflaw assessments. Forces equivalentto the pressures, per the discussion presented
in Section 4.2.4, were applied at the appropriateelbow nodes as a functionof time. The analyses
were conducted with pipe system materialpropertiesat a temperatureof 240 C (464 F). Moments
andnodal displacementsat the instrumentationlocations were calculated.

The dynamic analyses were conductedusing the ANSYS KAN=4 (NonlinearTransientDynamic
Analysis) option. The KAN--4 option was not requiredfor the linear analyses but, because it must
be used for the nonlinear FEA crackedpipe analysis, it was decided to utilize it for all analyses.
KAN-4 uses the Newmarkdirect-time-integrationscheme. The defaultunconditionally stable
integrationparameterswere used, and all linear elastic analyses were conductedusing the complete
1.0 second force-time history with a time step of 0.0002 seconds.

Rayleigh damping (mass and stiffness damping)of 0.5-percent in the first and fourthmodes was
assumed in the analysis. This is justified on the basis of past experiencewith the IPIRG-I pipe loop
test system, Ref. 5.3, in which the measured damping in the pipe loop, which had no hangers (only
hydrostaticpipe supports), was less than 0.5-percent.

Force and displacementdatawere extractedfrom the finite elementresults duringpost-processing of
the data. Moments were extractedat three locations along the pipe system: Section Q02 in the
reducerleading to the test piece, Section QPI at the crack, andSection Q91 nearthe first support.
Displacements were also extractedat three locations along the pipe system: near Elbows 1, 2, and4.
Figures 5.8 and5.9 show schematicsof the pipe system with the location of selected nodes and
elements for the HDR E31.3 engineering andrefined system models, respectively. The moments are
at the end of the designatedelements and the displacements are at the nodes.

Lineardynamic analysis results are plotted as a functionof time using the engineering model and
E31.3 loading in Figures 5.10 through5.15. The correspondingresults for the refined system model
analyses are shown in Figures 5.16 through 5.21. As indicated in Section 4.2.4, the forces for the
two experimentsare slightly different, hence the two curves for the refined system model analysis
results.

The maximum moment attainedin the refined HDR-E31.2 linear analysis was 1,757 kN-m
(15.55x106 in-ib). This momentoccurredat 0.1084 seconds from initiationof the test. The
maximum moment attainedin the refined HDR-E31.3 linear analysiswas slightly lower, 1,627 kN-m
(14.4x106 in-lb), and it occurred at 0.1170 seconds from initiation of the test. As expected, the
engineeringmodel and the refined model results are virtually identical. The maximum moment data
for all three analyses are summarizedin Table 5.9.

It is importantto point out that the "equivalent"water-hammerforces appliedto the elbow elements
in the dynamicfinite element model do not include all of the load effects that pressure causes in an
elbow. In almost all cases, a pressurizedelbow will tend to "open', creatingmoments at the straight
pipe to elbow junction. At the outset of this program, it was plannedto use the measuredpressures
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andthe ANSYS pipe system pressure loadingcapabilityto inducethe momentsat the crack section.
This did not work, and in the course of our investigationwe discoveredthat pressureloading of
elbows is not correct in ANSYS. The fall-backposition that we adoptedwas to use the "equivalent"
elbow forces, recognizing that some part of actual load is not being applied. In addition, it must also
be pointed out that the "equivalent"elbow forces ignore static effects. This does not pose a problem
in the analysis, however, becauseall of the measured strai_¢anddisplacements are also dynamic.

5.2 Engineering Fracture Predictions

The basic procedure to utilize any of the engineering fracturemechanicsassessmentmethodologies in
a flaw evaluation is as follows.

(1) Conduct a linear elastic finite elementanalysis of the pipe system with no crack to find
the moment at the flaw location. This analysis couldbe a time-history analysis or it
couldbe a response spectrumanalysis.

(2) Calculatethe predictedflaw maximummoment-carryingcapacity.

O) Check the result of Step 2 againstthe applied momentsdetermined in Step 1. If a time-
historyanalysis has been used in Step 1 and the maximummoment-carryingcapacity has
been exceeded, one can find the time when the flaw is predicted to "fail". If a response-
spectrumanalysis has been used in Step 1, then "failure" is a go/no go proposition.

(4) If "failure"is predictedin Step3, a J/T or Energy Balance analysis can be performedto
assess flaw stability.

5.2.1 Analysis Assumptions

There are several assumptionsthat are inherentto all the engineering fractureanalyses. Among the
importantassumptions are:

• Flow stress has been taken as the average of yield plus ultimate from Specimens 195-1
and 195-2 (574.4 MPa [83.3 ksi]) in all but the ASME Section XI evaluation.

• For ASME Section XI, the Section[] Code definition of Smfor the material is supposed
to be used in the analysis. Unfortunately,the test material, 20 MnMoNi 5 5, is not in
the ASME Section [] Appendices,but it has been judged to be similar to A508 CI 3
material.

• An equivalent surfacecrack flaw size has been used in all of the analyses except the
ASME Section X! evaluation. As can be seen in Figures 4.21 and 4.22, the flaw tapers
at the edges, unlike the idealizedradial edges shown in Figure 2.4. The equivalent flaw
uses the actual maximumcrackdepth and a length that makes the actual crackarea and
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equivalentcrack areasequal. This has the effect of "shortening"the crack length, as
measured on the inside diameterof the pipe.

• For ASME Section XI, crack length is prescribedto be based on the length of the crack
at the innerpipe wall. Table 5.10 compares the flaw sizes used in the analyses.

• The initial size of the resulting through-wallcrack is assumed to begin at the ends of the
machined surface crack notch.

In additionto these importantglobal assumptions, there are assumptions more specific to a particular
analysis.

$.2.1.1 R6 Assumptions

In the R6 calculations, the quasi-staticdeformationJ-R curve at the pipe test temperaturewas used.
The yield strength used was an average value atthe pipe test temperature. The cut-off point on the Sr
axis is the ratio of the flow stress to the yield strength, where the flow stress was the averageof the
yield and ultimate strengths.

$.2.1.2 J-Estimation Scheme Assumptions

The J-estimation scheme analysis follows the process described in Section 2.5. For this effort, the
SC.TNP s_cked pipe J-estimationscheme, Ref. 5.4, implementedin Battelle's NRCPIPES
computerprogram was used to predictthe surface-crackbehavior. Through-wall-crackbehavior was
predictedusing the LBB.ENG2 method, Ref. 5.5, as implemented in Battelle's NRCPIPEthrough-
wall-crackedpipe J-estimationscheme analysis computerprogram.

The dataused as inputto the SC.TNP analysis are the engineering estimateof the flaw geometry, see
Table 5.10, and the material properties. Figures 5.22 and5.23 show the stress-strain data andJ-R
curve dataused in the analysis. Of particularinterestin these figures is the fact that the Ramberg-
Osgood fitted stress-strain curve has a high "n"value. Note the extremely good fit to the Ramberg-
Osgood curve. The "n"value is very high compared to typicalU.S. piping materials. In Figure
5.24, the scatter band on the predictionswas due to the differencein the Ramberg-Osgood fit of the
stress-strain data in the low strain, high-strain or entire strain regions. The stainless steel pipe tests
had a much larger scatter in the Ramberg-Osgoodfits andpredicted failure loads. The carbonsteel
pipe had a lower scatterand the experimentalloads fell closer to the upperboundingcurve. The
HDR pipe materialfollows the Ramberg-Osgoodcurve very well, see Figure 5.22, hence it was
expected that the upperbound curve in Figure 5.24 would give an accuratepredictionof maximum
loads. The measured J-R curve dataare extrapolated using a power-law fit to the dataout to man_
times the measuredcrack growth. (As a peripheral issue, 20 MnMoNi 5 5 was tested for
susceptibility to dynamic strain aging. It was found not susceptible, as indicated by no anomalies in
the hardnessversus temperaturecurve, Figure 5.25, using the DSA screening criteriaprocedures
developed in the NRC's Short Cracks in Piping and Piping Welds program, Ref. 5.6. Therefore, one
would not expect crackjumps duringflaw growth and the J-R curve should not be rate sensitive.)
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Comparisonsbetween predictionsusing SC.TNP and experimentaldatasuggest that, on average,
SC.TNP tends to over predict the moment-carryingcapacityof a given flaw, Figure 5.24, particularly
at the Ri/t ratio of the HDR test pipe, Ri/t= 13.3. To remove this knownbias, all of the raw SC.TNP
datawere scaled by a factorof 0.714, the upperboundat Ri/t-- 13.3 in Figure 5.24. Pressure
correctionswere applied to the SC.TNP andLBB.ENG2 dataper the discussions in Section 2.5.2.

5.2.1.3 Energy Balance Stability Analysis Assumptions

The dataneeded to performan energy balance analysis are the moment-rotationpredictionof the
initially surface-crackedpipe, the moment-rotationpredictionfor the resulting through-wall-cracked
pipe, and the elastic compliance of the pipe system. The moment-rotationpredictions were made as
described above. The pipe system compliance was determinedwith the ANSYS finite element
computerprogramusing the methodology outlined in Ref. 5.7.

For an Energy BalanceStabilityAnalysis of a pipe system, it is necessaryto identify load-controlled
versus displacement-controlledmoments. Displacement-controlledmoments are momentswhich are
relieved by pipe system deformation. Thermalexpansion and anchor displacements cause
displacement-controlledmoments. Load-controlledmoments, on the other hand, are moments which
are not shed as a resultof deformation. De_-weight loading andeccentric axial forces from pressure
causedload-controlled moments. For the HDR system case, the only significantload-controlled
moment is the moment caused by the eccentric axial forces from the internalpressure. The dead-
weight loads are insignificant.

To account for the pressureinduced moment, several possible approachesmay be considered. One
method is to incorporatethe axial tensile forces in the calculationsof the moment-rotationcurves of
the surface-crackedandthrough-wall-crackedpipe analyses. This is the most straight forward
approach, but J-estimationschemes including pressureandbending of surface-crackedpipe have not
been sufficiently validated to date. Another approachis to performthe moment-rotationcalculations
under pure bending, and then determinean equivalentload-controlled bending moment caused by the

axial tensile load. This is the methodthat was used here. The equivalentbending moment, Meq, was
determined by using the Net-Section-Collapseanalysis:

Meq -- Mb - Mp. b (5.1)

where M b is the moment calculatedby the Net-Section-Collapseanalysis at failure for purebending of
the through-wallcrack, and Mb+ p is the momentcalculated by the Net-Section-Collapse analysis at
failure for combined bending ancfpressure of the through-wallcrack. This correction is also a

function of crack size. It should be noted that Meqcontains terms that include induced bending
effects from the axial tension from the internalpressure. If the pipe system restrains the induced

bending, then the Meqwill be less.
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5.2.2 Predictions

Table 5.11 summarizesthe results of the engineeringfracturepredictionsfor the HDR-E31
experiments. As expected, the E31.3 predictionsare lower than the E31.2 predictions because of the
deeper flaw• In addition,the ASME Section XI ferrificpipe evaluationprocedure, with its
conservative flaw size estimate,predicts the lowest moment-carryingcapacityof all of the methods.
Figure 5.26 shows the predictedmoment-rotationbehavior of the flaw from the J-estimationscheme
analyses. (Note: rotation in this reportis always the total rotationor rotationof the pipe on one side
of the crackrelative to thepipe on the other side of the crack, i.e., 24.)

