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Preface

Shellstructuresvith defectsoccurin mary situations Thedefectsareusuallyintroducedduring
thewelding processiecessarfor joining differentpartsof the structure.

Higherutilization of structuraimaterialdeadsto aneedfor accuratsnumericaltoolsfor reliable
predictionof structuralresponseThe direct discretizationof the cracled shell structurewith
solid finite elementsn orderto performan integrity assessmentf the structurein question
leadsto large sizeproblemsandmakessuchanalysisnfeasiblein structuralapplication.

In this studya link betweenocal materialmodelsandstructuralanalysisis outlined.An "ad
hoc” elementformulationis usedin orderto connectcomplex materialmodelsto the finite
elementframenork usedfor structuralanalysis.An improved elasto-plastidine springfinite
elemenformulation,usedin orderto take cracksinto accountjs linkedto shellelementavhich
arefurtherlinkedto beamelementsin this way oneobtaina globalmodelof the shellstructure
thatalsoaccountdfor local flexibilities and fracturesdueto defects.An importantadvantage
with suchanapproaclhis a directfracturemechanicassessmem.g.via computed/ —integral
or CTOD. A recentdevelopmentin this approachs the notion of two-parametefractureas-
sessmentlhismeanghatthecracktip stresgri-axiality (constraintjs employedin determining
the correspondindracturetoughnessgiving a muchmaorerealistic capacityof cracled struc-
tures.The presenthesisis organizedin six researcharticlesandan introductorychapterthat
reviews importantbackgrounditeraturerelatedto this work.

Paperl andll addresshe performancef shellandline springfinite elementsasacosteffective
tool for performingthe numericalcalculationneededo performa fractureassessment.

In Paperll afailureassessmenasednthetestingof a constraint-correcteftacturemechan-
ics specimerundertension,is proposedSuchspecimens designedn orderto have the same
geometricakonstraintof therealstructurewhich hasto beassessed.

Paperlll presentanalternatve yield surfacesof planestrainsingle-crackd (SEC)specimens
valid for bothshallov anddeepcracks Theperformancef thebackward-Eulereturnalgorithm
is addresseth orderto evaluatetheimplementabilityof the proposedyield surface.

In PaperlV a SENT specimeris designedn orderto give a constraintevel comparabldo the
onecalculatedor a pipe by meansf the modifiedline springelement.

Paper V presentsa methodologyto link micro-mechanicallybasedcrack growth simulations
with line springanalysisby suggestingan alternatie way to calculatethe J — integral from
theline springframework. PaperVI presentanapplicationof thenew line springfor pipelines
subjectedo e.g.large curvatures.
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1 Intr oduction

Theresearctcouncil of Norway in connectionwith the oil industryhasin the last decadfi-
nancedmary researctprojectsthrougha forum called:"Stalmat”. The presentwork hasbeen
carriedout within a”Stalmat” project.Oneof the tasksof the projecthasbeentheintroduction
of steelswith significantlyhigherstrengthin submarineipelines.

Duringthelast20 years steelswith ayield strengthexceedingdOOMPawereincreasinglyused
for offshoreconstructionsTherequiremenbn structuralsteelplatesfor offshorestructureslif-
fer becaus®f varyingfield of applicationandlocation.Intensve researchactiities have been
undertalenin orderto supplystandardgor the qualificationof structuralsteelwith respecto
reliability, easyfabricationprocesssafeserviceconditionsandafair price. Theresultsof these
actvities have beenof fundamentaimportancefor meetingthe new situationthe oil industry
is confrontedwith. Lately for example,new deep-vaterapplicationgequiresteelwith aneven
higherstrengthin orderto decreas¢heweightof the bearingstructure Usuallythetime neces-
saryto includethe mostrecentresultsin the standardizedissessmemtroceduras long (10-15
years).Thereforeadvancedexpertiseremainsunutilizedfor fartoolongbeforeit is finally taken
into use.This slows obviously down the procesgequiredto develop new solutions.A needfor
takinginto usethemostrecentknowledge testingmethodologyandacceptanceriteriafor frac-
tureassessmeiis dictatedby the new challengegacedby theoil industry
Productsandstructuresaredevelopedby usingextensively computemprogramsFinite element
calculationsare performedin orderto verify thatthe structureis properlydesignedn orderto
guarante@nacceptableapacitywith respecto failure.lt is practicein structuralcalculationto
performnumericalanalysisby usinga combinationof beamandshellelementsThe combina-
tion of beamandshellelementsllow engineergo verify theintegrity of thecompletestructure
with respecto variousextremeloadingcondition.A limitation with this kind of calculationgs
thattheonly tensilefailure modetakenin to considerations the onedueto plasticcollapseln
orderto by-pasghis intrinsic limitation a high conseratismis usedin evaluatingthe numerical
results A moreexhaustve descriptionof thebehaior of the structureby meansof bothfailure
modiandmaterialbehaior would allow amoreeffective useof material.In orderto describen
detailthebehaior of structuredy meansf finite elemenimethodsa 3-dimensionaanalysiss
neededTheuseof solidfinite elemenffor structuralanalysisvould leadto large sizeproblems
thatareinfeasiblein mostcasesEventhoughsuchanalysiscould be performed the level of
expertiserequiredto evaluatethe numericalresultsis oftennot available.
Advancedelementformulationshave to be usedin orderto connectcomplex materialmodels
to thefinite elementframevork usedfor structuralanalysis.The presentwork presents newly
developedline springfinite elementformulationusedto accountfor cracksin shellstructures.
Linking theseelementgo shell elementsandfurther linking the shell elementgdo beamele-
ments,onehasa globalmodelof theshellstructurethatalsoaccountdor local flexibilities and
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fracturesdueto defects. An importantadwantagewith suchan approachs the possibility of a
directfracturemechanicassessmem.g.via computed/—integralor CTOD. A recentdevel-
opmentin this approachs the notionof two-parametefractureassessmenthis meanghatthe
cracktip stresdri-axiality (constraint)is employedin determiningthe correspondindracture
toughnessgiving amuchmorerealisticcapacityof cracled structures.

The presentwork gives a short introduction on fracture mechanicstheory including two-
parameteffracture assessmeng&urthermore a short presentatiorof the line springfinite el-
ementformulationis given. The main focus of this work is to develop a link betweenlocal
materialmodelsandcomples analysis.Thework is presentedby a seriesof papers:

e Paper | [1], addressethe performanceof the line springfinite elementutilized for de-
scribinga surfacecrackin a bi-materialelasticplasticwide plate structure Large scale
testresultsarecomparedo theresultsobtainedirom botha 2D and3D numericalanaly-
Sis.

Paper Il [2],addressethe performanceof shellandline springfinite elementsasa cost
effective tool for performingthe numericalcalculationneededto performa so called
"constraintcorrectedfailure assessmentThe proposedailure assessmens basedon
the testingof a constraint-correctedracture mechanicsspecimenundertension.Such
specimensre designedn so that their constraintsare similar to that of the structure.
In this way similar fracturemechanismganbe expectedin both the specimensandthe
structure.

Paper | and Paper Il highlight the limits of the line spring elementimplementedin the
ABAQUS software andwas the startingpoint for a further implementationof the line spring
framework.

e In Paper Ill [3], accurateyield surfacesof planestrainsingle-crackd (SEC)specimens
having shallov, aswell as deep,cracksare developedin orderto improve the overall
performancef theline springelementTheyield surfaceis representely equationghat
automaticallysatisfy the corvexity requirementandthatfit the resultof the finite limit
analysis.The performanceof the backward-Eulerreturnalgorithmfor anaccurateyield
surfaceformulatedhereis addressetty meansf iso-errormaps.

In Paper IV [4] shellline springcalculationsareperformedoy meanf thenewly devel-
opedline springformulationin orderto calculatethe constraintevel of a pipe with sur
faceor throughthe thicknesscracks.A single-edge-notched-tensipecimen(SENT)is
designedo give aconstraintevel comparablé¢o the onecalculatedor thepipe.Thecon-
straintcorrectedspecimeris testedn orderto obtainthecrack-tip-opening-displacement
(CTOD) versusthe crack growth increment(Aa) curve. The CTOD — Aa curve is
implementedn theline springformulationthroughoutan efficient numericalprocedure.
Ductile crackgrowth is takeninto accountin a propermanner

Paper V [5], presents discussioraroundthe meaningof the J — integral whencrack
growth occurs.The J — integral is regardedasa sort of accumulatedneasureof the
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global deformationin the ligament. The completeGurson[6] is usedin orderto sup-
port our obsenations.Furthermorea crackpropagatioriaw relatinga local criterionfor
crackgrowth to the global deformationfield is outlined.A methodologyto link micro-
mechanicallybasedcrack growth simulationswith line spring analysisis proposedoy
suggestingan alternatve way to calculatethe J — integral from theline springframe-
work.

e Paper VI [7], addressesonlinearfinite elementanalysisof pipelinessubjectedo e.g.
large curvatures.Cracksare accountedor by meansof a newly developedline spring
finite elemenfformulation.Linking theseelementdo shellelementsandfurtherlinking
the shell elementsto beamelementspone hasa global model of the pipeline that also
accountdor local flexibilities andfracturesdueto defects(in thewelds).

2 Fractur e mechanicstheory

The aim of fracturemechanicss to provide engineersvith a meansto give quantitatve esti-
matedor thefractureresistancef crackedstructure Sincethebeginningof the20** centurythe
focusof muchresearcthasbeenon establishingnathematicaéxpressiongo characterizehe
stressandstrainconcentratioraheadf a crack. Theclassicatheoryis basedupontheassump-
tion thatthe cracktip stressandstrainfield canbe describedy a single parameterThesingle
parametescaleshe amplitudeof a cracktip singularityand,whenthis singularitydominates
over microstructurakignificantsizescalesjt senesto correlatecrackinitiation andgrowth.
Thecombinationof plasticityandstructuralgeometrylimits thevalidity of the singleparameter
theory In recentyearsone hasintroducedan alternatve theoreticalframevork basedon two
differentparametersThefirst parametescaleghe zoneof the large stressesindstrainandthe
secondparameterscalegheinfluenceof geometryconstrainton the neartip stress.

2.1 Characterization of crack tip fields
2.1.1 Linear elasticcrack tip fields

A numberof solutionshave beenderivedto describaheneartip fieldsfor isotropiclinearelastic
materials.Westegaard[8], Irwin[9], Sneddor{10] andWilliams [11] wereamongthe first to
publishsuchsolutions.Employing polar coordinategr, §) centeredat the cracktip, asshavn
in Fig 1, it canbeshavn thatthe stresdfield in ary linearelasticcracledbodyis givenby:

0y = (%) fij(8) + T'61;01; + higherorderterms (@)
whereg;; is thestresgensor K is thestressntensityfactorand f;; is adimensionlesgunction
of . The secondterm of Eq. 1 is the T-stressjt actsparallelto ¢;; andit is independenbf
r andf. The T-stresss dependon geometry The higherordertermsarean O(r'/2). Limiting
attentionto a small region surroundingthe stresssingularity (o;; — oo whenr — 0) it is
sufficientto retainonly thefirst orderterm.
The asymptoticdescriptionof the stressfield givenin Eqg. 1 representshe frameavork of the
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Figure 1: Definition of the coordinateaxis aheadof a cracktip usedfor a two dimensional
deformatiorfield.

linear elastic fracture mechanics (LEFM). Linearelasticstressanalysiof asharpcrackpredicts
aninfinite stressat the cracktip. In real materialshowever the stressesrefinite, becausehe
cracktip radiusmustbefinite. Inelasticmaterialdeformation suchasplasticityin metalseads
to furtherrelaxationof cracktip stressesWhile, in generallarge-scalénelasticeffectsusually
limit applicationof LEFM to the crack problem, K may still characterizehe neartip fields
if the size of the zone where plastic effects prevail is small comparedto other geometrical
dimensionsSucha conditionis usually referredto assmall scale yielding (SSY). A concept
of boundary layer formulation [12] and[13], hasemepgedto analyzethe SSY problem.In the
limit, whenplasticregion dimensionsare nggligible comparedo othergeometricdimensions,
thesurroundingelasticsingularity setsthe boundaryconditionson the elastic-plastidooundary
value problem.Thus,the SSY solutionfor model loadingmay be obtainedby consideringa
semi-infinitecracledbodysee(Fig. 2) with displacementsf theelasticsingularfield for (plane
strain)model imposedon the outercircularboundarygivenby:

u(r,0) = K452 /%= cos () (3 — 4v — cos )

v(r,0) = Ky*g /Z sin (&) (3 — 4v — cos )

wherev is Poissonératio.

To the extentthat SSY conditionsprevail over sufiiciently largelengthscalesthe surrounding
elasticcracktip stressfields areidentical for differentconfigurationsf their stressintensity
factorsare equal,andthusif materialpropertiesareidentical,the neartip stressesnddefor

mationsarealsoidentical. Sincethe extent of the plasticzonein SSY undermodel loadingis

%Y x (1/27)(K/oy)?, quantitatve estimatemf K -dominancgwhich ensurethattheelastic
singularitycontrolsthelocal deformationsaregivenby the standard®f the AmericanSociety
for Testingof Materials(ASTM E-399),which requirethat

)

K ’ SSY
B,a,(h—a)>25 o ~ 161, 3)
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Figure2: Smallscaleyielding modelbasedon Rice’s boundarylayerformulation.

whereoy is thetensileyield stressg is the cracksize,h is the specimerwidth, (b — a) is the
uncracledligamentlengthand B is the specimerthickness.

2.2 Crack tip fieldsunder elastic-plasticconditions

= N

sharp(_:‘r_agk:_—_———I@ 012
bluntedcrack bluntedcrack
a) Displacemenat the original b) Displacemenattheinter-
cracktip -sectionof a 7 vertex

with thecrackflanks

Figure3: Alternative definitionsof CTOD

For elastic-plasticconditionswherethe plasticity exceedsthe limitation for valid useof the
elasticparametel, two differentapproacheareintroducedfor describingthe cracktip con-
ditions. The CT'OD introducedby Wells [14] andthe J—integral introducedby Rice[15] give
a nearlysize-independemeasure®f fracturetoughnesseven for relatively large amountof
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cracktip plasticity. Limits for theamountof plasticityexist alsoin applicationof J andCTOD,
however thesdimits arelessrestrictve thanthosefor LEFM.

The CTOD is basedupon the assumptiorthat the degree of cracktip blunting of fracture
initiation is a measureof the fracturetoughnessTwo alternatve definitionsof CTOD areal-
ternatvely used,seeFig. 3. The original CTOD definitionis the displacemenat the original
cracktip, Fig. 3a).LaterRice[15] suggested CT'OD definedasthe 7 radiansintercept,Fig.
3b),whichis commonlyusedto introduceCTOD in finite elementanalysisIf thecrackblunts
in asemicirclethetwo definitionsareequialent.

Usinga strip yield modelan expressiorfor the CT'OD in aninfinite platesubjectedo tensile

stressvasderivedas: <
oy a To
= | — 4
6 TE L sec <8UY ) @

whereoy isthematerialyield strengthanda half of thecracklength.For ¢ < oy arelationship
betweenk; andCTOD reads:

K}
o= Moy E ®)
whereM is adimensionlessonstanthatis approximatelyl .0 for planestressand2.0 for plane
strainconditions.
An alternatie approachto non-linearcharacterizatiorof the cracktip field was introduced
by Rice [15]. Rice shaved that the non-linearenepgy releaserate, J, could be written asa
pathindependentine integral by idealizing elastic-plasticdeformationas non-linearelastic.

For largescale but still limited, plasticitytheline integralis definedas

Oou
J = /1“ (wdy - Uijnja—xds) (6)

whereTl is a contoursurroundingthe cracktip beginning at the bottomfaceof the crackand
endingatthetop faceasshavn in Fig. 4. w is the strainenegy of the materialdefinedas

€ij
w = / Uijdeij (7)
0

n; is the outward normalalongT’, « is the displacementectorandds is an elementof arc-
lengthalongT". Hutchinson[16] and Rice and Rosengrerj17] independentlyshoved that J
characterizeshe cracktip condition for a non-linearelastic material. They both assumeda
Rambeg-Osgoodstressstrainrelationwherethe elasticstrainwasneglectedgiving:

S5 ®

wheregy is areferencestresausuallyequalto theyield strengthgy = o/ E is thecorresponding
referencestrain,x is adimensionlessonstantandn is the strainhardeningexponent.

An expressiorfor the cracktip singularfieldsundermodel loading,whichis now refferedto
asthe HRR (HutchinsonRice andRosengreniields, is givenby:

1/(n+1)
Oij = 0o (—,w]z;fﬂ) 9i;(0,n)
)
. EJ n/(n+1)
6,‘j = EUO (m) hij(e,n)
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Figure4: Crackin a two-dimensionaldeformationfield with an arbitrary contouraroundthe
cracktip.

whereI, is anintegration constantthat dependson » and k;;(#, n) and g;; (¢, n) aredimen-
sionlesdfunctionof n andd. The J definesthe amplitudeof the HRR fields, just asthe stress
intensityfactor K’ characterizethe amplitudeof thelinearelasticcracktip field. Ther—1/(»+1)
singularity of the HRR is also consistentwith the % singularity for linear elastic material
(n = 1). However the HRR field persistdong afterthe linear elasticzonehasbeendestryed
by cracktip plasticity.

As for the linear elasticfields the HRR singularity fields predictinfinite stressessr — 0.
In reality large strainscauseghe cracktip to blunt, which reducethe stressesandthe stress
triaxiality locally. Largestrainfinite elementanalysigperformedoy McMeekingandParks[18]
indicatesthatthe HRR field is not valid within a region approximately2-3 timesthe cracktip
openingdisplacement. However aslong asthereis a region surroundingthe cracktip that
canbedescribedy Eq. 9, the J-integral uniquelycharacterizethe cracktip conditions,anda
critical valueof J is a size-independenneasureof fracturetoughnessThe dominanceof the
HRRfieldsoveralengthof severalcracktip openingdisplacementgivesa uniquerelationship
betweerthe J integralandé, expresseas[19]

0=dp— (10)
0o

wherethecracktip openingdisplacement in this expressions definedasthe openingdistance
attheinterceptionof the crackflanksanda 7 vertex, Fig. 3b). d,, is a dimensionlesgonstant
which exhibits a strongdependencen the strainhardeningexponentn, anda moderatedepen-
denceon the referencestraine, = %. The radial distancefrom the cracktip over which the
HRR field dominateds dependingon loading,strainhardeningandfinal geometry Increased
plastic deformationwill graduallyinvalidatea HRR descriptionof the cracktip field through
loss of stresstriaxiality. On the basisof finite elementanalysis,size requirementdor HRR
dominancewere establishedy Shih and German[20] and McMeekingandParks[18]. Such
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requirementdor obtaining.J-controlledfractureinitiation are usually given in the following
form:

B,a,(h—a) > I/mi (11)

0o

wherea is the cracksize,h is the specimenwidth, (h — a) is the uncracled ligamentlength,
B is the specimerthicknessandv., is a dimensionlesgonstantdependingstrongly on strain
hardeningr, weaklydependingon % andalsodependingnloadingcondition.High hardening
givelessstrictrequirementshanfor low hardeningReasonablealuesof v, is from = 200 for
tensionandfrom = 25 for bending.Thus,bendinggiveshighlevel of stresgriaxiality andvalid
J-integral for smallerspecimerandor largeramountof plasticdeformatiorthantension.

2.2.1 Two and threeparameter characterization of crack tip fields

In corventionalfracturemechanicsit is assumedhat cracktip stressfield is controlledby a
singleparameteraspreviously presentedandthatthe toughnes®btainedfrom testswith one
specimergeometrycanbetransferredo structuralapplicationsThe factorsthatinfluencethe
transferabilityandinvalidatethe one-to-oneelationbetweercrackdriving force J-integraland
cracktip stresdield is calledconstraintin generaltherearetwo typesof constraintsn aweld:

e thegeometryconstrainttausedy cracksize,specimerdimensionsandloadingmode;

¢ thematerialmismatchconstraintdueto inhomogeneoumaterialproperties.

Theseconstraintsnaybecharacterizethy the @ or T' parameter$O’Dowd andShih[21], Bete-
gonandHancock22], Parks[26], Kirk andBakker [27]) andthe M -paramete(Ranestactal.
[24], Zhangetal [25]), respectiely.

The constraintsnvalidatecorventionalfracturemechanicsi.e. for a givenvalueof crackdriv-
ing force J-integral, the cracktip stressfield is influencedby the constraintlevel. Fig. 5ail-
lustrateshe geometryconstrainteffect on the cracktip stresdfield, wherea referencesolution
given by the uppercurve may be the HRR-field (i.e. a crackin aninfinitely large specimen),
whereaghelower curveis theactualstresdield. Hence thereis no one-to-oneelationbetween
the crackdriving force andcracktip stresdield, andthe fracturetoughnes®btainedfrom one
casecannotbedirectly transferredo anotherone.

For cleavagefractureoccurringafter significantplasticdeformationwith attainmentf a crit-
ical stresgnormalor maximumprincipal stress)over a microstructurallyrelevantvolume,the
RKR (Richie-Knott-Rise)riterion see[28], is a feasiblefailure criterion. Brittle fractureiniti-
ateswhenacritical stresds reachedn front of the cracktip overasuficiently largedistancelf
this distancds givenby point2 in Fig.5a,thenoneseeghatthe stresdield in alow constraint
situationhasreachedhecritical stressoveratoo smalldistancepoint 1. This situationis illus-
tratedin Fig.5bconsidering/ —integrals.HereJ,. ference is the J—integral thatwould exist in an
infinitely large specimerwith the samecracktip stresdield asin the actualspecimenFracture
would initiate in a low constraintspecimendgor appliedJ equalto J..; or J.» . Whenthese
J—levels arereachedthe RKR-criterionis fulfilled. Using the actualstressfield (accounting
for actualconstraint) andcomparingwith the HRR stresdfield it is possibleto determinevhat
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Figure5: a) effect of constrainton cracktip stressfield, b)relationshipbetweenappliedJ and
referencel

magnitudeof J-appliedthatis requiredto initiate fracture.Constraintinfluencesthe transfer
ability andinvalidatethe one-to-onegelationbetweercrackdriving force J andcracktip stress
field. For specimensnadeof homogenousnaterials,the constraintis termedgeometrycon-
straint.It hasbeenproposedhatthe stresdield at differentlevelsof geometryconstraincanbe
characterizethy the J — @ theory i.e. the J-integraland@, a hydrostaticstresparametesee
[21]. Accordingto the J — @ theory thecracktip field insidethe plasticzonecanbe separated
into two parts.Thefirst partis calledreferencdield which is controlledby J-integral,i.e. the
one-to-onaelationbetweerthe J-integral andstresdfield is maintainedn the referencdield.
Theactualstresdield is influencedoy theconstrainievel atthecracktip. Thereforet modifies
thereferencdield. Thisleadsto asecondstresdield, calleddifferencefield, whichis practically
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controlledby the parameter). The completestresdield canthereforebe written:

0'1']' = O;-r]?f =+ QO’()(SZ'J' (12)
Within the modifiedboundarylayerformulation,the J — @ theorycanbe shavn to be equiva-
lentto the J — T theory[23].
The materialstrengthdistribution in a realweld is complicatedand certainsimplificationsof
aweld crackproblemareneededFor a specimermadeof inhomogeneousaterialswith an
interfacecrack,the obsenedfracturetoughnes®f a referencematerialis obviously influenced
by the mismatchpropertiesof the materialon the other side of the interface.For materials
with identical elastic properties there are threetypes mismatch:strengthmismatch,harden-
ing mismatchandcombination Recently extensive numericalstudieshave beencarriedout to
investigatethe effect of materialmismatchconstrainton the interfacecracktip stressfield of
bi-materialandtri-material boundarylayer models.In the J — @) — M formulationa general
approximatiorfor the differencefield hasbeenused,i.e. 0;; = o, ;(r, 6, J,Q, M), [24], [25],
[29].
In orderto relate J,eference 10 fracture,an approachwherethe fractureis relatedto testingof
weld thermalsimulatedCTOD specimensasbeenapplied,[30]. Thesespecimensepresents
a homogenousnicrostructureof the mostbrittle part of the HAZ, hencethe mismatchcon-
straint, M, will be zero.For mary steelmaterials fractureafter weld thermalsimulationare
experiencedatalow C'TOD, giving only alimited sizeof the plasticzoneandlittle relaxation
from theinitial high constraintiin smallscaleyielding. In this way J. ference Canbe relatedto
the failure of homogeneoumicrostructuresnda specimersizewherevalid J resultsareob-
tained(e.g.undersmallscaleyielding). A horizontallimit in Fig.5bcanbe choserto represent
thecritical J experiencedn weld thermalsimulationtesting,andthe J — @ — M approachs
thenusedto transferfrom this "ideal” situationto the actualweld underconsideration.