Strict applicationof ASME Section XI requiresone to use Sm from Section IIIof the Code and the
innerwall crack length and maximumdepth to define the flaw size. To explore the impact of these
restrictions, two alternativeinterpretationswere considered. First, the engineeringflaw size was
used. Because the length is shorter, Table 5.10, the moment-carryingcapacity should go up.
Second, the use of the A508 CI 3 Sm may be biasing the predictions downward. An alternativefor
defining Sm is to calculate an Smbased on actualproperties. For ferriticsteels, this Sm value, called
S,l(_tu_, is the lowest of au/3 at temperature,0.9_y at temperature,or 2_y/3 at room temperature,
per the _SME definitions Using Sm(^et_ accounts for materialvariability, and essentially considers• )
the pipe as if it had minimumASME Code properties. (It shouldbe noted that the ASME Code is
limited to lower strength ferritic steels, and that the HDR Germanpiping steel has a higher strength
than the ASME Code upperbound. Hence, strictly speaking, the ASME Code should not be applied
to German piping steels.)

The impactof "lifting" some of the restrictions on ASME Section XI is shown in Table 5.12. The
change is as great as 28-percenthigher predicted capacity when actualSm and the engineering flaw
size are used.

Comparing the predicted engineering fractureanalyses maximum moment-carryingcapacityof the
flaws, Table 5.11, with the linear elastic finite elementresults, Table 5.9, all of the flaw evaluation
methods wouldpredict that the surfacecrack would easily penetratethe pipe wall, because the load
capacity is much less than the applied moment. In light of the fact that all of the engineering analyses
predict thatthe surface crack will penetratethe pipe wall, stabilityanalyses were performedto predict
the stability of the resulting through-wallcrack.

The stability of the resultingthrough-wall cracks was assessed using both J/T and Energy Balance
analyses. CurrentJ/T analysis methodsmake a distinction between load-controlled and displacement-
controlled stresses, and are not able to consider combined stresses. Energy Balance, on the other
hand, is able to consider the effect of each type of stress.

The applicableJ/T solutions are EPFM solutions, Refs. 5.8 and 5•9. The analysis proceeds according
to the discussion presented in Section 2.6.1, with both the load-controlled and displacement-controlled
J/T solutions utilizing the GE/EPRI h-functions. Unfortunately,the crackrotationh-functions
requiredfor the displacement-controlledJ/T analysis are limited to Ramberg-Osgood"n"values less
than 7. Because the E31 experiment"n"is beyond this limit, no displacement-controlledJ/T stability
analysis can be performed. Load-controlled J/T stability analyses can be conductedand are shown in
Figure 5.27. In both cases, the through-wallcrack is predicted to be unstable.
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Energy Balance stabilityassessments were performedaccording to the descriptionsgiven in Sections
2.6.2 and5.2.1.3. Figures 5.28 and5.29 suggest that for both E31.2 and E31.3, the driving and
absorbedenergies can be balancedbefore the through-wallcrack has runout of moment-cmrying
capacity. Because the balance point is well above the load-controlledmoment of either the test
pressure (90 Bar [1,323 psi]) or the saturationpressure at 240 C (464 F) and 24 Bar (353 psi), the
cracks arepredictedto arrest,after a limited instability.

Nonlinear FEA Fracture Predictions

The basic procedureto performa nonlinearFEA fracturemechanicsflaw evaluation is as follows:

(1) The geometry of the basic pipe system is modeled using finite elements.

(2) A J-estimationscheme analysis is performedto define the moment-rotationresponse of
the crack. Moment-rotationresponse must be defined for the surface crack and the
expected through-wall-crackafter surface-crackpenetration.

(3) The predicted moment-rotationresponse of the cracked section is implemented in the
finite elementmodel using nonlinear springs, a nonlineartruss, anda break-away
element. The maximum force of the break-awayelement is set to a high value.

(4) Conduct a dynamictime-history analysis and note if andwhen the maximum surface-
crack moment is achieved. If the maximum surface-crackmoment is not achieved, then
the analysis terminatesand the conclusion is that the surfacecrack does not penetratethe
pipe wall. If maximummoment is attained, continuewith Step 5.

(5) Restartthe analysis at the time step of maximum momentof the surface crack with the
correct break-awayforce in the break-awayelement. This will "remove"the surface
crack from the subsequentload steps.

(6) Continue the analysisof the piping system as a through-wall crackproblem. At some
point, the moment capacity of the through-wall crackmay be exhausted, in which case
one would predict thata DEGB had occurred. If the through-wallcrack unloads before
reaching zero momentcapacity, then continuewith Step 7.

(7) At the point of crackunloading, determinethe amountof crackgrowth andsave the
restartfiles for the dynamicanalysis.

(8) At the given amountof through-wall-crackgrowth, conduct a J-estimationscheme
through-wall-crackanalysis with the new cracklength and Ji set very high. This has the
effect of suppressingcrackgrowth in the J-estimationscheme analysis, so that only
material stress-strain nonlinearityis considered.

(9) At the given amountof through-wall-crackgrowth, conducta J-estimationscheme
through-wall-crackanalysiswith the new crack length and Ji set to the value attained
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when the crackunloaded. This basically implements the change in compliance caused
by the longer crack while retainingthe correct moment-rotationresponse when the crack
reinitiates.

(10) Restartthe dynamic cracked-pipeanalysis with new materialproperties. The tensile
partof the moment-rotationcurve comes from Step 9 and the compressive part comes
from Step 8.

(11) Recycle to Step6, as needed.

S,3.1 Assumptions

The principalassumptions needed to conduct a nonlinearFEA fracture mechanicsanalysis of the
HDR-E31 experiments arethe same ones listed in Section 5.2 for the J-estimationscheme analysis,
i.e., use of the engineering flaw size, through-wallcrack behavior begins with the cracktips at the
ends of the surface crackmachined notch, all of the assumptions associatedwith the J-estimation
scheme analysis, no torsional loads, andmoments are in a plane symmetric with the center of the
surface crack.

in additionto the assumptionsnoted above, it was assumed that the surfacecrack moment-rotation
response could be adequatelyrepresentedwith three linear segments andthat the through-wallcrack
couldbe representedwith five linear segments.

$.3.2 Predictions

The predicted moment-timeandmoment-rotationresponses for the HDR-E31 experimentsare shown
in Figures 5.30 through5.33. The interpretationof informationpresented in these figures is as
follows; the E31.2 surface crack is predicted to penetratethe pipe wall at 0.1066 seconds and will
propagateas a through-wallcrack and arrestat an included angle of 83 degrees, while the E31.3
surface crack is predicted to penetrate the pipe wall at 0.1018 seconds and will propagateas a
through-wall crackand arrestat an includedangle of 85 degrees.

Review of the detailed outputs for the surface-crackportion of the analysis (throughStep 4 in the
procedurelisted above), suggests that the E31.3 flaw and loading combinationeasily causes the
surface crackto penetrate the pipe wall. E31.2, on the other hand, is quite marginal. The loading on
the crack is only just sufficient to cause surface crackpenetration. If the predicted maximummoment
had been only 2- to 3-percenthigher, surface-crackpenetrationwould not be predicted to occur.
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Table $.1 Predicted natural frequencies of the HDR pipe system

, IIII I iiiii I ' Ill III IIIlll/I jJ ,,,, , , ,,,, ,, ,,,,, _ ,,,, ........ _ ........,, j_ ,

IUl._ with IUI.2 with IUI.3 with

Fixed Support Support Engineering
Support, Stlffnas, Stlffnms, Model,

Mode Hz Hz Hz Hz
I I III Ilnlll III " II IIIIIII1' I I IIII II H, tt i i.i j j j

I 5.250 5.105 5.105 5.223
I I_fl Jl Illl I I IIIIIII _

2 7.068 6.958 6.959 6.978
I IIII I

3 8.951 8.954 8.955 9.197

4 15.594 14.926 14.925 15.306
I I I II I lille I I II III

5 21.356 20.428 20.429 21.036
I I I lib I III I I II III IIII I I IIII II III III' II I

Table $.2 Fixed point stiffness values for Experiment E31.2

IIII II ' I" I I1'1 '1 'ml'l IT'_ ' " I ' I III I II

Stiffness* DesignReport Stiffness Measured Stiffness ,
' ' I I I llrl'I ,.,,,'. '"' '" I' ' " I 1'II' I

Cx,MNlmm 2.56 -
i i i i ii H i

Cy, MN/mm 0.571 -
II II II I III IIIIII II

Cz, MNlmm 0.77 -
i i ILalto ii i ii i il iiii ill

Cxx,GN-m/rad 1.54 -
i i i li| i, i ii i ii.

Cyy,GN-m/rad 0.457 0.409
i i i ill

Czz,GN-m/rad 0.637 0.442
" ' I l I' ' ' ' ' WTH,,,,,, ,, ,L ',' ,,,., _,' " 1'I='I I " 'I' 'I

* 0.17513 MN/mm = 1.0xl0 _, 112.98 ON-m/rad = 1.0xl012 in-lb/rad
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Table $.3 Mode frequendes for Experiment E31.2

II III .................... " I II .............

Frequency Using Design Frequency Using Measured
Mo_ Stiffness Values, Hs Stiffness Values, _

[, II III I II II I llll IIIIII

I 5.105 5.068
i i ii I I I I

2 6.958 6.925
ii iii ii ii i i i i i i i i

3 8.954 8.947i i i
i

4 14.926 14.801
IT IIIIlll I IIIllll I

i i IIIIml

5 20.428 20.316
__ I II I I I I I II III1' ' I I I IHI I I NI

Table 5.4 Summary of displacements due to static loading*

I
i "11 " i

Model Loading Displacement Displacement Displacement

Condition Us, ram .. Uy, nun Uz, nun

1 F=:100 kN 3.323 0.377 3.891
8=9.81m/sa

2 F- 100 kN 7.169 2.078 9.882
g=o 2

3 F=okN -3.S46 -1.701 -S.99
g-9.81 m/s2

* 1,000 lb - 4.4482 kN; 1.0 m/s - 39.37 in/s, 25.4 mm - 1.0 inch.
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Table $.$ Moment and displacement results for the engineering finite
etement model with Fz= 100 kN (2.2,481 Ib*)

[

Locafloa Disphtcmmd Us Displscmmd Uy Displacmlemt Us
(rode) ,,TTTTm_

..................... [ II I I II i I l illl II ........

MN461 (14) -0.008 -0.977 8.560

MN471 (25) 6.939 1.482 I0.118

toadpointO0) 6.544 2.245 s.634
nlllml,ll ii ii inlllll i ,,,,innnnl • nnnnn, IIII I l I u III II II II I I u

MN481 (35) 2.894 0.245 6.118
II II II_i I II I I li [ H " IJ I li I IFi

Lom_on Mor_at at _=0 ° Mommt at _=90 °
(etaum/) (N,.m) (N-m)

H I l liti I I i I I 'li i li' 'ii"i' Imlll II I ' '" ' i' lUll iHil 'l"ii i

(5) -176,16o -13,8so
ii t i |1| I ii i

crack (S) -164,865 -13,920

0,91 (38) -173,540 +40,150
[ n i ,, ,,,, ,,, l furl l ,,,,, l

• 25.4 mm _-- 1.0 inch, 0.I1298 N-m - 1.0 in-lb.