3 A methodfor obtaining fractur e mechanicalparametersdir ectly from
a structural analysis

3.1 Elastic-PlasticLine-Spring finite elementformulation

w hﬁw >M
=

T

b)
Figure6: Part-trough-surdice-crackandplanestrainsolution.

Thepart-througtsurfacecrackis originally athreedimensionaproblemasseenin Fig. 6a.The
threedimensionalproblemis formulatedwithin the context of two-dimensionaplate or shell

10
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theory with the part-cracled sectionrepresenteds a line-spring. The line-springstake into
accountheadditionalflexibility dueto the surfacecrack.The stiffnessof the line-spring,with
extensionabndrotationaldegreesof freedom(d, 8), is derivedfrom aplanestrainedge-cracid
striploadedin tensionandin bending(N, M), seeFig.6b,i.e.model [32]. It is compatiblewith
atwo-dimensionaplateor shellelementvith four nodes A combinatiorof shellandline spring
elementenablesisto describahethreedimensionapart-througtsurfacecrackproblemwithin
the context of two-dimensionaplateor shelltheory

k — czone M Naj2 k—c zone\/
= —/Na \ .

\ M
. 0/2
S % \5/”’ P ,—\—f\]
// o ‘N “\’\\ i =0
‘/ N | S A
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/o I N v s N N
h .

a) b)

Figure7: Slip line field approximatiorin the kc — zone. a) slip line solutionfor pureextension.
b) GreenHundy solutionfor purebending

Thederivationof theelasto-plastitine-springfor themodel casdollowstheclassicaplasticity
theory For plasticconditions only themodel casewill beconsideredit wassolvedfor theline-
springin termsof theupperboundsolution(slip line field, coloredareain Fig. 7). Thederivation
of the mode-lline-springfollows the classicaplasticity theory [32] :

$(Q,0v%;a) =0 (13)

do = aédQ+ O¢ ——dot =0 (14)
_ 5¢

dap = d\5 aQ (15)

whentheyield conditionis metEq. 13, therewill be plasticincrementdq,, relatedto theyield
functionby normalityrule Eq. 15. Additive split of elasticandplasticdeformationsn theliga-
mentis assumed:

dq = dqe +dqp (16)

Theplasticresponsef theline springis governedby ayield surfaceshaving thecrackdepthas
parameterTheyield surfacesmplementedn ABAQUS[33] describeéheplasticbehaior of the
restligament.Theserepresentationsf theyield surfaceprovide satishctoryresultsfor a crack-
depth-to-thicknesgatio # > 0.3. In [3] analternatve yield surfacewhich s ableto univocally
characterizahe fully plasticyielding of both shallov anddeepcrackdepthsis proposedThe
elasto-plasticonstitutive law for theline-springelementreads:

dQ = Dep : dq (17)

11
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whereDy,, is thecontinuumelasto-plastistiffnessmatrix for theline-springelementndreads:

T
9" o
(%Del) (%Del)
9Ty 08 _ 96T (y 0p _ Ep
8Q “elaQ T 8Q V8oL oISk

D= | Dy - (18)

ParksandWhite [34], aguethatthe exponentr’ of Eq. 18is 2 andthe k-factorof orderunity,

is thelengthof therestligamentandsL is theyield stresdor theline spring.Notethatk, I and
n' arethe quantitiescontrolling the plasticity in the ligamentregion, kc — zone in Fig 7. The
representatioof theyield surfaceproposedn this study ¢4, is usednherein orderto describe
the stressfield of the line-spring.Having determinedthe plastic deformationincrement,the
crack-tipopeningdisplacemenis obtainedfrom:

dop = dup + <g - a) dbp. (29)

Thevalidity of thisrelationwasinvestigatedy LeeandParks,[35]. Their resultsshav thatfor
shallav edgecracks(a/h < 0.2), therelationis inaccurate[35]. Employing the connection
betweerthe J, andthe Dugdalecracktip solutioncorrectedor constraintonehas:

dJ, = mogSds, (20)

Here,m is a function of crackgeometriesand hardeningcharacteristicsThe total J integral
maynow be calculated:
J=J.+Jp (21)

As theedge-cracks thebasiccasefor theline spring,computedvaluesof J for asurfacecrack
will be moreaccuraten the centercomparedo positionsapproachinghe surfaceat the crack
ends.Combininga computedJ —integral with a measureof geometryconstraint,initiation of
fracturemay be predicted For the shellandline springfinite elementmodel,a corvenientway
of determiningconstraintis by meansof the T'—stress.The T'—stressis the secondterm in
the asymptoticexpansionof the elasticsolutionfor the cracktip stressfield by Williams see
[11]. The T-stresshasthereforebeenconsideredas an elasticparametemwith a limited range
of validity. Betegon andHancock[22] have shovn thatthe T'—stresgprovidesa goodestimate
of the constrainteven beyond the elasticand small scaleyielding regime. Lee and Parks[35]
have proposeda methodfor calculatingthe T'—stressfor the shell-line-spring-meshasedon
Shams analyticalwork see[36]. By useof the membrandorceandbendingmomentalongthe
semi-ellipticalcrackfront, the T'—stressat ary point alongthe crackfront canbe expressed,
i.e. T = T(a, N, M). Hence,a two-parametefracturemechanicsapproachs possiblewith
shell/linespringelementsalso.

12
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Abstract. Higher utilization of structural materialsleadsto a needfor accuate numerical
toolsfor reliable predictionof structural responseAnalysiswith line spring finite elementss

efficientin performingapproximatefracture medanicsanalysisof surfacecradked shells.The
presenstudyaddresseshe performanceof theline springfinite elemenutilizedfor describing
a surfacecrac in a bi-materialelasticplasticwide plate structuie. Someoutlinesfor theappli-

cationof theline springin a yield strengthmismatt situationare obtainedfroma parameter
study and utilized for the 2D discretizationof weldedwide plates.Large scaletestresultsare

compaedto theresultsobtainedfrombotha 2D and 3D numericalanalysis.

1 Intr oduction

Shell structureswith defectsoccurin mary situations for examplein pipelines,pressureves-
selsand offshore platforms. The defectsare usually introducedduring the welding process
necessaryor joining differentpartsof the structure Weldmentsareoftenthe mostcritical part
of a structurewith regardto unstablefracture.Properdesignand selectionof materialare of
vital importanceto structuralintegrity. Currentfabricationpracticein the industry adoptsan
approachbasedon a weld metalyield stressovermatch(with respecto the basemetal). The
overmatchweld hasthe advantageof increasingstructuralcapacity(with cracksin the weld
metals)for shallov andmediumsizecracksandthusimproving theweldedjoints resistanceo
failure. The steelusuallyemployedis very ductile. As a consequencehe craclked shellallows

1Authorto whomall correspondencshouldbe addressed.



Matteo Chiesa,Bjgrn Skallerud,Christian Thaulow

significantdeformationwithout or beforefracturing.In orderto checkthe capacity nonlinear
fracturemechanicganbeutilized, typically by meansof the J-integral or thecracktip opening
displacemen€TOD supplementedly a parametemeasuringhe constraintin the cracktip re-
gion. A methodologybasecdn T-stressor Q-parameterhasbeendeveloped,see(O’ Dowd and
Shihl, 11). The J-Q methodologyguantifiesthe dependencef the cracktip stressfield on the
geometrywhena homogeneougaterialsystemis consideredSucha methodologyhasbeen
further developedto take in to accountthe effect of the materialmismatchon the stressfield

by meansof anextra parameteM, seg[9]. Theaim of the J-Q-M approachis to determinghe
fracturetoughnes®f weldmentsn smallscalefracturemechanicspecimensandthentransfer
theresultsto structuralcomponents.

The direct discretizationof the cracled shell structurewith solid finite elementsn orderto
computethe fracturemechanicgjuantitiesleadsto large size problems,andmakes suchanal-
ysis infeasiblein structuralapplication,see[8]. In orderto calculatethe fracturemechanics
parameterslirectly in a structuralanalysisit is possibleto usea combinationof shellandline
spring finite elementsnsteadof solid finite elements.The numberof degreesof freedomis
reducedn this way by oneorderof magnitudecomparedo the 3D case.The accurag of this
approximationrseemdo be satishctoryfrom an engineeringpoint of view. This approachas
earlierbeenutilized for homogeneoumaterials see[2]. The presentstudyaddressethe per
formanceof inelasticshellfinite elementcombinedwith line springswhenutilized to calculate
therespons@f inhomogeneoustructuresvherethe defectis locatedin the weld metal. Some
outlinesfor the calibrationof the line springin a bi-materialcaseare given and utilized for
the numericaldiscretizatiorof thewide platestested.Thetest-dataarecomparedo theresults
obtainedfrom both2D and3D modelof the consideredjeometry

2 Backgroun ontestsand numerical simulations

2.1 Experimental program

As part of the work in the Europeanproject ACCRIS (Acceptancecriteria and level safety
for high strengthsteelweldments)twelve weldedwide plateswith a thicknessof 70mmhave
beentestedat —10°C, [18]. The materialtestedwasa ThermoMechanicalControlledProcess
(TMPC) steelwith ayield strengthof 500 MPa. The plateswereoxygentorchedinto 750 mm
wide panelsby the manugcturer FLUXOCORD 41-OP121T Twas usedasthe welding con-
sumablefor the overmatchweld. The weld methodusedwas SubmegedArc Welding (SAW).
Theweldingpositionwashorizontalandits directionwasthe sameastheoriginalrolling direc-
tion of the plate.After thewelding,the panelswerecutinto testplatesby oxygentorching,the
caplayer of theweldsandthe edgeof the Wide Plateswere machinedlush with the adjacent
surfacesThedepthof thefatiguecrackswaspredeterminetb beapproximate\20mmdeep A
notchwaspreparedy ElectroDischagedMachining(EDM). TheEDM notchwasmachined
mm shorterthanthe intendedfinal depthof thefatiguecrack.Cyclic loadingof thewide plates
in three-points-bendingroducedhe fatiguestart-crackdor the fracturemechanicatest. The
bendingwasperformedn a2.5MN dynamiccompression-testinghachinerun underconstant
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Tablel: Material Propertie{ £ = 210000MPav = 0.3).

BASE WELD
PARAMETERS MATERIAL MATERIAL HAZ
oy 506 MPa 643 MPa 566 MPa
hardening: 0.065 0.07 0.07

amplitudeload control at a frequeng of 0.7 Hz. The crackextensionwascontrolledby moni-
toring the reductionof the platecompliance Thelarge scaletestwasperformedon SINTEF's
Large Scaletest machine.The test specimensvere welded betweenthe frameswhich were
pushedapartby four hydraulic cylinderswith a stroke of 500mm.Eachcylinder candeliver
a maximumforce of 100MN. The following parameterfiave beenmonitoredduring the test:
forceanddisplacementor eachcylinder,specimerelongation crackMouth OpeningDisplace-
mentCMOD, thestrain in thebaseandweld metal. After thetestthefollowing propertiesvere
calculatedGrossStress[MP a]: the sumof loadatthe 4 cylindersof thetestmachinedivided
by the specimengross-sectionSpecimenElongation [mm]: the averageof thedisplacements
measuredy thetransducergstalled. SpecimenStrain [%] : theaverageof thedisplacements
measuredby thetransduceristalleddivided by themeasurindength(750mm).