Table $.6 Moment and displacmnent results for the E31.2 finite
eimnmt model with Fz= 100 kN (22,481 lb)*

Location Displacmteat Us Displacmneat Uy Displammmt Us
(node) nun nun

" I I I'lln III' II'tll I II Ilill I I I'll

MN461 (93) -0.009 -0.920 8.653
i __ i ii iii i i

MN471 (142) 7.350 1.211 10.270
Ill __ II I I II II I ill II II I

load point (153) 6.940 1.838 9.004
II I II I I i I II I III

MN481 (171) 2.999 -0.091 6.710
r,_ 'r " ' II''= I'I1' I ' ,

Location Momeat at .e=0 ° Moment at _=90 °.
(elemea0 (N-m) Oq..m)

I ii II .... l I I P_Il II II

Q02 (26) -186,070 -12,835
i ill i iiIllII II

crack (43) -174,210 -12,990
iii i ii i ,mUll I II II IIII

Q91 (194) -165,290 +41,530
i i . ]q iii il I I[ ti Ill I

* 25.4 mm- 1.0 inch, 0.11298 N-m - 1.0 in-lb.
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Table S.7 Moment and displacementresults for the engineering finite
element model with Fs= 110 kN 0.4,729 Ib)*

................. il ill I I Iqlili_ iii I II

Locattoa INsplac_ent Us Disphcanent Uy DisplaeBnent Us
(rode) nun mm

............... i I II IIlll I Irll i Illlll I Irll I r

MN461 (14) -0.009 -1.075 9.416
II II I II ]1 I II IIIIII Illfll III I IIII

MN471 (25) 7.633 1.630 11.130
ill i i i i ii ii i i i iiiiiii iiiill

losd point (30) 7.198 2.458 9.498
I I Llill II I IIII I I II

MN481 (35) 3.183 0.270 6.730
i, II _1111 Mr 'll _ i_ m_.l '_' "....... I ' I I _ _1 .

Lecatim Moment at _e=0° Moment at _=90 °
(element) {N-m) {N-m)

...... illi ii l i _ Mllilii ' _I

Q02 (5) -193,780 -15,265
I I IIIIIIIIII II IIIIII I I III I

crack (8) -18i,350 -15,310
I I ii I I I III I I I I lili III III IIIIIIII II

Q91(38) -190,900 " +44,165
IIIllill I I II Irl .I.. Ill III L I I_ .....

* 25.4 mm = 1.0 inch, 0.11298 N-m = 1.0 in-lb.

Table $.8 Moment and displacement results for the ID1.3 finite
element model with Fs=II0 kN (24,729 Ib)*

i i1,1. ,1i,,11,1 I

I.omtien Displacmnmt U= Displacement Uy Displacement Uz
(mete) nun nun

Illl I Ill i I I I IIrl' I

MN461 (93) -0.010 -1.011 9.517
I III II IIII I I

MN471 (142) 8.084 1.331 11.296
I I II II I III I

iosd point (153) 7.634 2.022 9.903
i i i iii

MN481 (171) 3.299 .0.101 7.381
I i IIII I I .m..... I ' P

Location Moment at _=-'0° Moment at _=90 °
(aeneat) {N-n) IN-m)

I ill illl"ii illrlll_ E '

Q02 (26) -204,690 -14,115
ii i i .....

crack (43) -191,650 -14,280
i ii ii i i ii. i i,,,

Q91 (194) -181,810 +45,680
JI[IHI I II II _lrl IlIIIIIII II I[I _ II TI [

* 25.4iron= 1.0inch,0.11298N-m - 1.0in-lb.
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_ICTIONS OF THE HDR-.E31_ Section $

Table$.9 _ f'miledmuent pipingstressanalysismoment muumary
fortheHDR-E31 testsystem

[ II II I II ! II I' I

Model _um mommt, MN-m T'me, smsl
' I .,., "' '111 ,. ,,,..=.,,,... II I ' '111' I

Eat,ineefing 1.796 0.1680
I I I I I III I I I II

Refined E31.2 1.7.57 0.1084
illll I I Ill II III I I I| I

Refined IDI.3 1.627 0.1170
.... ' I I II '1 I I ' ' ' ' Fm

* 1.0 MN-m = 8.85x106 in-lb.

Talble S.IO Flaw size used in the EIDR-IDI fracture asmssmeuts

"" ',,,,,,, ,,,I ' ,, ,,, , I', , ..... ' "Jr '",,,,," "I_ ,, ,,

Eat,immtq Equ,.deutSize XSM Sea. in
i ii i

Leal_h, _ 199 200 230 260
" "' " ' ,:H ||lli

* 25.4mm = 1.0inch.

TiMe S.II Enginteinf methods predictions

i IL I ,I

Maximum Memmt, Memmt,
MN-m* MN-m*

• '1 ' II

NSC Oq'P-192) 1.61 1..507

ASME Sect/oe XI
0WB-3650) 0.652 0.575

A.508CI 3, See. m flaw
II I I III I |111 I I I

R6, Rev 3, Option 1 1.521 1.307
I I I I I II I

DPZP _ critefim 1.158 1.083
I II I IJll

SC.TNP (Adjusted) 1.138 1.063

* 1.0 MN-m = 8._x10 6 in-lb.
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SectiOU5 PREDICTIONSOF THE HDR-E31 EXPERIMEN'_

Table 5.12 Comparison of IWB-36S0 maximum momeats for the IIDR-F,31 experimeats
with various flaw and matm'ial msumptiemP

,i, 1,,, , , H, , , 1, _L , , , , ,,,, ,111 ,

_,n _ l_-m
I ii ili illll i 'I illlii

ASME Section XI Flaw Size Ent,inm'ing Flaw Slze
, ii i ii ,i ml,

s=,_ _mt _ _
smDd'mi_ _1.2 1_1.3 _1.2 _1.3

I I I I I i 1 i _ii [ ii II II[I I.i _T

ASME Code Sm 186.5 652 575 664 614
(AS0S a 3)

i i| ii i i i ii i ,ll,

Sm_Acu__ 218.53 783 . 695 ,, 797 . 740

* 6.895 MPa = 1.0 ksi, 1.0 idq-m= 8,850 in-lb.

** Based on actual properties.

5-17 NUREGICR-6234



PREDICTIONSOF THE HDR-F.31EXPERIMENTS _:tioa 5

\

8cuC,l_IxltZm

. _-_-+0

Figure S.1 EIDR-IDIexperimentalfaeifityschematic (Unitsin mm)
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Figure 5.12 Moments at Section Q91 (Element 38) in the engineering model
(near the FixedPoint support)
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Figure 5.13 Displac_nents at Transducer MN461 (Node 14) in the engineering model
(at the first elbow from the reactor pressure vessel)
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Figure S.14DisplacementsatTransducer MN471(Node25) in the engineeringmodel
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Figure 5.15 Displacements at Transducer MN481 (Node 35) in the engineering model
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Figure5.17 Momentsat SectionQP1 (Element43) in the refinedsystem models(crack location)
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Figure5.18 Momentsat SectionQgl (Element194) in the refinedsystemmodels
(near theIF_edPoint support)
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Figure 5.19 Displacements at Transducer MN461 (Node 93) in the refined system models
(at the first elbow from the reactor pressure vessel)
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Figure 5.20 Displacements at Transducer NlIq471 (Node 142) in the refined system models
(at the second elbow from the reactor pressure vessel)
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Figure 5.21 Displacements at Transducer MN481 (Node 171) in the refined system models
(at the third elbow from the reactor pressure vessel)
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Figure 5.22 Stress-straincurveused in the J-estimationschemeanalysis
for 20 MnMoNi5 5 test section material(SpecimenHDR195-2)
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Figure 5.23 J-R curve used in the J.estimation scheme analysis for 20 MnMoNi 5 5
test section material (Specimen HDR19S-2)
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Figure S.24 SC.TNP J-estimation scheme prediction accuracy
for Degraded Piping Program experiments
(Scatter due to Ramberg-Osgood fits in different strain regions.)
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Figure 5.25 Dynamic strain-aging screening test data for 20 MnMoNi 5 5 test section material
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Figure 5.26 Predicted crack behavior from J-estimation scheme analyses
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Figure 5.27 Load-controlled J/T stability analysis of HDR-E31 experiments
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6. COMPARISONS OF PREDICTIONS AND THE
HDR-E31 EXPERIMENTS

As indicated in Section 4 of this report, the HDR-31 test system was extensively instrumented. Data
either directlyrecorded in the experiments or derived from the recordeddatacan be comparedw!th
the predictionspresentedin the previous section. The comparisonscan then form the basis for
assessing the margins thatthe various analysis schemes imply.

6.1 Structural Behavior Comparisons

6.1.1 Eigenvalues

Table 6.1 compares the predicted and measurednaturalfrequencies of the HDR-E31 test system. The
predicted andmeasuredfrequencies are quite similar, although the finite element results suggest that
the piping system m_lel is slightly too stiff. As previously discussed in Section 5.1.2, changing the
elbow flexibility factors did not have a very significant impacton the naturalfrequencies. The fact
the agreementis quiteclose, does suggest that the mass andstiffness of the piping system, for the
most part, have been properly modeled.

6.1.2 Static Behavior

The static point load test of the HDR-E31 experimentsprovides a means to benchmarkFEA analysis
programswith measuredexperimental data. Tables 6.2 and6.3 compare the displacementsand
moments at selected locations in the two experiments. The comparisons are quite good. In general,
the static predictions, like the naturalfrequency predictionssuggest thatthe models are slightly too
stiff. This is the same result as the Brosi analyses, Ref. 6.1. Clearly, however, the fact that the
measured andpredictedresults are so close indicatesthat the stiffness of the model is basically
correct.

6.1.3 Dynamic Time-History Response

Dynamic time-historydata from displacementtransducersand moments calculated from measured
strainson the test system can be compared with the predicted responseof the system. By making
these compariso_, one can assess whetheror not the dynamicfinite elementanalyses capturethe
essential behaviorof the test system.

As indicatedin Section 5, linear and nonlinearanalyses were performed. In addition, an engineering
model and refined system models were developed. Ratherthan show results for all of the
combinations of analyses, some selected subset will be presented. To provide a perspective for
interpretingthe comparisons, a brief summaryof the outcome of the experiments is required; in
E31.3, the surface crackpenetratedthe pipe wall at 0.110 seconds andgrew a small amountas a
through-wallcrack, while in E31.2, the surface crackdid not penetratethe pipe wall.
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6.1.3.1 Displacement Comparisons

Figures 6.1 through6.3 comparepredictedand experimentaldisplacementsfor ExperimentE31.2. In
these figures, the predictionswere based on linear elastic analyses. Figures 6.4 through6.6 show
similar comparisonsfor E31.3.

In reviewing these displacementdata, it is clear that the finite element results have the same character
as the measureddata, but that magnitudesandphasing are not precisely matched. The finite dement
analysis does make the correct distinction between the four peak event at transducerMN461
measuring the y-displacement,Figure 6.4a, and the three peak event at transducerMN471 measuring
the x-displacement,Figure 6.5a. Some of the finer detail nearthe peaks and valleys, see Figure
6.2b, for instance, is missing in the finite element analysis.

All of the predictionsmatch the experiments quite well for the first 0.1 seconds, but then deviate, h
was expected that the linear E31.2 predictions would more closely match the experimentalresults
because the E31.2 surface crackdid not penetratethe pipe wall. In fact, transducerfor transducer,
the E31.3 predicteddisplacementsappearto more closely trackthe measureddata in this experiment.
This may be due to a systematic error in the measured datain Test E31.2. In this test, the
displacementgage attachmentlugs, which are welded to the pipe, underwentconsiderabledeformation
(bending) due to interactionwith the shifting insulatingmats. The actualdeformationsduring the test
are unknown, but the measuredpost-testdeformationsrange from 18 to 60 mm (0.709 to 2.362
inches), Ref. 6°2.

6.1.3.2 Moment Comparisons Remote from the Test Section

Comparisons of moments at two sectionsremote from the crack location, one nearthe reactor
pressure vessel, andone near the Fixed Point support are shown in Figures 6.7 to 6.10. The
predictions in these cases are from nonlinear FEA analyses.

The agreementbetween the predictedand experimentalmoments is extremely good. There is
occasional higher frequencydetail in the measureddata that is missed by the finite element results,
but the general amplitudesand phasing of the moments are excellent.