2.2 Shelland line spring finite elementformulation

All of theFE analysisnverecarriedoutwith ABAQUS software.An eight-nodedso-parametric
thick shellis used.This elements formulatedfor the Green-Lagrangstrainandthe conjugate
2. Piola-Kirkoff stressmeasureandit is intendedfor large rotation with small or moderate
strains[1]. In the analysis deformationplasticity hasbeenappliedfor the shell elementswith
smallstraintheorycharacterizedy the Rambeg-Osgoodmaterialmodel.

€ o o\ /"

—=—+u <—> (1)
&y Oy Oy

In the above equationoy is theyield stressparametern is the plastichardeningexponentsy

is the yield strainand « is the "yield” offset [1]. The line spring elementsare only imple-

mentedor lineargeometryundersmalldeformationThe only nonlinearityenteringthesystem

of equationgs dueto plasticity. Effectsof large displacementhasbeeninvestigatedn [15].

The part-throughsurfacecrackis originally a threedimensionalproblemas seenin Fig. 1a.
The threedimensionalproblemis formulatedwithin the context of two dimensionalplate or
shell theorywith the part-crackd sectionrepresenteds a line spring. The line springstake
into accountthe additionalflexibility dueto the surfacecrack. The stiffnessof theline spring,
with extensionalandrotationaldegreesof freedom(w, 8), is derived from a planestrainedge-
cracled strip loadedin tensionandin bending(N, M), seeFig.1b,i.e. model [12]. Theelastic
stiffnessis determinedby the enepgy releaserate combinedwith the known solutionsfor the
stresgntensityfactor:

Q = Delq (2)
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Figurel: parttroughsurfacecrackandplanestrainsolution

Q=[NM", q=[ud" ®)

The additionaldeformationdueto the crackq is determinedrom the structuralequationsys-
tem,andfrom thesethe force transmittedat the cracled shell sectionare obtained.For plastic
condition,only the model casewill be consideredIt hasbeensolved for the line springin
termsof upperboundsolution(slip line field, coloredareain Fig 2). A mixedmodel/ll solution
inelasticline springbasedon a lower boundsolutionhasbeenderived by Skallerud[13]. The
derivationof themodel line springfollows classicaplasticitytheory[12] :

¢(Q7 UY ) ) =0 (4)
09 09 99 Ls
dp = GrrIN + grpdM + 5 —doy® =0 (5)
0(15
dgp 6Q (6)
dgp = dqe +dqp (7
dQ = Dep - dq (8)
T T T
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dQ == Del - 3¢T D 6¢ 3¢'T ¢ Ep dq (9)
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Parks and White, (1982), argue that the exponentrn’ of Eq. 9 is 2 andthe k-factor of order
unity. c is the length of the restligamentand o is the yield stressfor the line spring. Note
thatk, c,n’ are the quantitiescontrolling the plasticity in the ligamentregion, kc — zone in
Fig 2. The materialpropertiesn the kc — zone needspecialconsideratiorwhena weldment
is consideredFig. 2 shavs a simplified picture of the stresdfield in the k¢ — zone underflow
conditionasaresultof aslip line analysisThekc—zone isin our caseheterogeneousgefig.2,
it containsdifferent materialswith different properties.The yield surface employed hereis
basednan upperboundslip Iine solution[12], asimplementedn ABAQUS, see[1]. Defining
X = 3N andy = (M; + t/2Ny) theyield functionimplementedeads:

20%5(t—a) 20 Ls(t a)?
2 X
¢1=(X-0.3) +4.41(Y?) -049=0 for X<2Y (10)
by = X + Y + a3 X3 +ay XY3 -1 (11)
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Green Hundy solution for pure bending

Figure2: Slip line field approximatiorin the kc — zone.

Theyield surfacedescribeshe plasticbehaior of the kc — zone. Theyield stressraluechosen
in the heterogeneousasewill stronglyinfluencethe plasticbehaior in the kc — zone. The
understandingf thisinfluenceis the maingoal of the presenstudy

Having determinedthe plastic deformationincrement,the cracktip openingdisplacements
obtainedfrom slip line kinematicswhich describe

ds, = du, + <§ - a> dé,. (12)

Thevalidity of thisrelationhasbeeninvestigatedy LeeandParks,(1993l). Theirresultsshov
thatfor shallov edgecracks(a/t < 0.2) it becomesnaccurate[3]. Employing the connection
betweerthe J, andthe Dugdalecracktip solutioncorrectedor constraintonehas:

dJ, = moy?ds, (13)

Here,m is a function of crackgeometriesand hardeningcharacteristicsThe total J integral
may now be calculated:

J=J.+ Jp (14)
As theedgecrackis the basiccasefor theline spring,computedvaluesof J for asurfacecrack

will be moreaccuraten the centercomparedo positionsapproachinghe surfaceat the crack
ends.
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3 Results

3.1 Discretization

Fig. 3illustratesthe 2D and3D FE meshfor the weldedwide platestested Dueto the symme-
triesof theplatesonly onehalf is modeledwith no allowancefor trans\ersalmotionor rotation
of the nodesalongthe systemline. In the shell-line-spring=E-model,on the left handside of

b1

Figure3: A 2D FE mesh[on theleft handside]is comparedo a 3D FE mesh

Fig. 3, thereare1240nodes468 8-nodeshellelementsand 36 line springelementsThe weld-
mentis locatedin the finestpart of the meshandthe surfacecrackis locatedin the middle of
theweldment.A fine elementmeshis choserhereto be ableto describethe inhomogeneities
of the systemln the solid FE-model,ontheright handsideof Fig. 3, thereare5893nodesand
47704-nodesolid elementsThe cpu-timeneededo completethe analysisis five timeshigher
for the3D-analysighanfor the 2D one.

3.2 Line spring yield stresssensitvity

The 3D modelFig. 3 is designedo comply with the 70mmthick platetestspecimerwith X-
groove weld, [17], [18]. The crackis a surfacecracklocatedin the middle of the X-groove
weld. Therelative crackdepthsis a/t = 0.3, the crackwidth to shellthicknesgatiois 2¢/t ~
3.75,andthe cracklengthto the plate-widthratio is ¢/W = 0.2. The areaof the crackis small
comparedo theintactpartof theplate.

The different spatialmaterial propertiesare taken into accountin the 3D modelthroughthe
thickness.The descriptionof the X-groove in the 2D casewould needa varying description
of materialcharacteristicshroughthe thicknessof the shellelement.In orderto avoid sucha
problem,a pragmaticmethodologyis usedto calibrateour 2D model. The magnitudeof the
areacharacterizedyy the weld metalandthe weightedareaof the heataffectedzone(colored
zonein Fig. 4) is choserto bethe samein boththe 3D caseandin the 2D model.

The calibrationof the yield strengthin the line springis importantin orderto obtaina reli-
abledescriptionof theligamentplasticity. This canbe seenfrom the dependeng of the plastic
stiffnessmatrix, eq.9, ontheline springyield strength o£°. For the casesanalyzecherein the
cracksarelocatedin the weld material.Hence the line springsarelocatedin the weld metal.
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Figure4: Representationf theweldmentin the 3D and2D case

They are thereforeinitially calibratedasoy™ = ¢&° = 643M Pa, n = 0.07. The stress-
displacementurve obtainedrom this analysiss comparedo thecurve obtainedby calibrating
the line springswith the propertiesof the basematerialc2¥ = ¢L5 = 506 M Pa, n = 0.07.
Thematerialpropertief thetwo analysesreotherwisedentical.Furthermorek andn’ areas
implementedn ABAQUS [1] (Eqg. 9). The stress-displacementre seemgo be only slightly
dependenbn the way the line springis calibratedas seenin Fig. 5. This is dueto the fact
that sucha curve representshe macroscopidehaior of the testspecimerand doesnot de-
scribethe local behaior at the cracktip. Whenthe mismatchrelation Z; o is increasedrom
an undermatchto an overmatchsituationthe structuralresistances mcreasedThls is awell

Gross stress - Elongation Gross stress - Elongation

600.0

5000 - 5000 |
4000

300.0

4/ e 2D LS643 WM643 BM506
== 2D LS506 WM643 BM506

Gross stress [MPa]
Gross stress [MPa]

200.0

1000 - 7

0.0 L . . . 400.0 .
0.0 10 2.0 30 4.0 15 25

Elongation [mm] Elongation [mm]

Figure5: GrossStressvs Elongationcurves.

known phenomenonvhichis thebasisfor the overr-matchapproactcurrentlyadoptedasa fab-
rication practicein theindustry A parametestudyhasbeencarriedout in orderto seeif the
line springsdescribesuchbehaior.GrossStressss Displacementurvesfor four differentyield
stressmismatchsituation,seetable 2, areplottedin Fig. 6. The behaior is well describecby
the2D-modelasseenin Fig.6. Thestress-displacementiresaremoving upwardsto anupper
boundarylimit whichdescribeshesituationin whichtheyieldingis confinedto thebasemetal.

Thelocal non-linearbehaior of the materialat the crackfront canbe describedby different
parametersuchas:CMOD, CTOD, J. In this studyCMOD is preferredto the othertwo
parameterbecausét is theonedirectly obtainedfrom thelarge scaletest.
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Table2: Parametestudyin which differentstrengthmis-matchsituationareconsidered(FE =
210000MPav = 0.3).

BASE WELD LINE

CASES  MATERIAL[BM] MATERIALIWM]  SPRINGILS]
Even-match o?" =506 MPa  ¢)"" = 506 MPa o¢.° = 506 MPa
Undermatch o?M =506 MPa  ¢,"" = 450 MPa afs = 450 MPa
Overmatch  o#M =506 MPa  ¢"" =650 MPa 0¢,® = 650 MPa
Overmatch ¢PM =506 MPa o o, = 750 MPa

WM = 650 MPa

GROSS STRESS vs ELONGATION GROSS STRESS vs DISPLACEMENT
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Figure6: GrossStressvs Displacementurvesfor differentstrengthmis-matchsituation,see
table2.

CMOD is very sensitve to the calibrationof theline springasseenin Fig. 7 wheretheresults
of aparametestudysimilar to the oneof Fig. 5 andFig. 6 arepresentedThetrenddescribed
by Fig. 7 is similar to whatwe have previously obseredin Fig. 6: a higherovermatchieadsto
anincreasean theligamentstiffness,andfinally to a completelyelasticligament.

3.3 Planestrain edge-cracled strip model

In orderto evaluateif the structuralcapacityincreasds correctlydescribedy the curvespre-
sentedin Fig. 7 a further studyon the CMOD is carriedout. An axially loadedplanestrain
edge-cracid strip modelis consideredFig. 8 representshe FE modelfor the problem.Two
differentnumericalanalysef the planestrainedge-crackd strip modelare carriedout. The
scopeof theseanalysess to comparehedifferentlocal parameterg orderto have a betterun-
derstandingf whatinfluencesachof them.Two differentmaterialcalibrationsareusedin this
study: a single materialcalibration,whereweld metal propertiesare useda;’VM = 643M Pa,
n = 0.07 all over, anda bi-materialmaterialcalibrationwith weld metal,o," = 643M Pa,
n = 0.07,ando " = 506 M Pa, n = 0.065. At thecracktip [local level] thetwo modelsarethe
samebothfrom a geometricaknda materialpoint of view. Fig. 9a) depictsCTOD versusthe
J integral. Thereis alinearrelationbetweenCT O D andJ. This showvs the directrelationship
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Figure7: GrossStressvs CMOD curves.The plot ontheleft handsidecorresponds$o the one
in Fig. 5; andtheoneon theright handsidecorrespondso the onein Fig. 6.

Figure8: FE meshfor a planestrainedge-crackd strip model
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Figure9: Jvs CTOD, CMOD curves

betweenthe physicaldeformationdescribecoy CTOD andthe fracturemechanicparameter
J. This linear relation betweenCTOD and J underlinesthat CTOD canbe regardedas a
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toughnesgriterion. Furthermorethe curvesfor the two differentmaterialcalibrationsmemge.
This illustratesthatthe CTOD andthe J aretwo similar local parametersvhich describethe
sameocal phenomenorfig. 9b) shavstherelationbetweenCMOD andJ. TheCMOD — J

cunesseparatat incrementnumberse/en whenthe stressconditionsin the specimerfor the
two casesstartto differ, seeFig. 10. Weld metalandbasemetalbehae in an elasticmanner

l | @‘ |
b)

Figure10: The Mises-stresslistribution at the cracktip for thetwo casegWM, WM-BM)

up to incrementnumbersix at which the stressdistribution in the specimeris similar for both
casesAt afurther deformationincrementthe basemetalstartsyielding while the weld metal
still beharesin anelasticmannerseeFig. 10. Thisleadsto a differentstresdistribution in the
specimenThe stresddistributionsat the cracktip seemhowever to be the same.Henceit can
bestatedthatthe CM OD — J includesglobaleffectscomparedo CTOD — J.

3.4 Outline for the calibration of the line spring

Theresultspresentedn the previous sectionsshav how theyield stresscalibrationof theline

springsinfluencesthe numericalresults.In Fig 4, a qualitative picture of the plasticzonehas
beendravn. How the global stresddistribution influenceshe differentfracturemechanicgpa-
rametershasbeendiscussedA reliable predictionof the stressdistribution at the cracktip is

thefirst stepto obtainrepresentatie fracturemechanicgparametersThe yield functionwhich

characterizeshe plasticbehaior of the line springis derived from the slip line solutionthat
assumeyielding throughtherestligamentc. In otherwords,the stresdistribution atthe crack
tip is dictatedby the line springelement(seeFig. 4 andkc — zone in Fig 2) Whentherest
ligamentis greatetthenthewidth of theweld metalc > (u)s +w;)+ wh( W ) theline springs
arecalibratedwith thesamepropertiesasthe basemetal Thewidth of theweld zonefor the2D

modelis calculatedby equatingthe areaof theweld metalin the 3D model, 4, to the areaof

theweld metalin the 2D model, A,:

oHAZ
Ay =Awm + AHAZ% = A, (15)
1 HAZ
2(ws + wi)h — Agr + 2(wp, * h) =bxh— A, (16)
) HAZ
b— (ws + wi) + Qwhgiv’V_M (17)
2 oy

10
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Gross stress — Elongation
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Figurell: GrossStressvs Displacementor the 2D and3D analysis
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Figurel2: GrossStressys CMOD for the2D and3D analysis

wherew, andw; is the largestandsmallestsideof the X-groove, wy, is thewidth of the HAZ,
Awn and Ay 4, arethe areaof the weld materialand of the heataffectedzonerespectiely,
and A, is the areaof the crack,seeFig 4. In this way the size of the HAZ canbe alsotaken
in to account.In our casethe influenceof the weightedH AZ sizeis so smallthatit may be
neglected.

The GrossStressvs Displacemengandthe GrossStressys CMOD for the wide platewith two
differentrelative crackdepthsz/t ~ 0.3 and0.6 areplottedin Fig. 11and12. Therestligament
is greatetthanthewidth of theweld metalfor a/t = 0.3, thereforetheline springsarecalibrated

11
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with thesamepropertiesasthebasemetal,while for a/t = 0.6 theline springis calibratedwith
the propertiesof the weld sincethe restligamentis smallerthanthe width of the weld metal.
The agreemenbecomesvorsewhenthe shell-line-springmodelfor a/t = 0.6 is calibratedin
thesameway asfor a/t =~ 0.3 seeFig. 12.

It shouldbe notedthattheline springyield stresss keptconstantlongall of the crackwidth.
This is reasonablalueto the low aspectratio a/c for the cracksanalyzed.n the line spring
elementat the endof the crackthis introducesa smallinaccurag. For crackswith largercrack
front cunvaturesthis hasto beaccountedor.

Thegivenoutlineis usedin orderto predictStress-Displacemeand Stress-CMODurvesfor
thewide platestestedvheretheHAZ zoneis smallcomparedo theweld andto thebasemetal.

3.5 Comparisonwith largescaletests

Gross stress — Elongation
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+——= Wide plate TEST 1
—— 3D BM506 HAZ566 WM643

o———o 2D LS506 BM506 WM643 |

200 -

100

0 1 2 3 4
Elongation [mm]

Figure13: GrossStressvs Displacement.Datirom two testsareplottedandcomparedo data
obtainedrom the3D-model[seetablel for thematerialcalibrationof the 3D model]andfrom
the2D-model[o}/" = 643M Pa, o™ = 0¥ = 506 M Pa]

The large scaletestwas performedon SINTEF's Large Scaletestmachineasdescribedore-
viously. The magnitudeof the maximalaxial loadwas P ~ 30MN. The materialdatausedto
calibratethe numericalmodelwereobtainedfrom tensiletestsof theBM, HAZ, WM at differ-
entsamplingposition. The testdatafrom the plateswith the smallestamountof ductile crack
growth ,= 1mm, arecomparedo the dataobtainedfrom the numericalanalysiswhich does
not take into accountcrackgrowth. The testsfailedin brittle fractureat an elongationof 2.3
and4mm respectiely. The Stress-Displacememtndthe Stress-CMODcurvesfrom the large
scaletestareplottedtogethemwith the curvesobtainedirom the numericalanalysisln our case
the size of therestligamentis ¢ = 50mm, the size of the weld metalzonefor the 2D model

12
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Gross stress - CMOD
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Figure 14: GrossStressvs CMOD. Datafrom two testsare plottedandcomparedo dataob-
tainedfrom the 3D-model[seetable 1 for the materialcalibrationof the 3D model] andfrom
the2D-modeI[a§VM = 643M Pa, an = UyLS = 506 M Pa]

ocHAZ

accountingfor the heataffectedzoneis 2+ 4 wh(éVM) =~ 26mm. Following the outline

AZ

givenin the previoussectionandsinceh — a > % + wh(‘ﬁw), theline springis calibrated
with the samematerialparameteasthe basemetaloy" = ¢, = 506 Pa. Both globaland
local behaior of the plateis well describeddy theline springmodelasseenin Figs.13 and
14. The elasticstiffnessof the structureis underestimatethe sameamountin both numerical
analysesThis is dueto the boundaryconditionsappliedto the FE models.This inaccurayg at
theelasticlevel is acceptedincethis studymainly focuseson thefully plastichehaior.

4 Conclusion

Reagardingefficiency, theadvantagesn aline springbasedapproacltomparedo solid elements
analysisof cracled shellstructuresareapparentThis papershavs the possibility of usingthe
line springsin orderto calculatefracturemechanicaparameterg mis-matchedituationssuch
asweldedplateswith defectslocatedin the weld metal.Calibrationof the line springswith a
properyield strength sothattheplasticstiffnessmatrix canbeproperlycalculatedijs presented
by meansof averagingthe weld metal/HAZ materialarea.lf the width of this averagedareais
lessthanthe ligament,the basemetalmaterialpropertiesareemployedin theline springfinite
elementOtherwisetheweld metalpropertiesareemployed. Comparisorwith largescaleplate
testsshavs goodagreement.
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Abstract. Reelinghasprovento bean efficientand costeffectivemethodfor offshore pipelay-

ing. During thereelingprocesghe pipe undegoesdeformationthat can strain the material by

1 — 2%. Theexistingfailure assessmemhethodoftenturn outto betoo conservativeo allow

sud a strain level in the structure. The amountof conservatisntan be significantlyreduced
by usinga new failure assessmerapproad developedby SINTEF This approad dependn

finite elementcalculationsfor establishingthe non-linearfracture medanicsparametes and

the stressand strain distributionsin the pipe Thepresentstudyaddresseshe performanceof

shellandline springfinite elementsas a costeffectivetool for performingsud numericalcal-

culations.
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1 Intr oduction

Reelinghasprovento be an efficient and cost effective methodfor offshorepipelaying.This
procedurestrainsthe materialcloseto the failure limit. A standardfailure assessmergnaly-
sis basedon [PD6493] and[R6], see[3], [9], would hardly allow flaws in the pipe because
of the high conseratisminvolved in the method.The Pipelayingprocesdnvolvessubstantial
resourcessoary delaysbecausef "unnecessarytepairsof flaws canbevery expensve. Fur
thermore repairingsmall flaws in the weld oftenleadsto a further deteriorationof the quality
of thewelds.The potentialcostsavingsresultingfrom the relaxationof the conseratismof the
failureassessmenfwoceduresreevident.

SINTEF hasdevelopeda new conceptfor failure assessmerior low constraintapplications
which reduceghe conseratismof the standardrailure analysis see[12], [11]. The methodis
basedon the testingof constraint-correctefracture mechanicsspecimensindertension.So
far work hasbeenconcentratean the SENT specimenBy varying the cracklengthandthe
distancebetweenthe clampswhenthe testis performedthesespecimensanbe designedo
give aconstrainievel comparabldo thatof a pipewith surfaceor throughthethicknessracks.
FE calculationof boththe SENT andthe pipe arenecessaryo designSENT specimenswith
a constraintevel comparabldo the pipe. In additionFE calculationshave beenusedto derive
analyticalequationdor the J-integral for the SENT specimenThediscretizatiorof the cracled
shell structurewith solid finite elementsn orderto computethe fracturemechanicgjuantities
makes suchanalysistime consuming.The presentstudy addresseshe performanceof shell
andline springfinite elementsaasan alternatve tool for numericalcalculationsof the fracture
mechanicparametersThis allows thenumberof degreesof freedomto bereducedy anorder
of magnitudecomparedo the 3D mesheasitilized. The accurag of this approximationrseems
to besatishctoryfrom anengineeringpoint of view.

Thenew methodbasedon constraint-correctespecimen$iasseveraladvantages:

¢ |t makesthe failure assessmemnore efficient and preciseby relaxingthe high conser
vatismof theusualprocedure.

e It makesthetestingprocedurdor the SENT aseasyasfor the standardSENB.

e It providesalimit loadobtainedrom the SENTthatcanbeutilizedto calculatetheplastic
collapseof thepipe.

The focus of this studyis to find simple proceduredor the computationof the fractureme-
chanicsparametersecessaryo performfailure assessmemdf pipesby usingthe nev method.
However, in our pursuitof engineeringnethodologiesa goalis to reducethe needfor FE cal-
culations.Currentactvities focuson mappingthe constraintn pipesandSENT specimendor
differentcrackgeometrie@ndloadingconditions,in orderto obtaina guidelinefor constraint-
correctedSENT specimensWe alsointendto find explicit equationgor thefracturetoughness
of SENT specimensWith this, themethodwill notbemorecomplicatedhanthecurrentmeth-
odsandtheaccurag will beimproved.



Paper Il: Engineering Fractur e MechanicsVol. 68,2001

2 Outline of the new conceptfor failur e assessment

2.1 Geometry-dependenffractur e properties

The low constraintconceptfor failure assessmens basedon the testing of a constraint-
correctedfracturemechanicsspecimenundertension.So far work hasfocusedon the SENT
specimen.Thesespecimensan be fitted to give the sameconstraintlevels as for pipe with

FRACTURE
TOUGHNESS

[J, K, CTOD]

GEOMETRY / CONSTRAINT [T, Q, M]

Figurel: Schematidllustrationof theinfluenceof theconstrainandspecimergeometryonthe
fracturetoughness.

crackson the surfaceor throughthe entire thickness,seeFig. 1. The constraintlevel of the
SENT specimercanbeadjusteday varyingthe crackdepthor thedistancebetweertheclamps.
The stressfields in the low constraintgeometriessuchas SENT and pipes,andin the high
constraingeometriessuchasSENB, aredifferent,seeFig. 2. Similar fracturemechanismsan
be expectedn geometriewvith acomparableonstraintevel. If the constraint-correcteBENT
specimerundegoesbrittle fracture,brittle fractureafter ductile crackgrowth, plasticcollapse,
or plastic collapseafter ductile crack growth, the pipe will mostlikely suffer from the same
failure mechanismlt is importantto keepin mind that the fracturetoughnessierived from
constraint-correctedpecimenss limited to a specificgeometryandshouldnot be appliedto
othergeometriesvithout first verifying thatthe constraintin the geometryis similar or higher
thanthatof the specimenTraditionalfracturemechanicspecimengive lower boundsolutions
for thegeometriesThis is onereasorfor thehigh conseratismof thetraditionalapproaches.