Relative to the fractureevent, TransducerQ02 in the horizontaldirection, My in Figure 5.9, is the
primary crack opening moment. Figures 6.7a and6.9a suggest that the nonlinear finite element
analysis predictsthis behavior very well, although there is some fmer detail in the measured datathat
is smoothed in the finite element results.

6.2 Fracture Mechanics Comparisous

6.2.1 Loads and Stresses at Cracked Section

The test section, including the crack location, in the E31 tests was heavily instrumentedwith strain
gages. In addition,clip gages on the pipe interior monitoredthe crack opening. However, a number
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of straingages close to the crackexceed their measurementrangeand failed in both tests. Hence, it
is not possible to directly establish the cross-sectional loads and moments as well as stresses at the
crack location. These must be inferredby extrapolation/interpolationtechniquesfrom measurements
both upstreamand downstream of the crack (Ref_. 6.2 and6.3).

Using this approach,as well as some of the individualstrain measurementsat the cracked section, it
was found thatthe maximummoments and stresses exhibitedan asymmetryrelative to the crack
_. The highest fictiu'onsstress (assuming an undamagedcrack cross-section) in Test E31.2 is
!_ at 30 degrees to the crackcenter and has a value of 575 MPa (83.4 ksi). The corresponding
values for Test E31.3 are 20 degrees and 710 MPa (103.0 ksi). In both tests, the locations radially
opposite to the crack at 180 degrees experienced strong compressivedeformations. The measured
compressive strains were: -1.1 percent for Test E31.2 and-0.97 percent for Test E31.3.

In can also be establishedthat high tensile loadings of the crack in both experiments are present only
for a short t_e interval,namely, between 97 ms to 124 ms in Test E31.2 andbetween 90 ms to 130
ms in Test E31.3. The tensile loading is applied in a numberof steps with load plateausor
reductions in between. The maximumbending moments at the cracked section, inferredfrom the
measurementsat adjacentlocations, are shown in Table 6.4. As indicatedearlier, in both tests,
abruptcompressional deformations are observed at 180 degrees (opposite the crack, i.e., bottom of
pipe) as the crackexperiences its' highest tensile loading.

6_2.2 Crack Response

Following the tests, extensive fractureexaminations of the crackedcross-sections were conducted.
Stable crack growth was found to have occurred in both tests, but in Test E31.2 with the shallower
startercrack, the crack arrested, while in Test E31.3 a through-wallcrack (TWC) was formed. In
both tests, there was no circumferentialextension of the crackon the interiorsurfaceof the pipe
beyond the initial circumferentialflaw.

Video pictures takenduring the tests at 40 ms intervals (25 frames/s), show the first indication of a
TWC in Test E31.3 as a small steam puff. The next frame shows no indicationof leak, and the third
picture shows a well developed steamjet. Following picturesshow steamjets of increasingsize
indicatingfurthercrack opening, andby the 15th frame the picture is completely obscured by the
steam accumulationin the room.

Based on the examinationof the cracked-sectionspecimen, it was found that in both tests there are
two zones of stable crack growth. In the first zone, the crack is pulled apart while in the second zone
the sides of the crackare nearly parallel. This second zone also bears evidence of having undergone
strong compressioa. At the transition from the fatigue crack (formed in the laboratoryprior to the
tests) to the stable crackgrowth, a very clear "stretchedzone" can be identified in both experiments.
There are also indications of such a "stretchedzone" between the first and secondzone of stable crack
growth.

The clip gage measurementsin Test E31.3 indicate that the crack on the inner surfaceopened up to
4 mm (0.158 inch). The circumferentialextent of the TWC is found to be 43.4 degrees or about 174
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nun (6.85 inches). Finally, in both tests there was necking (cross-sectionalareareduction)at the
cracked section. This neckingwas particularlystrong in Test E31.3 andled to a relative radial
displacementof the cracksides on the inner pipe surfaceof 1.1 mm (0.043 inch). The majorcrack
characteristicsfor the two experiments, obtained from post-testexaminationsof crack-section
specimen, are shown in Table 6.5.

6.2.3 Comparison of Calculations and Test Results

Tables 6.6 and6.7 comparethe predicted andmeasuredfracture behaviorof the E31 tests. In these
tables, the measured values of moment are actually inferredfrom strainsremotefrom the test section.
All of the engineering methods (engineering fractureanalysis plus linear finite element analysis) are
conservative, in that they predict that the surface crack will easily penetratethe pipe wall for both
experiments.

The nonlinear FEA fracture analysis method correctly predicts the outcome of E31.3, and
conservatively predicts the behavior of E31.2. As mentionedin Section 5.3.2, the predictions for
Experiment E31.2 appearedin the finite elementanalysis to be marginal, in termsof whether or not
surface-crackpenetrationwould occur. Because it was predicted to occur, the resulting through-wall
crack analysis showed that the through-wall crackwould propagate.

Flaw stabilityfor the E31 experiments is summarizedin Table 6.8. By virtue of having predicted
surface-crackpenetration,all of the methods were incorrect for ExperimentE31.2. For Experiment
E31.3, Energy Balance and nonlinear FEA both suggest that the crack will arrest. The conventional
fully-plastic J/T analysis, on the other hand, only can predict whetheran instability will initiateand
not if it will arrest, andhence it is usually assumed that a DEGB would occur. In these experiments,
J/I' analysis predicted an instabilityfor both experiments.

6.3 Conclusions

The conclusions regarding the comparisons are as follows:

• The basic finite element analysis does a good job of modeling the pipe system response.
"Uaisis almost certainlya consequenceof the boundaryconditions being so simple.

• The engineering fractureanalysis methods all tend to makeconservative predictions.

• The nonlinear FEA fracture mechanics analysis did the most accuratejob of predicting
the fracture behavior of the E31 experiments, and using the current methodology was
slightly conservative.
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Table 6.1 Natural frequencies of the HDR pipe system

............ I " . ,H, , , , . i i,, , ' i ' ' ' ,.m

E31.2 E31.3 Experimental
Prediction, Prediction, Results,

Mode Hz Hz Hz
f i,,,, f,s ,, i , r ,, ,,

1 5.105 5.105 4.778 Ii r ii ,,i

2 6.958 6.959 6.525
.,u

3 8.954 8.955 8.465

4 14.926 14.925 13.348
,,,e. . e ,,

5 20.428 20.429 N.D.(')
fl "I_. , ,,. , i .. , , i , ., , ,,,,

(a) Not determined.

Table 6.2 Static loading results for Experiment E31.2, Fapplied=100 kN (22,481 Ib)*

7 I IIII I II I I III II _ _l I I I I I II I II I

Location Direction Prediction, Experiment,
(node) mm nun

load point (153) Uz 9.0 10.3

Ux 6.9 7.4
,,. H i. , ,, ,, ,,

........ U_ 1.8 . 1.2

MN461 (93) Uz 8.65 9.07i .l,.... ,, ,,,

MN471 (142) Uz 10.3 10.6i iiii i

MN481 (171) Uz 6.7 6.0
,,,., , , = ! , ,, , ,,,|, ' r ,. '" ' ' ,.,, , " ,,

Location Direction Predicted Moment, Experimental
(element) kN-m Moment, kN-m

" . ,, ,; , , , ,, ,',' ,.,,_ ,| ,,

Q02(26) _ = o" -186.o -186.8
, , ,,,

= 90" -12.8 -17.3
,,, ,. , . ,, ,, i , ,,, . ,H. ,|

Q91 (194) _ = O" -165.3 -158.8
i,

= 90" +41.5 +42.9
' " ,H, , ' " ' ' ' . ,, ..

* 25.4 mm = 1.0 inch, 0.11298 kN-m = 1,000 in-lb.
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Table 6.3 Static loading results for Experiment E31.3, Fspllied= 110 kN (24,729 ib)*

f i i i i i i i, i ,i i i i|,,

Location Direction Prediction, Experiment,
(node) mm 'ram

. .. _ ........ , , ,i.,,

load point (153) Uz 9.9 12.1
H ,,, H

Ux 7.6 5.9

.... U: 2.0 1.o
MN471 (142) Uz 11.3 12.0

i J i |l

MN481 (171) Uz 7.4 6.8
i i i i i ii. i ,,, , ,

Location Direction Predicted Moment, Experimental
(element) kN-m Moment, kN-m
ii i msl I'I'[ [ I TIll I .I I ... . I . :_ .... Ires i I II l ll_ Ill filmS|

Q02 (26) _ --0" -204.7 -217.3

- 90" -14.1 -20.9

Q91 (194) E = 0" -181.8 -160.1

= 90" +45.7 +36.9

* 25.4 mm= 1.0 inch, 0.11298 kN-m --- 1,000 in-lb.

Table 6.4 Crack section bekavior in the E31 experiments inferred from remote strain gage data

i L I II] Illl IIII II t ttii i i It[ tit t t t l

Expm'iment Time, Angle, Bending Moment,
ms degrees MN-m*

,, ,, L , ,,,, ,, ,, , i

E31.2 - 104 28.5 1.262
i Hi| i|l ,i ii i i,i

E31.3 - 99 27.3 1.383
,, , , ,,, ., ,

* 1.0 MN-m - 8.85x11_ in-lb.
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Table 6.5 E31 _eat post-test crack examination results

nil I nn, Ill IN l l] l] l l In Ill l[ ll_ l'ln

Expedmeat E31.2 Experiment E31.J
Crack Zone ...........

d/t depth, nun* d/t depth, nun*

Starternotch 0.13 2.1 0.14 2.2
. ,.

Fatigue crack 0.30 4.8 0.53 8.5

1st stable growth zone 0.35 5.6 0.70 11.2

2ridstable growth zone 0.39 6.2 0.90 14.4
, m¶ i m

Shear5p (leading to leak) - - 0.93 14.7
,|., v , , .... ,, :vp

* 25.4 mm- 1.0 inch.

Table 6.6 Fracture predictions for Experiment E31.2

, M_D_Bi_ ....... _M MO_/_ ......... C__ ....

MN-m*
i

f i i ,i n i,i li I , I

Measured 1.262 no SC penetration
i ii iii iii iii i ii

FEA 1.757 no _k in analysis

NSC 1.610 SC penetrationat 0.1034 sec
(NP-192)

l. ., H i, , , • , ,

ASME Sec XI
(IWB-3650) 0.652 SC penetrationat 0.0910 sec

A508 CI 3, Sec. HI flaw
i iii i i i i i iii i

R6, Rev 3, Option 1 1.521 SC penetrationat 0.1016 sec
m i i ii m llll imlll

DPZP screening criterion 1.158 SC penetrationat 0.0956 sec
im i ii ini iii im inl

SC.'IlqP 1.138 SC _etrafion at 0.0952

nonlinearFEA 1.138 SC penetrationat 0.1066 sec

* 1.0 MN-m - 8.85x106 in-lb.
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Table 6.7 tlmcture predictions for _eut E31.3

i i i, i im im ill i lima I J i I'"'

........
MN-m s

ifT ' I lil:i i II i i YI ' ' Ill i.Jwl i,,, . i ..i.

Measured 1.383 SC penetrationat 0.II0 sec

Linear FEA 1.627 no crack in analysis
......... , ... ,, , m ,..

NSC 1.507 SC penetration at 0.1002 sec
(NP-192)

i ii ii i i

ASME Sec XI
(IWB-3650) 0.575 SC penetrationat 0.0874 sec

A508 CI 3, Sec. m flaw
,- , iii i i i i i i i

R6, Rev 3, Option 1 1.307 SC penetrationat 0.0966 sec
i i| i el iii i

DPZP screening criterion 1.083 Sc penetrationat 0.0924 sec
ii i in ii • •

SC.TNP 1.063 SC penetrationat 0.0922 sec
ii i iii ii lull ii ill ii ii

nonlinear FEA 1.063 SC penetrationat 0.1018 see

* 1.0 MN-m - 8.8.%105 in-lb.