Full-scaletestingshows that plastic collapseis usually the main failure modethat shouldbe
takeninto accountduring pipeline design.The integrity of the pipeis determinedoy boththe
plastic deformation(tensile properties)in the restligamentandthe cracktip fields (fracture
toughness)it is importantto verify thatthe pipeis not susceptibleo brittle failure. Failure as-
sessmentbasedn fracturetoughnesgrom traditional SENBandCT specimensftenpredicts
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Figure2: Ligamentstresdieldsin high constraintSENB specimerandlow constraintyeome-
trieslike SENT specimengindpipes.

brittle fracture.However, full-scaletestingshaws thatit is plasticcollapsethatis the limiting
mechanismTestingof constraint-correcte®ENT specimengjivesan improved estimateof
fracturetoughnes@ndplasticcollapseload. Furtherstudiescanthereforebe concentrateadn
relaxingthe high conseratismof the existing proceduregor the predictionof plasticcollapse.

2.2 Plasticcollapse

Standard$R6] and[PD6493], see[9] and[3], for the plasticcollapsefailure mechanisiare

basedon analyticalsolutionsfor the limit load andtensileproperties Plasticcollapseis pre-

dictedwhenthe stressn the ligamentis equalto the flow stresgthe averageof yield strength

andtensilestrength).This analysisis conserative becausghe hardenings not entirely taken

into accountThemethoddevelopechereinaccountgor hoththehardeningandinhomogeneous
materialzonesn thefailureassessmeranalysisThisis doneby takingthelimit loadsfrom the

constraint-correctedpecimensincluding this informationin the calculationof the limit load

for a pipe,andimplementingthis valueinto thefailure assessmentiagram see[12], [10)].

The ordinaryfailure assessmenhethodbecomesven more conserative for welds. The an-
alytical equationdor the limit load analysisare basedon systemsof homogenousnaterials.
The propertiesof the materialwith the loweststrengthare usedin the assessmentshenthe
crackis locatedin a systemwith inhomogeneousnaterial. This choiceleadsto anincreased
conseratism. It is alsodifficult to find the correcttensilepropertiesin differentpartsof the
weld zone.Suchpropertiesarenecessaryhenanalyzingthe plasticcollapseof a pipewith a
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cracledweld. Theloadingdirectionunderreelingis trans\erseto the girth welds,but sincethe
weldsarevery narrav the tensilespecimerhasto be takenlongitudinally to theweld. In addi-
tion the crosssectionof the specimeris very small comparedo the crosssectionof the weld
metalzone.For thesereasonsit is difficult to find representatie andreliabletensileproperties
for the weld metaltrans\erseto the welding direction. For weldswith soft zonesin the HAZ
theestablishmenbf trustworthy tensilepropertiess evenmoredifficult.

Onecanobtainacracktip field whichis comparableo thatof circumferentiatracksin pipesby
testingSENT specimensakenfrom the pipe-wall, with athicknesscloseto thewall thickness,
with realisticcrackdepthsandloadssimilar to thesein the pipe-wall. A representatie plastic
deformationof therestligamentis alsoobtainedwith this. In the plasticcollapsdoad obtained
from thesespecimensthe effect of inhomogeneousnaterialzonesandthe full hardeningin
thesezonesaretakenin to account.This meansthat both the fractureandthe plasticcollapse
propertiecanbedeterminedy constraint-correcteBENT specimensTheneedfor thetensile
propertiesof the differentpartsof the weld is thereforeeliminated.The plasticcollapsestress
for the SENT specimenss transformedo an equivalentplasticcollapsestressor the pipe by
theanalyticalsolutionsfor ahomogenousnaterial.Hereis assumedhatthis transformatioris
independendf theinhomogeneityf thematerialstrengthAs long asthedifferencean geometry
is minorthe potentialerrorin this assumptions alsominor.

3 Numerical simulation

3.1 Shelland line spring finite elementformulation

The FE analysesverecarriedout with the ABAQUS software.An eight-nodedso-parametric
thick shellis usedIn theanalysisdeformatiorplasticityhasbeenappliedfor theshellelements,
with small straintheory andisotropic hardening.The part-throughsurfacecrackis originally
athreedimensionabproblemasseenin Fig. 3a. Thethreedimensionalproblemis formulated
within the contect of two dimensionabplate or shelltheorywith the part-crackd sectionrep-
resentedasalline spring.Theline springstake into accounthe additionalflexibility dueto the
surfacecrack. The elasticstiffnessis determinedy the enegy releaseatecombinedwith the

Figure3: parttroughsurfacecrackandplanestrainsolution

known solutionsfor the stressntensityfactor:

Q = Del 'q (1)
Q=[N,M]", q=[ud]" )
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whereD,, representtheelasticstiffnessmatrixand(u, ) theextensionahndrotationaldegrees
of freedomof the line spring.For plastic condition,only the model casewill be considered,
[18], [20]. It hasbeensolvedfor theline springin termsof upperandlower boundsolutions.
Thederivationof themodel line springfollows classicabplasticitytheory:

$(Q,0%%;a) =0 3)
T
94T 4T
oo, (%a-Da) (55-Da) .
Q= |Pa~gr p "a —ar o e B |4 “)
8Q el " 5Q 8Q 8055 oLSken'

wherethe currentplasticmodulusE,, the lengthof therestligamentc andthe constants: and
n' are quantitiescontrolling the plasticity in the ligamentregion. The yield surfaceemployed
hereis basedon an upperboundslip line solution, see[18], asimplementedin ABAQUS,
see[1]. Note that o£° denotesthe yield stressin the line spring. This enablesa possibility
of using differentmaterialsin the plate and cracled region (e.g.a crackin a weld, see[4]).
The yield surfacedescribeghe plasticbehaior of the restligament.Having determinedhe
plastic deformationincrement,the cracktip openingdisplacements obtainedfrom slip line
kinematics:

ds, = du, + (g - a) do,. (5)

Thevalidity of this relationhasbeeninvestigatedy Leeetal., [7]. Theirresultsshav thatfor
shallav edgecracks(a/h < 0.2) it becomesnaccuratesee[8].

Employing theconnectiorbetweerthe J, andthe Dugdalecracktip solutioncorrectedor plane
stress/strailconstraintonehas:
dJ, = moySds, (6)

Here,m is a function of crackgeometriesand hardeningcharacteristicsThe total J integral
maynow be calculated:
J=Je+Jp (7

As theedgecrackis the basiccasefor theline spring,computedvaluesof J for asurfacecrack
will be moreaccuraten the centercomparedo positionsapproachinghe surfaceat the crack
ends.

TheT-stresameasurethe constrainin thecracktip region andis usedin combinationwith the
J — integral in orderto quantifythe dependencef the cracktip stresdield onthe geometry
TheT'-stresss thesecondermin theasymptoticexpansionof theelasticsolutionby Williams,
[22]. The T-stresshasthereforebeenconsideredas an elasticparametewith a limited range
of validity. Betegon andHancock,[2], have shavn that the T'-stressprovidesa goodestimate
of the constraintevenbeyondthe elasticandsmallscaleyielding regime. Parksetal., see[21],
have proposeda methodfor calculatingthe T-stressfor the shell-line-spring-meskasedon
Shams analyticalwork. ParksamuesthatT canbe seenasthe summatiorof the contritutions
by themembrandorce, N (s), andthemoment,M (s). Thusthe T-stressatary pointalongthe
crackfront canbe expresseds

) tstats) ) ®

-tn(a(s)/h) +
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whereN(s) and M (s) have thesamemeaningasin Eq. 2. Functionst y andt,, arecalibration
factorsfor T' in a SENspecimerwith a crackdeptha(s) andthicknessh, underunit membrane
stresso™ (0™ = N(s)/h) andunit bendingstresso, (o, = 6M(s)/h?). Sham,seeParks[21],
hastakulatedthety andt;, functionsfor the SEN specimenin this studythe samevaluesare
usedto calculatethe T-stressin the SENT specimenandin the pipe. The resultsobtained
from theshell-line-springneshareverifiedby carryingoutboth2D and3D solidfinite element
calculationof the samegeometries.

4 Resultsand Observations

4.1 Planestrain 2D- and shell-line-spring- simulation of a SENT specimen

4.1.1 Discretizations

l Line Spring location

Figure4: 2D andshell-line-spring-E mesh.The coordinatesystemsarelocal for eachof the
two mesh.

Fig. 4 illustratesthe 2D-meshfor the SENT specimenwith planestrainelementsandwith a
combinationof shell andline spring elementsNote that the coordinatesystemsfor the two
meshesn Fig. 4 arelocal for eachmesh;direction2 for theright-hand-sideneshcorresponds
to direction 3 for the left-hand-sidemesh,seeFig. 5. The boundaryconditionsat the endsof
the SENT specimencorrespondo clamped(no rotationis allowed). In the shell-line-spring
FE-modelthereare 66 nodesand12 8-nodeshell elementof type S8R, see[1], andoneline
springelementDisplacemenin the 2-directionandrotationaboutthe 1-directionfor thenodes

Line spring location

[©) [€)
\
£
3\ E —
- - - o
] i @ 1=45mm
[ON@) [CHC] [©) @
2 Boundary condition for the 2D plane  Plane strain boundary condition for the shell-
strain model of a SENT specimen -line spring model of a SENT specimen

1
3 Global coord. system

Figure5: Clampedboundaryconditionutilized in themeshin Fig. 4
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at the top and at the bottom of the shell-line-springmodel are constrainedn orderto obtain
a planestrainsituationin the middle of the modelseeFig. 5. In the 2D-plane-strain-mesfor
the SENT specimenthereare 1619 nodesand 502 8-nodeplain elementsof type CPESR,
see[1]. The cpu-timeneededo completethe analysisis 10 times higherfor the 2D-analysis
thanfor the shell-linespringone.It shouldbe notedthatalthoughtheline springfeasibility is
well establishedthereasorfor thecomparisorbetweerthe2D planestrainanalysisandtheline
springanalysiscarriedouthereinis dueto thefactthatatypicalgeometryof the SENTspecimen
to beemployedin thetestingis ratherstocky, andis not very similar to ashellstructure Hence
if the constraintcorrectedSENT specimeris to beanalyzedwith line springs theaccurag has
to beverified.

4.1.2 Results

The2D-plane-straimodel,Fig. 4, is designedo complywith the 15mmthick SENTspecimen.
An idealizedhomogenousnaterialis consideredhn this studyalongwith smalldeformatiorthe-
ory. A parametestudyis carriedoutfor two differentmaterialyield strengthdo, = 400M Pa],
[0, = 600M Pq] andfor differentcrackdepthsa = 2.0mm a=3.5mm a=55mm a=
7.5mm a = 9.5mm. GrossStress/s Displacementurvesfor thefive crackdepthsareplotted
in figures6 and7. The global behaior of the SENT specimeris well describedby the shell-
line-springmesh.Thelocal stresdield at the cracktip is describedyy eitherthe J — integral
ortheCMOD (crackmouthopeningdisplacement)Thereis a goodagreemenbetweerthe J
valuescalculatedrom thetwo numericaldiscretizatiorfor J in therange[500 — 1000N/mm)
asseenin Figures8 and9, wherethe J — integral is plottedagainstthe GrossStress Expe-
riencefrom SENT testinghasshavn thatthe critical J-integral for mostpipelinesteellies in
therange[500 — 1000V /mm]. A betteragreemenin the transitionzonecanbe obtained see
(Leeetal. | andll, 1993). The agreemenbf both the GrossStressvs Displacementandthe
J — integral vs GrossStresscurvesis worsefor the shallov cracka = 2.0mm. Thisis due
to theyield function implementedn the ABAQUS software for the line-springelement,see
[14]. Thisyield surfaceis meantfor crackssuficiently deepthattheyielding is confinedto the
ligament.For thedeepestrackit is alsosomedisagreementshisis dueto thestocky specimen
combinedwith aload transferthatdoesnot complywith shellmodelingassumptionskigures
10,11,12and13representhe J — CMOD curvesfor thedifferentcracklengthsfor thetwo
numericalmeshes.

The shell-line-springmodel describeghe variation due to the differentgeometriesn agree-
mentwith the resultsobtainedby the 2D-plane-strain-modelThis shavs that the shell-line-
spring-mesltanreplacethe moretime consuming2D-plane-strain-mesanalysisof the SENT
specimen.

4.2 3D- and shell-line-spring- simulation of a SENT specimen
4.2.1 Discretization

In the shell-line-springFE-model,Fig. 14, thereare 190 nodesand 48 8-nodeshell elements
of type S8R and 3 line springelementsDue to the symmetriesof the SENT specimeronly
onehalf is modeledwith no allowancefor trans\ersemotionor rotationof thenodesalongthe
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Figure6: Grossstressvs displacementurvesfor differentcracklengths[a = 2.0mm «
3.5mm a = 55dmm a = T75mm a = 9.5mm] and for yield strength[o, =
400M Pa].LS — shell-line-spring-mesiD —» 2D-plane-strain-mesh.
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Figure7: Grossstresss/s displacementurvesfor differentcracklengthsseeFig. 6 andfor yield
strengtho,, = 6000 Pal].

symmetryline. In the solid 3D-meshfor the SENT specimenFig. 14, thereare8711nodesand
13403D elementf type C3D20. The cpu-timeneededo completethe analysisis 12 times

higherfor the3D-analysighanfor theshell-linespringone.Notethatsmalldeformatiortheory
wasappliedherealso.
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vs J-integral
BM400

OGross

2000.0

1500.0 - o——=LSa55

——-LSa95
—_ e—e2Da2.0
E =—=2Da35
S 10000 |- B
= +~—2Da75
—— 2D a9.5
500.0 - B
ot _
0.0 st
100.0 200.0 300.0 400.0 500.0 600.0
Ocross [MPa]

Figure8: Grossstressvs J-integral curvesfor differentcracklengthsfor [0, = 400M Pa].]
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Figure9: Grossstressss J-integral curvesfor differentcracklengthsfor [0, = 600M Pa].]

4.2.2 Results

The solid discretizationof the SENT specimeris the bestway of representinghe real situ-
ation. A planestrainmodeldescribeswell the situationin the middle of the specimenwvhere
the stresdtriaxiality andthe constraintare high. This is a conserative way of discretizingthe
SENT specimerin orderto reducethe CPU time neededor the numericalcalculation.The
line springmodelingis an alternatve efficient way for performingsuchanalysiswithout us-
ing too muchcomputingtime. Theshell-line-spring-mesHescribeshe 3-dimensionalityof the

10
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CMOD vs J (2D)
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Figure10: CMOD vs J-integral curvesfor differentcracklengthsandfor ayield strengthlo, =
400M Pa] . (Planestrainanalysis)
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Figure11: CMOD vs J-integral curvesfor differentcracklengthsandfor ayield strengtio, =
400M Pal). (shell-line-springanalysis)

SENT specimenn abetterway thantheplain-strain-meshrelaxingthe conseratisminvolved
with it. The differencefrom the previous meshlies in the differentboundaryconditionof the
shell-line-spring-modeDisplacementn the 2-directionandrotationaboutthe 1-directionare
allowedfor the nodesalongtheline GF andareconstrainedt the symmetryline of the shell-

11
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CMOD vs J (2D)
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Figure12: CMOD vs J-integral curvesfor differentcracklengthsandfor ayield strengthlo, =
600M Pa] . (Planestrainanalysis)
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Figure13: CMOD vs J-integral curvesfor differentcracklengthsandfor ayield strengtio, =
600M Pal). (shell-line-springanalysis)

line-spring,seeFig. 17. Theresultsfrom the”3D” discretizatiorareplottedwith thosefrom the
"2D” discretizatiorfor onesinglegeometry(a = 3.5mm) aspresentedn Fig. 15and16. Fig.
15shavstheDisplacements Grossstressurvesfor the”2D” andthe”3D” discretizationThe
agreemenbetweerthe”3D” meshess betterthenfor the”2D” ones.Thisis dueto thefactthat

12
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r

Figurel4: A 3D FE meshon theleft handside]is comparedo ashell-line-spring-E mesh[on
theright handside]for half of the SENT specimen.Theoordinatesystemsarelocal for each
of thetwo mesh.
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Figure15: Displacements Grossstresscurvesfor differentmeshes2D —- plane-strain-2D-
mesh(Fig. 4), 3D —> 3D-solid-mesh(Fig. 14), LS — plane — strain —> plane-strain-shell-
line-spring-mesltFig. 4), LS 3D "3D"-shell-line-spring-mesl{Fig. 14).

the shell-line-springmeshutilizedin the”3D” discretizatioris muchfinerthentheoneusedin

the”"2D” discretizationThe sametrendcanbe alsoobseredin Fig. 16 wherethe Grossstress
vs J — integral for the differentmesheds plotted. The shell-line-springmesheseemto be
well suitedto describethe SENT specimen.

4.3 Constraint calculation in plane strain

The T-stressmeasureshe constraintin the cracktip region and quantifiesthe dependencef
thecracktip stresdield onthegeometry The calculationof the T'-stressn theshell-line-spring
meshis carriedout by following the outlinesof Parks,Eq. 8. Thecalculationis alsocarriedout
in a2D plain-strainmodel. The nominalstresof the elementsalongthe crackflank Si; in Fig.
18is readat differentdistancesD from the cracktip , seeFig. 18. The corvergedvalueis read

13
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Figurel6: Grossstress/s J — integral curvesfor differentmeshesseeFig. 15
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Figurel7: Symmetrief the SENT specimerutilized in the numericaldiscretization.

astheT-stress.

7 D
crack flank 4—{

Figure18: Representationf theway of calculatingT-stress

An elasticcalculationof the T-stresshasbeencarriedout andthe valuesobtainedby sucha
calculationareplottedin Fig. 19. The T-stressis taken at a similar local stressevel [similar
J —integral]. TheT-stresdrom theline springmodelis of courseéndependensf thedistance
from thecracktip. Kirk etal. emplcyedelementéocatedatadistancezfg in front of thecrack
tip in orderto determinel’ , seeFig. 18. This approactrequiresmore post-processingf the
resultsthanin the presentapproachFig.20 presentghe biaxiality factor 8 for the different
a/W relations.3 is adimensionlesparametewhich relatesT to the stressntensityfactor K,

14
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Figure19: T — stress vs D for the line springmeshandfrom the 2D-plane-strain-mestD
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Figure20: 3 vsa/W for theline springmeshandfrom the 2D-plane-strain-mesh

throughEq. 9.
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It is notedthattheresultsfrom the 2D plane-strairanalysisandthosefrom theshell-line-spring
simulationdepartdfor cracksof depthlessthan0.35W. Onereasonfor this is the assumption
inherentin Eq. 8. The 2D simulationsensegshe proximity of the free surfacewhenthe crack

getshorterHowever, for cracksdeepethan0.35W theagreemenbetweertheshell-line-spring
meshandthe plane-strairmeshis good.

15
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4.4 3D- and shell-line-spring- simulation of a pipe

4.4.1 Discretization

Figure21: A 3D FE meshanda shell-line-spring=E meshfor half of the pipe.

Non-linearsmalldeformationFE analysisof afour meterlong pipewith a450mm long surface
notchwith crackdeptha/W = 0.75 underpuretensionhasbeencarriedout. The pipe wall

is 25.7mm andthe outerdiameteris 921mm. Fig. 21 illustratesthe 3D meshfor the pipe by

meanf solid elementsandby meansf a combinationof shellandline springelementsDue
to the symmetrief the consideredyeometryonly onehalf is modeled with no allowancefor

trans\ersalmotion or rotationof the nodesalongthe symmetryplane.In the shell-line-spring
FE-model,Fig. 21, thereare 1784 nodesand 560 8-nodeshell elementsof type S8R and 9

line springelementsin the solid 3D meshfor the pipe, on theleft handsideof Fig. 21, there
are10200nodesand83708-nodeelementof type C'3D8. The cpu-timeneededo complete
the analysisis = 10 timeshigherfor the 3D analysisthanfor the shell-line springone. This

differencein calculationtime could be even biggerif alongercrackis considerecdueto the
factthatthe numberof degreesof freedomfor the 3D meshwould grow almostproportionally
to the cracklength. The C' PU-time for shell-line-springanalysisis not effectedby changing
cracksize.

4.4.2 Results

Fig. 22 andFig. 23 shav the Displacement's Stresscurve andCMOD vs Stresscurnesrespec-
tively for thetwo discretizatiorconsideredThe agreementf the resultsobtainedrom thetwo
meshesgs excellent. This is partly dueto the factthatthe shell-line-springmeshis very fine.
Fig. 24 representshe stressvs J — integral at crackcenterthe agreements againgood.In
Fig. 25 the T-stressis plotted from the tip alongthe crackflank for the deepespoint of the
crack.The T-stressvaluefrom the shell-line-springanalysisis higherthenthe value obtained
from the 3D analysisof the pipe asseenin Fig. 25. The numericalanalysisfrom which we
readthe T'-stresss carriedoutin the elasticregime. The calculationof the T-stressfor the pipe
geometryby meansof the shell-line-springneshfollows the outlinesof Parksetal., see[21],
asdiscussectarlier Fromour resultsit seemghatEq. 8 canbe utilized alsofor the calculation
of the T-stressof the pipe evenif furtherinvestigationseedto be carriedout to validatethe
methodfor differentcrackgeometries.

16
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Figure22: Displacements Stresdor the two differentdiscretization®f the pipe seeFig. 21.
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Figure23: CMOD vs Stresdor thetwo differentdiscretization®f the pipe seeFig. 21.

5 Comparison of 8 with resultsfrom other studies

Fig. 26 comparesur calculationsof the biaxiality ratio 8 with the calculationsperformedin
otherstudies se€[5]. A deviation betweerthe two methodss apparentor shortcrackdepths.
In the 2D casethis is dueto the differentmethodologyusedfor the calculationof the T-stress.
In our study the T-stresscalculationsare performedat the crack flank for finite dimiension
geometrieswhile Kirk etal., seg[5], calculategsheT-stressatanormalizeddistancen front of
thecracktip usingMBL finite elemenmodels.SeealsoFig.20. Thedeviationis lessfor deeper
cracksfor which the surfaceeffect on the stressvaluesalongthe crackflankis negligible.

A deviationis alsoapparenfor the biaxiality ratio ascalculatedrom the shell-line-springand
fromthe3D mesh,SLs_pipr # Bsp_prpr, aSShovn onFig. 26. Thisis dueto thefactthatEq
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G, vs J-INTEGRAL
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Figure24: Stress/s J — integral for thetwo differentdiscretization®f the pipeseeFig. 21.

DISPLACEMENT vs T-STRESS
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Figure25: Displacements T-stresgor thetwo differentdiscretizationseefig. 21.D [distance
from thetip alongthe crackfront.]

.8, by whichwe calculatedhe T'-stressjs valid for awide platewith along, deepcrackandnot
directly for the pipe. The constraintcalculatedrom the shell-line-springanalysisby usingEq
.8 givesconserativeresults 8.s_prpr > Bsp_pipr @sshovn onFig. 26. However, theranking
of thegeometryeffectusingthe 8 parametefrom theshell-line-springnodelandthe 3D model
is similar, i.e. areducedconstraintvhencomparedo the SENB specimenlt is conclusedhat
the FE analysisfor the SENT specimercanbe properly carriedout by usingthe line springs.
Furtherstudiesare,however, neededn orderto find ananalyticalequatiorwhich betterrelates
the membrandorce andthe momentof the pipeto the T'-stress.