Table 6.8 Flaw stability predictiom for the E31 experiments

I'....... ''l,,, , ,,..L, ", .....i i i i i i,i i

Experiment no SC penetration TWC growth to 28=43 ° on OD
ii H ill i

J/T unstableTWC unstableTWC
(load _n_'oll_)

i , i i l i,. , i i m i i

Energy Balance TWC growth to 2#= 990 TWC growth to 20= 940
i i m l Hi

Nonlinear FEA TWC growth to 20=83 ° TWC growth to 28=85 °
ii • ; _ . ii i
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Figure 6.1 Displacements at Transducer MN461 (Node 93) for E31.2 (at the first elbow
from the reactor pressure vessel)
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Figure 6.2 Displacements at Transducer 1_g471 (Node 142) for 1_1.2 (at the second elbow
from the reactor pressure vessel)
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l_gure 6.3 Displacementsat Transducer MN481 (Node 171) for E31.2 (at the third elbow
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7. SUMMARY, DISCUSSION, AND CONCLUSIONS

The behavior of flawed piping underaccidentconditions is a majorconcern in the nuclear power
industry,with significantresources devotedto developingandimproving tools to predictsuch events.
Simplified engineering methodshave been developed as well as newer "state-of-the-art"fracture
analysismethods. However, most of these analysis methodshave only been validated with static
experimentalpipe fracturedata. High-ratedynamic loadingcomparisons are rarebecause high-rate
experimentaldataare scarce. Dynamic pipe loads are frequently classified as either repeating, i.e.,
seismic, or non-repeating(i.e., waterhammer). Seismic loading evaluations are being conducted
within the NRC's IPIRGprogram,Ref. 7.1.

The Test GroupE31 series, partof a studyof the behaviorof flawed piping subjectedto dynamic
loads in the HDR Safety Program (PHDR) Phase IH conductedby the Kernforschungszentrum
Karlsruhe (KfK) in Germany,provideda unique opportunityto validate analytical andcomputational
methodsused in predicting the behaviorof flawed piping. Argonne National Laboratoryand Battelle
have jointly conducted a researchprogramfor the USNRC to evaluate the ability of current
engineeringand a state-of-the-artanalysis methodsto predictthe behavior of the E31 water-hammer
experiments.

7.1 Summary

In this report, five majorsubjectswere addressed. A brief summaryof the importantpoints is:

Review of Current Engineering Fracture Mechanics Analyses. The importantconcepts and
equations for Net-Section-Collapse, ASME Section XI, Dimensionless Plastic-ZoneParameter,
R6 Revision 3 Option 1, J-EstimationScheme, andJ/T and Energy Balance Stability
engineering fracturemethodswere defined.

Description of the State-of-the-Art Fracture Analysis Method. The nonlinear-springmodel
of flawed piping was described in detail, as were three majoradvances in nonlinearFEA
fractureanalysis; modeling of crackbehavior past maximummoment, surface-crackto through-
wall-crack transitionmodeling, and modeling of cyclic ductile tearing with reinitiation. This
involved validation with data from other programs. A noteworthyaspect, is that for the first
time dynamic crackgrowth duringa pipe instability test was modeled.

Description of the HDR-E31 Experiments. A very detailed description of the HDR-E31 test
system geometry, boundaryconditions, pipe system materials, loading, and test section flaws
and material propertieswas presented.

Predictions of the HDR-E31 Experiments. Structuralresponse and flaw behavior predictions
for the HDR-E31 experimentswere presented. The structuralresponsepredictions included
static, modal, anddynamic linear analyses. Engineeringmethod flaw behaviorpredictions
were made using Net-Section-Collapse, ASME Section XI, Dimensionless Plastic-Zone
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Parameter,R6, andJ-estimationscheme analyses. Nonlinear FEA fractureanalysis was also
used to predictedthe experimentalbehavior.

Comparison of the Predictions and the Experiments. The structuraland fracturebehavior of
the experimentswas compared with the predictions. In general, the static, eigenvalue, and
global dynamicpredicted responses were slightly stiffer, but quitesimilar, to the measured
behavior. All of the engineering fracturemechanicsanalyses, by virtue of the finite element
analysis overestimatingthe applied momentsand/or the fracture analysis underestimatingthe
moment capacity suggested that both E31 surface cracks would penetratethe pipe wall and that
the resulting through-wallcracks would be unstable. The nonlinear FEA fracture analysis
indicatedthat both flaws would penetratethe pipe wall and that the through-wall cracks would
propagateand then arrest. The behavior observed in the experimentswas that the E31.3 flaw
did penetrate the wall and then arrest,whereas the E31.2 flaw did not grow enough to
penetratethe wall.

7.2 Discussion

7.2.1 Accuracy of the Elastic Stress Analysis

The accuracyof the elastic stress analysis was determinedby dividing the moment from the elastic
analysis by the experimentallydeterminedmoment at the cracklocation. Table 7.1 gives the ratio of
the moment from the elastic stress analysis to the experimentallydetermined moment. In examining
the results in Table 7.1, it can be seen that the moment ratio was greater than one, but less than 1.5.
This suggests that the linear analysis overpredictsthe moment. The moment ratios for the HDR-E31
tests are far less that the ratio of 15 to 30 observed in the EPRI/NRC Piping and Fitting Dynamic
Reliability program on uncrackedpipe, Ref. 7.2, but are close to the results observed in the IPIRG-1
Subtask 1.1 pure inertial loading experiments, and the IPIRG-1pipe system experiments, Ref. 7.1.
(Note, the precise mannerof calculatingthe elastic stress analysis moment (or stress) ratio differed
slightly between this program, the IPIRG-1program, and the EPRI/NRC Piping and Fitting Dynamic
Reliability program, but it is expected that they would give the same order of magnitude.)

The obvious question here is why do these differentprogramshave differentmoment or stress ratios.
To assess this, the following specific differencesmust be recognized.

Firstinthe 1PIRG-1program,there were large cracks putinthe pipingsystem, so that the
failure loads would be near, or below, yield in the uncrackedpipe. Furthermore,the pipe
system was mostly made from a high strength materialso that it would behave elastically and
hence, reuseable for multipletests. Consequently, nonlinear behavior was limited to just the
crack plane and elastic stress analysis did a reasonablejob of calculatingthe stresses. Hence,
the low elastic stress to experimentalstress ratio was an artifactof the large flaws used and the
higher strength pipe loop materials.

Secondly, for the EPRI/NRC Piping Reliability Program, there were no cracks in the piping
system, so the loads were very high. The stress ratio in this EPRIprogram was the ratio of
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the elastically calculatedstresses to the ASME code maximumallowable stresses, i.e., 3Sm or
2$y. The ASME stress indices at elbows, for instance, greatly increases the calculated elastic
stresses. Here, the material was either A106 B or TP304 stainless steel, both having a low
yield to ultimate strength ratio. Hence, the high ratioswere due to no cracksbeing present,
and the denominator in the stress ratio being the ASME Section RI maximum allowable value
rather than the actual stress.

Finally, for the HDR E31 experiments, the cracks were much smaller than the IPIRG-I
programpipe system cracks, but the materialused had a much higher yield to ultimate strength
ratio. Additionally, the cracked pipe section was a reduced thickness section of pipe (16-mm
[0.630 inch] versus 25-ram [1.0 inch] thick), so fractureoccured at nominal stresses slightly
above yield everywhere but in the crackedpipe section. Hence, the stress ratio for the elastic
stress analysis in the HDR E31 experiments was similar in magnitude to the IPIRG-1stress
ratios.

Experimentswith smaller cracks in pipe systems with low yield to ultimate strength piping (typical of
U.S. materials), where yielding may occur other than at the cracksection, have yet to be done. This
is in part due to the expense of havingto replacethe pipe loop (or majorportions of it) in every test.
Hence, the margin in elastic stress analysis that might exist underhigher stresses for shorter cracks
has not been assessed experimentally by any of these programs. This could be assessed analytically,
to some degree, with the capabilities developed in this and the IPIRGprograms. This may be a more
important issue with the potential changes to ASME Section Ill that propose to increase the maximum
elastic design stresses from 3Smto 4.5Sm.

7.2.2 Accuracy of the Fracture Analyses

The inherentaccuracyin the various fractureanalyses was calculated by dividing the maximum
moment in the experiment by the predicted maximum moment. This accuracymay be thought of as
the margin on the pipe to resist fracture, whereas the elastic stress analysis ratio may be thought of as
a margin on the stress or crack driving force. Table 7.2 summarizes the fracture predictionmargins
for the HDR-E31 experimentsusing the various engineeringfractureanalysis methodologies.

From Table 7.2, the following observations can be madeabout the various analyses.

• The Net-Section-Collapseanalysis predicted load was 20 percent higher than the
experimentalloads. This is because the toughness is sufficiently low enough with the
higherstrength material and the reasonablylarge pipe diameter, that elastic-plastic
failure is a possibility.

• The ASME Section Xl fl_lwevaluation proceduresfor ferritic piping (IWB-3650)using
the Code values of Sm and Section XI flaw size definition, has the highest fractureratio,
i.e., it is the most conservative of all the analyses used. This fracture ratio does not
include the ASME Code applied safety marginsof 2.78 for normal and test conditions or
1.39 for emergency andfaulted conditions. Inclusionof these factors would further
increase the conservatism for this method. This large fracture ratio for the ASME
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FerriticPipe Flaw Evaluation criteriais consistant with past results in the IPIRG-1 and
DegradedPiping Programs.

s The Dimensionle_ Plastic-Zon_Parameteranalysis is one of the simplest means of
modifying the Net-Section-Collapse analysis for elastic-plastic fractureconsiderations.
The fractureratio was slightly greaterthan 1.0 for the two experiments, showing this
method was slightly conservative in predictingthe maximum moments.

• The R6 Revision 3. Option 1 _alysi_ overpredictedthe experimentalfailure stresses for
ExperimentE31.2 and underpredictedthe failuremoment for ExperimentE31.3.
Generally, the R6 Option 1 method underpredictsthe failure stresses. Hence, the
overpredicted load for ExperimentE31.2 was surprising.

Note, that in our analysis, it was assumed that all the stresses were primary stresses.
This is consistantwith the R6 approachwhich would classify global secondary stresses
like thermal expansionand seismic anchor motion stresses as primarystresses.

• The SC.TNP J-ejtimation_nalysis tended to give values which slightly underpredictthe
maximum load for both experiments. The predictedmaximum moments are very close
to the DPZP values.

A commonthread with all these predictions was that the fractureratioswere lower for Experiment
E31.2 than for ExperimentE31.3. In examiningthe experimentaldata, there is the discrepancy that
the reportedexperimentalmoment is lower for the shallower surface crack in ExperimentE31.2.
This fact, along with the applieddynamic forces being about I0 percenthigher in ExperimentE31.3
than ExperimentE31.2, raisesthe questionof the accuracyof the experimentalmoment data. MPA
has indicatedthat they experiencedsome unexpectedplasticity andfailure of a strain gage in
ExperimentE31.3, and that they have done their best to adjust Whatdata they have to estimate the
moment at the cracked section. Assuming the MPA adjustmentis correct, the only explanationfor a
lower maximummoment in the shallower E31.2 flaw is a difference in strengthand/or material
toughness between the two test sections.

7.2.3 Limitations in Engineering Methods Stability Analyses

The fully plastic J/T and Energy Balance Stability analyses are quasi-static based analyses that assume
that the loads remain essentially static during the fractureevent. During the HDR-E31 experiments,
the pipe pressure, after surface-crackpenetration,does change and cause the loads to decrease at the
crack. JfI' and Energy Balance Stability analyses are also bending load driven formulations. An
attempthas been made in the Energy Balance to incorporatethe effect of the membrane stress by
includinga Net-Section-Collapse analysis pressureequivalent bendingmoment, but the legitimacy of
handling the membrane stress this way has not been fully verified. In any event, neither of these
stability analyses rigorously accountsfor dynamics andmembrane stresses.

Anotherlimitation of the currentquasi-static analyses is that they assume that there is no restraint of
bending inducedfrom the pressureloading. That is, virtually all piping fractureanalyses assume the
cracked s_:tions are free to rotatewithout restriction. In fact, in the HDR-E31 piping system and
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probably in most plant piping, the piping remote from the crack provides a significant restraint to free
rotation of the cracked pipe section, thus making the through-wall crack much more stable than

predicted by J/T or Energy Balance methods, although under normal operating conditions this
restraint would reduce the crack opening and the subsequent leakage. Figure 7.1 shows an analytical
assessment of the effect of restrained bending. Without induced bending from pressure loading,
significantly longer flaws can be tolerated without failure. J/T and Energy Balance Stability analyses
incorporate a piping system compliance feature, but in both cases, the piping system compliance is
used to account for energy that could be used to drive the through-wall crack, rather than to
incorporate bending restraint.

Two other aspects differentiate the j/r and Energy Balance Stability Analyses. First, the energy
balance approach can predict not only the start of an instability, but also how far the crack may
propagate. The J/T analysis predicts only the start of an instability. The energy balance approach
also can predict the surface to through-wall crack transition. Furthermore, under constant load or
constant displacement conditions, the Energy Balance Stability Analysis was verified by dynamic FEA
in this program. However, neither method can account for dynamically changing loads.

7.2.4 Limitations in Nonlinear FEA Fracture Analysis Methods

The nonlinear FEA fracture analysis method predicted the HDR-E31 experimentsbetter than any of
the engineering fracture analysis methods. The fact that so many of the first order effects in the
fracture process and loading are an inherent part of the method accounts for the quality of the
predictions. In spite of the superior accuracy of the nonlinear FEA fracture analysis, however, there
are limitations that need to be mentioned.

First, there is the issue of the scaling factor on surface-crack moments. For this study, all of the
SC.TNP J-estimation scheme moments, as stated in the list of assumptions, were scaled downward by
a factor of 0.714 to account for the inherent conservatism in the method. The fact is, however, that
some other scaling factor might be equally legitimate and may cause the analysis to be less accurate.
For instance, a 1.0 scaling factor could be applied. Table 7.3 shows the effect on maximum moment
that this assumption makes. Using the unscaled moment, neither of the E31 flaws would have been
predicted to penetrate the pipe wall. The point is that the approach taken is acknowledged to be
conservative, i.e., the maximum moment is the lowest of the options, and that the SC.TNP
J-estimation scheme, although they are good, are not perfect.

The second limitation that must be acknowledged when the nonlinear FEA fracture analysis is
evaluated is that the crack rotation data predicted by the SC.TNP J-estimation schemes has not been
fully validated. The rotations are an essential element of the nonlinear FEA fracture analysis, because
the crack is characterized as being nonlinear in moment-rotation coordinates. The amount of energy
dissipated by the cracks in a dynamic analysis and crack growth are dominated by the rotations.

Most of the attention in the development of the SC.TNP J-estimation schemes has focussed on
prediction of the initiation moment and the maximum moment. The rotations, on the other hand,
have not been extensively evaluated, because there simply has not been a need and good experimental
rotation data have not been routinely acquired in most pipe fracture experimental programs. With the
emergence of the nonlinear FEA fracture analysis as a legitimate pipe fracture analysis tool, the need
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for accuraterotationpredictions becomes apparent. The qualitativesense is that the SC.TNP J-
estimationscheme predictedrotations are reasonably accurate,becauseof the good agreementfound
between nonlinearFEA fractureanalyses and dynamic pipe system experiments. A systematiceffort
is required,however, to validate the predictedrotations. Such an effort is underway in the USNRC's
Short Cracks in Piping andPiping Welds researchprogram, Ref. 7.3, where improvementsto the
SC.TNP analysis and developmentof a new and independentfinite-lengthcircumferentiallysurface-
crackedpipe J-estimation scheme are underway.

The final limitationof the nonlinearFEA fractureanalyses is that surface-crackpenetrationis
assumed to occur when the maximummoment is attained.The need to makethis assumptionis driven
by limitations in the SC.TNP surface-crackJ-estimationscheme; it has not been validated past
maximummoment, and in fact, it frequently terminatesthe calculationsjust after maximum moment
is predicted. As shown in Figure 7.2, surfacecracks frequentlyexperience some almost perfectly
plastic displacement(rotation)after maximum moment, but before surface-crackpenetration,and in
fact the experimentin the Degraded Piping Program showed that the moment could be decreasing
with increasing rotationduringstable crackgrowth prior to surface-crackpenetration. The
J-estimationscheme crackgrowth estimates are consistent with this, in that the predicted radial crack
growth estimatesdo not indicategrowth throughthe wall at maximummoment. Assuming that
surface-crackpenetrationoccurs when the maximum moment is reached in the nonlinear FEA fracture
analysis is conservative.

7.2.5 The HDR-E31 Experiments as an Analysis Validation Tool

The HDR-E31 water-hammerexperimentsare a very valuable data source for evaluating finite
element and fracture analyses. Because the pipe system boundaryconditions are very simple, finite
element analysis results should compare very favorably with measuredresults. In fact, this has been
demonstratedin this program. Concerningthe fracture analysis, the loading on the flaws is only just
adequate to achieve surface-crackpenetrationin the E31.3 experiment. Becauseof this, it is essential
thatthe maximummoment, moment-rotation,and surface crackto through-wall-cracktransition
behavior be accurate, in additionto propermodeling of the basic system structuraldynamics, to be
able to makegood predictions. If any of these elements of the analysis is not correctly modeled, the
predictions will not match the experiments.

The marginal natureof the loading relative to the flaws became very apparent during the nonlinear
FEA fracture analyses. The first analysis performed was for ExperimentE31.3, the experimentwith
the deeperflaw. It was apparentfrom the analysis results that the loadingjust barely causedthe
surface crackto penetratethe pipe wall. Having not examined the loading for the two different
experimentsclosely, we assumed that they were identical, and thus expectedthat the E31.2 flaw
would be predicted not to penetratethe pipe wall becauseof its higher moment-carryingcapacity. In
fact, the loading for E31.2 is differentenough from E31.3 (and marginally larger) that it caused
E31.2 to penetratethe pipe wall in our analysis. Thus, the subtle difference in the loading played a
big role in the outcomeof our analysis.
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7.2.6 Other HDR-E31 Analysis Efforts

The HDR-E31 experimentshave been analyzed by otherresearchers. Brosi, et al., Ref. 7.4,
performedextensive elastic andplastic global analysis of the piping system understatic, modal, and
dynamicloading. In general, he found reasonablygood agreementbetween predictionsand the global
response in his plastic calculations. His elastic calculations, like ours, tend to be slighdy stiffer than
the measuredvalues. Brosi modeled the crack in a separate3-D brickelement substructureanalysis,
using bending loads from the global structuralanalysis. Using approximately2400 nodes and in
excess of 400 elements, he predictedJ-integralvalues along the crackfront and predictedthat the
crack would initiate in ExperimentE31.3 and grow only 0.5 mm (0.020 inch) radially, and that the
crack would not even initiate in ExperimentE31.2. Neither of these predictions was correct, and the
errorwas on the nonconservativeside. One of the interestingfindings from Brosi is thatJ along the
crack front is not symmetric with respect to the centerlineof the crack. The moment at 90-degrees to
the principal bending plane causes this.

Kussmau_i,et al., Ref. 7.5, also did extensive finite element analysisof the global behavior of the
system axedfound good agreement with the measured values. Like our nonlinear FEA fracture
analysis n_odel, Kussmaul, et al., includedthe crackdirectly in their finite element piping system,
after they had completeda series of uncrackedpiping analyses. In their case, shell elements and
ABAQUS l:.ne-springelements were used to model the crack. Their crackedpipe analyses showed
that the Experiment E31.2 crackwould initiate. ExperimentE31.3 was problematicfor them because
compressionloading of the crackpriorto the large crack-openingmoment caused the line-spring
elements to cease correctly evaluatingJ. Kussmaulet al., also did a 3D-brick substructureanalysis of
the crackareaand essentially duplicatedBrosi's asymmetric J behavior.

It is interestingto note that neitherof the other researchersthat have analyzed the E31 experiments
have predicted the behavior as accuratelyas the nonlinearFEA fracturemethod that we have used.
This is especially significant in light of the fact that Kussmaul,et al. indicates that CRAY2
supercomputerswere used in both Brosi's and their work, and that several investigations had to be
abandonedbecausecosts were getting unmanageable. Our analyses were easily performedon a small
Apollo DN5500 work station, basically a desk-top computer.

7.3 Conclusions

A great deal of effort has been spent in this programto evaluatecurrent engineeringfracture analysis
methodsand to advance the state-of-the-artin predictingpipe fracture behavior. From the work done
in this study, the following conclusions can be made:

* The magnitudes of the maximummoments tendto be underpredictedfor all analysis
methodsexcept the Net-Section-Collapse for both experimentsand the R6 Option 1
analysis for ExperimentE31.2.

* The engineeringfracture methods combinedwith linear FEA is conservative.
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* The nonlinearFEA fractureanalysis, in spite of its relative simplicity when compared
with 3-D brid_andshell models of cracks, does a good job of predicting crack behavior,
andwas extendedto being able to make crackvelocity predictions and the transition
fi'oma surface crack to a through-wallcrack.

* The nonlinear FEA fractureanalysis is the only method that currentlycan be used to
assess the propensity for a DEGB, i.e., growth and possible arrestof the through-wall
crack after surface-crackpenetration.

• For the HDR-E31 experiments, slight changes in assumptions, i.e., the "equivalent"
water-hammeraoad,or the J-estimationscheme scaling factor, could have a large impact
on the margin between predictions and the experiments.

• Although "bestengineering"practice was used to calculatethe experimental moment for
E31.3, the dataare counter intuitive because the sha_.lowerE31.2 flaw has been reported
to have a lower maximum momentthan in Experiment E31.3. The only other
explanationis differences in strength and toughness between the two flawed pipe section,s
in the E31.2 andE31.3 experiments.
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Section7 SUMMARY,DISCUSSION,ANDCONCLUSIONS

Table 7.1 Elastic stress analysis moment ratio at maximum
moment for the HDR-E31 experiments

-'" , '' ' ',',',', .... , i,,,,,

Moment Ratio
Experiment (prediction/experiment)

E31.2 1.38

E31.3 1.18

Table 7.2 Experiment/predicted maximum moments for the HDR-IDI experiments

,, ,, , ,,,,, 11 ,a i , ,,,, ,, i "' ' , , , i, ,, '"

Experiment/Predicted Maximum Moments

NSC 0.78 0.90
_-192)

xi ................
_VB-3_O) 1.95 2.40
A508 CI 3, Sec. 1IIflaw

R6, Rev 3, Option 1 0.84 1.06

DPZPscreening criterion 1.09 1.26

l-estimation scheme analysis 1.12 1.30

Table 7.3 SC.TNP predicted maximum moments for HDR-E31 experiments

E31A E31.3
Maximum Moment, Maximum Moment,

Method MN-m* MN-m*

Unscaled 1.587 1.489

Scaled_ 1.138 1.063
..... , , .

* 1.0 MN-m = 8.85x106 in-lb.

** Unscaled 0.714 basedon past experimentaldata.
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Figure 7.1 Net-Section-Collapse analysis predictions, with and without
eo_idmng induced bending _'f_ for flwough-_ll cracks

' '' 1 ....t I" ' ' 1 ' '1 '" ' I " 1" , ..... "i ' ' _ ' ' 1 '

700 -

600 I

E 800 h
-_ 400 .

i 300

200 / DP2 4143-1 .......
/ 16-Inch Sch 100, Aged Cast Stainless

100 / Ouasl-Statlc,-_Monotonic Loading
/

0 .... I , I , l ,, I , I , I , I i I , l ,
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020

ROTATION, radlans

Figure 7.2 Experimental surface crack moment-displacement behavior showing
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(From Ref. 7.6)

NUREG/CR-6234 7-10



APPENDIX A

HDR-E31 F'miteElement Details



A-I

Table A1. Material Property Data

M-,_q_I Pro__,_rty Units 20 C 20OC

Material I 20 NiMoCr 36

Elastic Modulus GPa 185.0 185.0
Poisson's Ratio 0.285 0.285
Coefficient of 1/K 12.9E-06 12.9E-06

ThermalExpansion
Density Mg/m3 7.84 7.84

Material2 GS C 25 u.a.

ElasticModulus GPa 200.0 200.0
Poismn's Ratio 0.285 0.285
Coefficient of I/K 13.1E-06 13.1E-06

ThermalExpansion

Density * Mg/m3 0 0

Material3 15 NiCuMoNb 5

_Elastic Modulus GPa 210.0 198.0
Poisson's Ratio 0.285 0.285
Coefficientof 1/K 12.8E-06 12.8E-06

ThermalExpansion
Density Mg/m3 7.84 7.84

Material4 15 MnNi 63
Elastic Modulus GPa 211.0 199.0
Poiuon's Ratio 0.285 0.285
Coefficient of 1/K 12.9E-06 12.9E-06

Thermal Expansion
Density Mg/m3 7.84 7.84

Material5 20 MnMoNi 55

ElasticModulus GPa 211.0 199.0
Poisson's Ratio 0.285 0.285
Coefficient of 1/K 13.2E-06 13.2E-06

ThermalExpansion
Density Mg/m3 7.84 7.84

Material6 15 Mo 3

Elastic Modulus GPa 213.0 202.0
Poinon's Ratio 0.285 0.285
Coefficient of I/K 13.1E-06 13.1E-06

Thermal Expansion

Densi_ Mg/m3 7.85 7.85 ,

• Density of the check vMve set to zero. Total mass of the check valve materialapplied u a
point mass located at the center of mass.
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Table .43. ReJined Model Geometry Data

Element Global Elemem':rype - _ide Wall Element Cunnnulative

Number Direction Diameter Thidmess Lensth Length
mm mm mill

,, ,,==,, , ,, ,, ,,,,,, , , ,, , , , , ,m

Wall,MaterialI

1 +X Straight Pipe 1440 500.0 7,00 7

2 +X Straight Pipe 1440 500.0 27,00 34
3 +X Straight Pipe 1440 500.0 27.00 61

4 +X Straight Pipe 1440 500.0 27.00 88

5 +X Straight Pipe 1440 500.0 27.00 115
6 +X Straight Pipe 1440 500.0 27.00 142

Nozzle,MaterialI

7 +X Straight Pipe 660 111.0 25,00 167

8 +X Straight Pipe 660 111.0 25,00 192
9 +X Straight Pipe 660 111.0 25.00 217

10 +X Straight Pipe 660 III.0 25.00 242

11 + X Straight Pipe 660 111.0 25.00 267
12 + X Straight pipe 660 I I 1.0 25.00 292

13 +X Straight Pipe 596 78.5 27.00 319
14 + X Straight Pipe 596 78.5 25.00 344

15 +X Straight Pipe 596 78.5 25.00 369
16 +X Straight Pipe 529 38.2 19.00 388

17 +X Straight Pipe 529 38.2 20.00 408

18 +X Straight Pipe 529 38.2 19.00 427
Reducer,Material 3

19 +X Straight Pipe 518 32.5 19.00 446

20 +X Straight Pipe 518 32.5 20.00 466
21 +X Straight Pipe 518 32.5 19.00 485

22 +X Straight Pipe 498 29.3 25.00 510

23 +X Straight Pipe 498 29.3 25.00 535
24 + X Straight Pipe 476 26.0 12.00 547

25 + X Straight Pipe 476 26.0 22.00 569

26 +X Straight Pipe 476 26.0 22.00 591
27 +X Straight Pipe 476 26.0 20.00 611

28 +X Straight Pipe 476 26.0 20.00 631
Section, Material 5

29 +X Straight pipe 476 26.0 28.00 659

30 + X Straight Pipe 475 25.0 28.00 687
31 +X Straight Pipe 475 25.0 27.00 714

32 +X Straight Pipe 475 25.0 27.00 741

33 +X Straight Pipe 475 25.0 15.00 756

34 +X Straight Pipe 457 16.0 10.00 766
35 +X Straight Pipe 457 16.0 10.00 776

36 +X Straight Pipe 457 16.0 10.00 786

37 +X Straight Pipe 457 16.0 10.00 796
38 +X Straight Pipe 457 16.0 10.00 806



A-3

Table A2. Refined Model Geometry Data (eontinued)

Element ......... Global Elen_t Type _de .... Wall 'Elemem Cummulafive
Number Direction Diameter Thickness Length Length

mm mm mm mm

39 ....+X Straight Pipe 457 ' 16.0 10.GO 816

40 +X Straight Pipe 457 16,0 10.00 826
41 +X Straight Pipe 457 16,0 10.00 836

42 +X Straight Pipe 457 16.0 I0.00 846
43 +X Straight Pipe 457 16.0 10.00 856

999 +X Nonlinear M-¢ 0.00 856

44 +X Straight Pipe 457 16.0 10.00 866
45 +X Straight Pipe 457 16.0 10.00 876

46 +X Straight Pipe 457 16.0 10.00 886

47 +X Straight Pipe 457 16.0 10.00 896

48 +X Straight Pipe 457 16.0 10.00 906
49 +X Straight Pipe 457 16.0 10.00 916

50 +X Straight Pipe 457 16.0 10.00 926

51 +X Straight Pipe 457 16.0 10.00 936
52 +X Straight Pipe 457 16.0 10.00 946

53 +X Straight Pipe 457 16.0 10.00 956
54 +X Straight Pipe 457 16.0 15.00 971

55 +X Straight Pipe 475 25.0 27.00 998

56 +X Straight Pipe 475 25.0 27.00 1025

57 +X Straight Pipe 475 25.0 28.00 1053
58 +X Straight Pipe 475 25.0 28.00 1081

Horizontal Straight Pipe Section, Material 4

59 + X Straight Pipe 475 25.0 41.00 1122

60 +X Straight Pipe 475 25.0 100.00 1222
61 + X Straight Pipe 475 25.0 54.00 1276

62 + X Straight Pipe 475 25.0 55.00 1331

63 +X Straight Pipe 475 25.0 41.00 1372
64 +X Straight Pipe 475 25.0 200.00 1572

65 + X Straight Pipe 475 25.0 200.00 1772

66 +X Straight Pipe 475 25.0 200.00 1972
67 +X Straight Pipe 475 25.0 200.00 2172

68 +X Straight Pipe 475 25.0 200.00 2372

69 + X Straight Pipe 475 25.0 200.00 2572

70 + X Straight Pipe 475 25.0 200.00 2772

71 + X Straight Pipe 475 25.0 200.00 2972

72 +X Straight Pipe 475 25.0 200.00 3172
73 +X Straight Pipe 475 25.0 200.00 3372

74 + X Straight Pipe 475 25.0 200.00 3572

75 +X Straight Pipe 475 25.0 200.00 3772
76 + X Straight Pipe 475 25.0 200.1X) 3972

77 + X Straight Pipe 475 25.0 62.00 4034

78 +X Straight Pipe 475 25.0 75.00 4109

79 +X Straight Pipe 475 25.0 150.00 4259
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Table A2. Refined Mo6el Geometry Data (continued)

Element Global Element Type Outside Wall EI6_ Cummu3afive

Number Direction Diameter Thickness Length Length
mm mm mm

80 +X " StraightPipe 475 .... 25.0 150.00 _09

81 +X Straight Pipe 475 25.0 75.00 4484

82 +X Straight Pipe 475 25.0 58.00 4542
83 +X Straight Pipe 475 25.0 62.00 4604

84 +X Straight Pipe 475 25.0 62.00 4666
85 +X Straight Pipe 475 25.0 62.00 4728

86 +X Straight Pipe 475 25.0 62.00 4790

87 +X Straight Pipe 475 25.0 100.00 4890
88 +X Straight Pipe 475 25.0 100.00 4990

89 +X Straight Pipe 475 25.0 100.00 5090
90 + X Straight Pipe 475 25.0 100.00 5190

91 +X Straight Pipe 475 25.0 55.00 5245

92 +X Straight Pipe 475 25.0 55.00 5300

Displacemem Transducer MN 46XX
93 +X Straight Pipe 475 25.0 24.00 5324

94 + X Straight Pipe 475 25.0 24.00 5348

Elbow 1, Material 5
95 +X-Z Elbow #I 45 ° 489 29.6 544.00 5892
96 +X-Z Elbow #I 45 ° 489 29.6 544.00 6436

Vertical Straight Pipe Section, Material 4
97 -Z Straight Pipe 475 25.0 22.00 6458

98 -Z Straight Pipe 475 25.0 100.00 6558

99 -Z Straight Pipe 475 25.0 100.00 6658

100 -Z Straight Pipe 475 25.0 100.00 6758

101 -Z Straight Pipe 475 25.0 100.00 6858
102 -Z Straight Pipe 475 25.0 100.00 6958

103 -Z Straight Pipe 475 25.0 39.00 6997

104 -Z Straight Pipe 475 25.0 69.00 7066

105 -Z Straight Pipe 475 25.0 100.00 7166
106 -Z Straight Pipe 475 25.0 100.00 7266

107 -Z Straight Pipe 475 25.0 69.00 7335

108 -Z Straight Pipe 475 25.0 75.00 7410
109 -Z Straight Pipe 475 25.0 100.00 7510

110 -Z Straight Pipe 475 25.0 100.00 7610

111 -Z Straight Pipe 475 25.0 100.00 7710
112 -Z Straight Pipe 475 25.0 75.00 7785

113 -Z Straight Pipe 475 25.0 75.00 7860

114 -Z Straight Pipe 475 25.0 250.00 8110

115 -Z Straight Pipe 475 25.0 250.00 8360

116 -Z Straight Pipe 475 25.0 250.00 8610

117 -Z Straight Pipe 475 25.0 250.00 8860
118 -Z Straight Pipe 475 25.0 250.00 9110

119 -Z Straight Pipe 475 25.0 137.00 9247
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Table A2. Refined Model Geometry Data (continued)

Blemeat Olot_ Elut _y_ outside Will _emt Cumulative
Number Direction Diameter Thickness Leagth Length

mm mm

120 -'Z ..... StraightPipe 475 25.0 .......84.00 9331
121 -Z Straight Pipe 475 25.0 250.00 9581

122 -Z Straight Pipe 475 25.0 250.00 9831

123 -Z Straight Pipe 475 25.0 250.00 10081

124 -Z Straight Pipe 475 25.0 250.00 10331
125 -Z Straight Pipe 475 25.0 250.00 10581

126 -z straightPipe 475 25.0 25o.oo 10831
127 -Z Straight Pipe 475 25.0 250.00 11081

128 -Z Straight Pipe 475 25.0 250.00 11331
U-Bead, Material 4

129 -Z Straight Pipe 475 25.0 82.00 11413

130 -Z Straight Pipe 475 25.0 50.00 11463

131 -Z Straight Pipe 475 25.0 25.00 11488

132 -Z Straight Pipe 475 25.0 25.00 11513
133 -Z Straight Pipe 475 25.0 23.00 11536

134 -Z Straight Pipe 475 25.0 25.00 11561

135 -Z Straight Pipe 475 25.0 25.00 11586
136 -Z Straight Pipe 475 25.0 50.00 11636

137 -Z Straight Pipe 475 25.0 50.00 11686"
138 -Z Straight Pipe 475 25.0 25.00 11711

139 -Z Straight Pipe 475 25.0 25.00 11736

140 -Z Straight Pipe 475 25.0 24.00 11760
Displacement Transducer MN 47XX

141 -Z Straight Pipe 475 25.0 26.00 11786

142 -Z Straight Pipe 475 25.0 27.00 11813
143 -Z-Y Elbow #2 45 ° 475 25.0 785.00 12598

144 -Z-Y Elbow #2 45 ° 475 25.0 785.00 13383

145 -Y Straight Pipe 475 25.0 100.00 13483

146 -Y Straight Pipe 475 25.0 100.00 13583

147 -Y Straight pipe 475 25.0 100.00 13683

148 -Y Straight pipe 475 25.0 75.00 13758
Displacement Transducer MN 49XX

149 -Y Straight Pipe 475 25.0 75.00 13833

150 -Y Straight Pipe 475 25.0 25.00 13858

Static load applied at node 153
151 -Y Straight pipe 475 25.0 25.00 13883

152 -Y Straight Pipe 475 25.0 19.00 13902

153 -Y Straight Pipe 475 25.0 50.00 13952

154 -Y Straight Pipe 475 25.0 100.00 14052
155 -Y Straight Pipe 475 25.0 100.00 14152

156 -Y Straight Pipe 475 25.0 50.00 14202

157 -Y Straight Pipe 475 25.0 20.00 14222

158 -Y Straight Pipe 475 25.0 20.00 14242
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Table A2. Refined Model Geometry Data (continued)

Number Direction Diameter Thidmees Length Length
mm tam mm mm

159 - " pe 5 .o 4o.0o
160 -Y Straight Pipe 475 25.0 50.00 14332

161 -Y+Z Elbow #3 45° 475 25.0 785.00 15117

162 -Y + Z Elbow #3 41 ° 475 25.0 720.00 15837
163 -Y + Z Elbow #3 4° 475 25.0 65.00 15902

164 + Z Straight Pipe 475 25.0 37.00 15939

165 + Z Straight Pipe 475 25.0 32.00 15971
166 +Z Straight Pipe 475 25.0 31.00 16002

Elbow 4, Material 4
167 +Z+X'** Elbow #4 3 ° 475 25.0 48.00 16050

Displacement Transducer MN 48XX
168 +Z+X' Elbow #4 42 ° 475 25.0 737.00 16787

169 +Z+X' Elbow #4 45 ° 47_ 25.0 785.00 17572
170 +X' Straight Pipe 475 25.0 100.34 17672

171 +X' Straight Pipe 475 25.0 100.34 17773

172 +X' Straight Pipe 475 25.0 49.74 17822

173 +X' Straight Pipe 475 25.0 49.74 17872
174 +X' Straight Pipe 475 25.0 49.74 17922

175 +X' Straight Pipe 475 25.0 57.80 17980

176 +X' Straight Pipe 475 25.0 100.34 18080
177 +X' Straight Pipe 475 25.0 100.34 18180

178 +X' Straight Pipe 475 250 100.34 18281

179 +X' Straight Pipe 475 25.0 100.34 18381
180 +X' Straight Pipe 475 25.0 100.34 18481

181 +X' Straight Pipe 475 25.0 100.34 18582

182 +X' Straight Pipe 475 25.0 100.34 18682

183 +X' Straight Pipe 475 25.0 99.48 18782

184 +X' Straight Pipe 475 25.0 99.48 18881
185 +X' Straight Pipe 475 25.0 99.48 18981

186 +X' Straight Pipe 475 25.0 99.48 19080

187 +X' Straight Pipe 475 25.0 42.79 19123

188 +X' Straight Pipe 475 25.0 25.30 19148
189 +X' Straight Pipe 475 25.0 75.04 19223

190 +X' Straight Pipe 475 25.0 75.04 19298

191 +X' Straight Pipe 475 25.0 75.04 19373

192 +X' Straight Pipe 475 25.0 75.04 19448

193 +X' Straight Pipe 475 25.0 75.04 19523
194 + X' Straight Pipe 475 25.0 24.44 19548

195 +X' Straight Pipe 475 25.0 24.44 19572

196 +X' Straight Pipe 475 25.0 75.04 19647
197 +X' Straight Pipe 475 25.0 75.04 19722

198 +X' Straight Pipe 475 25.0 75.04 19797

199 +X' Straight Pipe 475 25.0 75.04 19872
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Table A2. Refined Model Geometry Data (continued)

Elemmt " Ol_ .... ElementType Outside......Wall" 'Element _ulative
Number Direction Diameter Thickams Length Leqth

mm mm mm

2oo .... ............ St-t " 475 25.0 75.o4.....
201 +X' StraightPipe 475 25.0 25.30 19973

FixedSupportCompommt,Material3
202 +X' StraightPipe 508 41.5 112.00 20085
203 +X' Straight Pipe 508 41.5 100.00 20185
204 + X' StraightPipe 508 41.5 100.00 20285
205 +X' StraightPipe 508 41.5 100.00 20385

Stiffness boundaryconditionapplied to all 6 degrees-of-freedomat node 210
300 Local X' Ux Spring K = 2.560 x 106N/nan
301 _ Y' Uy Spring K = 0.571 x 10e N/nan
302 Local Z' Uz Spring K = 0.770 x 106 N/ram
303 Local X' E}xSpring K = 1.540 X 1012N-ram/tad
304 Local Y' Oy Spring K ==0.457 x 1012N-mun_rad
305 Local Z' Oz Spring K = 0.637 x 1012N-ram/tad
206 +X' StraightPipe 508 41.5 100.00 20485
207 +X' StraightPipe 508 41.5 100.00 20585
208 +X' StraightPipe 508 41.5 I00.00 20685
209 +X' StraightPipe 508 41.5 112.00 20797

Straight Section, Material 4
210 + X' Straight Pipe 475 25.0 100.08 20897
211 +X' Straight Pipe 475 25.0 100.08 20997
212 +X' StraightPipe 475 25.0 83.96 21081
213 +X' StraightPipe 475 25.0 80.87 21162
214 +X' StraightPipe 475 25.0 60.03 21222
215 +X' Straight Pipe 475 25.0 58.92 21281
216 +X' StraightPipe 475 25.0 25.04 21306
217 +X' StraightPipe 475 25.0 25.04 21331

Reducer, Material 6
218 +X' StraightPipe 476 25.5 24.82 21355
219 +X' StraightPipe 476 25.5 22.98 21378
220 +X' StraightPipe 476 25.5 22.98 21401
221 +X' StraightPipe 442 21.8 22.98 21424
222 +X' StraightPipe 442 21.8 27.68 21452
223 +X' StraightPipe 442 21.8 27.96 21480
224 +X' StraightPipe 442 21.8 22.98 21503
225 +X' StraightPipe 407 18.0 22.98 21526
226 +X' StraightPipe 407 18.0 20.57 21547
227 +X' Straisht Pipe 407 18.0 19.04 21566
228 +X' StraightPipe 407 18.0 19.04 21585

Check Valve, Material2
229 +X' StraightPipe 406 17.5 177.01 21762
230 +X' StraightPipe 406 17.5 734.98 22497
232 Oen. Mass Mass = 2447.5 kg
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Table A2. Refined Model Geometry Data (eontinued)

memmt ....... Global- 'Element'Type ' _ide " Wall FAenmt" 'Cummulafive'
Number Dire_ou Diam_t_ Thidmea Lm&_h Lea_

_VGG, mm

_13 .... -_X' "Staiggtpil_ _ ............17.5 184_99 _82
234 +X' StraightPipe 406 17.5 135.07 22817

Reducer, Material 6
235 +X' StraightPipe 407 18.0 24.46 22841
236 +X' StraightPipe 407 18.0 24.01 22865
237 +X' StraightPipe 458 22.8 24.01 22889
238 +X' Straight Pipe 458 22.8 24.01 22913
239 +X' Straight Pipe 458 22.8 22.98 22936
240 +X' Straight Pipe 458 22.8 22.45 22959
241 +X' Straight Pipe 458 22.8 24.01 22983
242 +X' StraightPipe 458 22.8 24.01 23007
243 +X' StraightPipe 508 27.5 24.01 23031
244 +X' Straightpipe 508 27.5 19.98 23051
245 +X' StraightPipe 508 27.5 20.07 23071

HorizontalStraight Section, Material6
246 +X' Straight Pipe 508 32.0 46.05 23117
247 +X' Straight Pipe 508 32.0 249.99 23367
248 +X' Straight pipe 508 32.0 249,99 23617
249 +X' StraightPipe 508 32.0 249.99 23867"
250 +X' Straight Pipe 508 32.0 124.95 23992

Fixed boundarycondition applied to 2 degrees-of-freedom at node 299, Y' =0 Z' _O
299 +X' StraightPipe 508 32.0 125.04 24117

Break Nozzle, Material 6
251 +X' Straight Pipe 508 27.5 25.04 24142
252 +X' Straight Pipe 508 27.5 24.51 24166
253 +X' StraightPipe 537 41.8 19.98 24186
254 + X' Straight Pipe 537 41.8 19.62 24206
255 +X' StraightPipe 565 56.0 22.49 24228
256 +X' StraightPipe 565 56.0 21.95 24250
257 + X' StraightPipe 575 61.0 24.37 24275
258 +X' StraightPipe 575 61.0 39.96 24315
259 +X' StraightPipe 575 61.0 40.05 24355
7,60 +X' StraightPipe 575 61.0 39.96 24395
261 +X' StraightPipe 575 61.0 24.01 24419
262 + X' StraightPipe 565 56.0 22.54 24441
263 +X' Straight Pipe 565 56.0 21.95 24463
264 +X' StraightPipe 630 88.5 16.48 24480
265 +X' StraightPipe 630 88.5 40.05 24520
266 +X' StraightPipe 630 88.5 39.96 24560
267 +X' StraightPipe 630 88.5 40.05 24600
268 +X' StraightPipe 630 88.5 36.96 24637

Rupture Disk Assembly, Material6
269 +X' StraightPipe 630 88.5 62.95 24700

33Y/7
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Table A2. Refined Model Geometry Data (continued)

El_mem Global ' Elemeat Type _ide ' Wall ........ E|emeat' Cummulat/ve
Number Direction Diameter Thickness Lmgth Length

Iron Into mm

...............270 -,:X_ ....... StraightPipe'..... 630 '" 88._ 72.04 ...... 24772
i l __ iiii iii --- ii11 lllll

** Local coordinate system of the last branchdefined by a 210° rotationof the X-Y plane about the global Z
axis. Local coordinate system (X',Y',Z') defined with X' along the pipe axis, Y' in the horizontalplane,
and Z' vertical. X' = X * cos(210°) + Y * sin(210°), Y' = -X * sin(210 °) + Y * cos(210"), Z' =
Z.
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