Fig. 26 confirmswhathasbeenpresentedn section2, Fig. 1: thetraditionalbendingspecimen
SENBwith adeepnotchis fartoo conserative whenatubular geometryundertensionor gobal
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alWvspB
1.00 T T
®—o S [calculation]
0.80 - =—a SENT [literature] il
4 LS PIPE [calculation]
3D PIPE [calculation] Y . iy
0.60 SENB [literature] ABghye is sent
0.40 /./ﬁ}AgsENB—sz\PE 4
@ /ABLB,SENT—LS,WPE
020 | | —
e
0.00 - B
ABLS,F‘\F‘E*SD,P\PE
-0.20 il
-0.40 L L L
0.20 0.40 0.60 0.80 1.00

alw

Figure26: 3 vsa/W from theliteratureandfrom our results.
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Figure27: Constraintcorrection

bendingis consideredThe useof a SENT specimerwith the samecracklengthasfor the pipe
relaxestheconseratismof thefailureassessmenseefig. 27. Thiscanbeseenin Fig 26 where

ABLS,SENT—LS,PIPE < AﬁSENB—LS,PIPE‘-

The SENT specimencanbe constraintcorrectedwith the value obtainedfrom the shell-line-
spring analysisof the pipe, seeFig 27. The constraintcorrectionconsistsin finding a SENT
specimenwith a propercrack depthand geometrysize so thatits constraintis similar to that
of the pipe. With thegivenSENT geometryemployedhere,seeFig. 5, the constraint-corrected
SENT specimerwhich correspondso the pipewith a/W = 0.75 is thespecimerwith a/W =
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0.60, seeFig. 27. A representate CTOD for the pipeis obtainedby testingthis constraint-
correctedSENT specimenln orderto usethesameSENT specimerfor fracturemechanicsnd

limit load analysisthe samea/W -ratio asfor the pipe hasto be usedfor the SENT specimen
andthe correctionis carriedout by varyingthe geometryof the SENT specimen.

Onesshouldnote that for a slenderSENT specimeroadedin tension,a nonlineargeometry
effect may evolve asthe specimenwill try to carry the load by pure membrandorces. This

is manifestedy finite out-of-planedeflectionsof the specimerduring testing.As theratio of

tensionandbendingin theligamentcontrolsconstraintthefractureinititation maybeaffected.
In suchcasesll finite elementsimulationsperformedn theapproactshouldaccountor large
deformationsFor stocky specimenshis effectis small.

6 Summary

This study shaws the performanceof shell-line-springmodelsin calculatingthe responseand
fracturemechanicparameterfor SENT specimensindcracled pipes.With this, thetime con-
sumedor FE calculationin thelow constraintoncepfor failureassessmetis greatlyreduced.
The proposedorocedureor establishinghe dimensionsof the SENT specimerto betestedis

asfollows:

e FE modelof acracledpipe (shell-line-spring).
e Calculationof the T-stressfrom anelasticanalysis py meansof Parks-Shanequations.
e FEmodelof a SENT specimer(shell-line-springs).

e lterationof the designparametergor the SENT specimerup to the level wherethe T-
stresss comparabldo thatof the pipe,seeFig. 27.

e Constructiorof thetestspecimerfollowing from the previous point. The specimermay
containwelds

o Performthetest.

The potentialof the methodologywill beinvestigatedn aforthcomingpublication,wheresig-
nificanttestdatawill provide a verificationbasis.
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Abstract. Theline springfinite elements a versatile numericaltool for performingapprox-
imate fracture medanicsanalysisof surfacecraded shells. The accuracy of the shellsline

spring finite elementsolution for medium-sizedtradks is higher than the accuracy for the
shallow-sizednes. Propertreatmenof shallowcracksis importantbecausehey are the ones
mostfrequentlyencounteed in engineeringpractice Accumate yield surfacesof plane strain

single-ciacked (SEC)specimendaving shallow as well as deep,cradks are developedhere
in order to improve the overall performanceof the line spring element.Theyield surfaceis

representedy equationsthat automaticallysatisfythe corvexity requirementand that fit the
resultof thefinite limit analysis.Thepresentstudyaddressesfurthermoe, the performanceof

the backward-Eulerreturnalgorithmfor oneof the accurate yield surfaceformulatedhere, by
meanf iso-error maps.
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1 Intr oduction

Pipelinesarea commonexampleof a shellstructurecontainingdefects Thedefectsareusually
introducedduringthewelding processecessaryor joining differentpartsof thepipeline.The
directdiscretizatiorof the crackedpipestructurewith solidfinite elementsin orderto compute
the fracturemechanicgjuantities leadsto large problems,andmakessuchanalysisinfeasible
for thisapplicationIn orderto calculatedirectly thefracturemechanicparametern structural
analysisit is possibleto usea combinationof shellandline springfinite elementsnsteadof

solidfinite elements.

The part-throughsurfacecrackis originally a threedimensionalproblemas seenin Fig. 1a.
The threedimensionalproblemis formulatedwithin the context of two-dimensionaplate or
shelltheorywith the part-cracled sectionrepresentedsa line spring. The stiffnessof theline
springis derivedfrom a planestrainSECspecimenundertensionandbending Generalielding
loci for the SEC specimenwere obtainedfrom the known slip-line fields underbending.For
the openingbendingwith high tension,an upperboundyield surface can be obtainedfrom
a kinematicallyadmissibleflow field consistingof a slip alonga circular arc, see[20]. The
validity of theseyield surfacesis limited to deepcracks.It hasbeenobsered that the slip
line field of shallav cracksin predominanbendingis quite differentfrom thatof deepcracks,
see(Greenand Ewing). For a shallov crack,thereexists an interactionbetweernthe crack-tip
field andthe front surface,andthe slip-linesareobsenedto extendto the front surface.In the
continuumfinite elementanalysisusingnon-hardeningplasticity; total equivalentplasticstrain
contourswhich canberegardedasquasi-slip-linesalsohave the samefeature.

Propertreatmentof shallav cracksis importantbecausahesecracksarethe cracksmostfre-

guently encounteredn engineeringpractice.During pipe-layingby reeling,for example,the
materialis strainedcloseto its failure limit anda standardfailure assessmergnalysiswould

justallow shortflaws in the pipe becaus@f high conseratisminvolvedin the method.The fo-

cusof this studyis to developyield surfacesthat univocally containmoreaccuraténformation
aboutthe generalyielding behaior of shallav, aswell asdeep,SEC specimensTheseyield

surfacesarecomparedvith Rice’s approximateguadraticform andwith yield surfacesderived

from the slip-line field. Oneof the proposedyield functionsis furthermoreimplementedn the
inelasticline springframework in orderto improvetheaccurag of theline-springfinite element
solutionfor shallov cracks.Thedetailsof theimplementatiorof thebackward Eulerintegration
schemeaat the integrationpoint of the line springelementin orderto accountfor plasticity are
herepresentedcindthe performanceof the algorithmis assessedy meansof iso-errormaps.
Work is in progresgo implementthe proposecklastic-plastidine-springfinite elementin the
frameawork of acommercialFEM program.

2 Elastic-PlasticLine-Spring finite elementformulation

The part-througtsurfacecrackis originally athreedimensionaproblemasseenin Fig. 1a.The
threedimensionalproblemis formulatedwithin the context of two-dimensionaplate or shell
theory with the part-craclkd sectionrepresenteds a line-spring. The line-springstake into
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accounthe additionalflexibility dueto the surfacecrack.The stiffnessof the line-spring,with
extensionabndrotationaldegreesof freedom(d, §), is dervedfrom aplanestrainedge-crackd
striploadedin tensionandin bending(N, M), seeFig. 1b,i.e. model [20]. Theformulationof
the Line-Springelementis presentedn AppendixA. It is compatiblewith a two-dimensional
plateor shellelementwith four nodes A combinationof shellandline springelementsenables

T2

b)
Figurel: Part-trough-surdice-crackandplanestrainsolution.

usto describethe threedimensionabart-throughsurfacecrack problemwithin the contet of
two-dimensionaplateor shelltheory

Thederivationof theelasto-plastitine-springfor themodel caseollowstheclassicaplasticity
theory detailsarepresentedn AppendixB. Fig. 2 shows a simplified picture of the flow field
in thekc — zone underaflow conditionresultingfrom the slip-line analysis Theyield surface
implementedin ABAQUS is basedon the upperboundslip-line solution[20], see[1]. The

k — czone M = —Naj2 k — c zone
\ e 42 M
BN TN
3 // AN 3 N 1\\ N N ’}{ = O
\/ Ny I X < |

! I
/1 N\ [ I3 N
s N 4 N NI
A I N 4 s N N
. { .

a) b)

Figure2: Slip line field approximatiorin the kc — zone. a) slip line solutionfor pureextension.
b) GreenHundysolutionfor purebending

yield surfacesmplementedn ABAQUS describethe plasticbehaior of the kc — zone. These
representationsf the yield surfaceprovide satistctoryresultsfor a crack-depth-to-thickness
ratio # > 0.3. Themaingoal of this studyis to proposean alternatve yield surfacewhich is
ableto univocally characterizehefully plasticyielding of bothshallov anddeepcrackdepths.

3 Yield Surfaces

The constructiommaterialsutilized for pipelinesareoftensoductilethata partof or thewhole
ligamentbetweerthe surfacecrackfront andthe far shellwall undegoesyielding beforefrac-
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ture criteriaaremet. Cracled pipelinescanbe analyzedeffectively with anelastic-plastidine-

springmodelaspresentedh section2. A corvex yield surface, Eq. 38, is requiredfor theplastic
line-springmodel.Theyield surfacefor the plane-strairSECspecimensubjectedo combined
tensileforceandbending,is utilized for this purpose.

3.1 Explicit yield surfaces
3.1.1 Upper-bound approach

Fig. 3a showvs a kinematically admissibleflow field for the plane-strainSEC specimenfor
arigid-plastic non-hardeningnaterial. The plane-strainsingle-edgespecimens subjectedo
combinedtensionandbending.In Fig. 3, § is the work-conjugatedisplacementiueto the ax-
ial force perunit length, N, andé is the work conjugaterotationdueto the bendingmoment
perunit length, M. Rice, [20], hasderived a yield surfacefor the ligamentin model loading

N,6/2 A6/2
2 S— O/A\M ,/9/ 2 ) $A%

h/2 h/2

a(¢)

AP

S =0~ M,0/2
N,6/2

Figure3: a) Planestrainsingle-edgeracledspecimersubjectedo combinedensionandbend-
ing, b) Kinematicallyadmissibleflow field usedby Riceto generatean upperboundyield sur
facewhereAd?’ = A¢P + (h/2 — a) AGP

(N,M), basedon the slip-line field theory Theyield surfaceproposedy Riceis valid for deep
cracksandfor aligamentloadedpredominantlyin tension.Fig. 3b shavs the kinematicallyad-
missibleflow field usedby Riceto generatean upperboundyield surface.Yielding occursby
discontinuousslip alonga circulararc of radiusR with the centerO ata distancel. measured
positive to the right of the specimersurface. Therearefour kinematicvariables(¢:, ¢», L, R)
of which only one,afterimposingtwo geometricatonstraintandminimizing theupperbound
inequality is anindependentariable Ricechosethisto be ¢, in thisway anupperboundyield
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surfacewasgraphicallyconstructedTheresultreads:

1)

N/27l — 0.3]7 o [M+Na/2 t =0
0.7 27002 N

on=|

wherery is theyield strengthin sheaya is thecracklengthand! is theremainingligamenth =
a + 1. This explicit equation(representinghe yield surface)coversload statesof predominant
tension(N > 0,60 > 0).

Flow is alsoreachedn the plane-strairsingle-edgespecimenvhena bendingmomentis su-
perposedo an axial force. The GH-field (seeFig. 2, GreenHundy) for pure bendingcanbe
modifiedto producea slip-line field for the combinedlioading state.White et al. obtainedthe
following yield surface:

M N N \?2
bmcH = B —(0.26 — a/l) + 0.37 (—) —063=0 (2)
0

27'()l 27’01
Theadditionof atensileforce hastheeffect of "cutting off” aportionof theback-ficecompres-
sive region, while the additionof a compressie force produceghe oppositeeffect. It waspre-
viously obsened by White et al. thatthe maximumallowableaxial forceis Ny, = 0.55(2700)
and the minimum is N,,;, = —27l. In conclusion,Eq. 2 representsa good descriptionof
plasticity of the SEC specimenat the cracktip whensufiiciently deepcracksare considered.
FurthermoreEq. 2 is to be consideredisan upperboundrepresentationf theyield surface.

3.1.2 Lower-bound approach

Theyield surfaceof an uncracled strip subjectedo combinedtensionand bendingwas pro-

posedby GreenandEwing:
2| M| N\’
- — ) —1= 3

¢U T0h2 + (270h> 0 ( )

whereh is thethicknesof theuncracledstripand M = M is themomentaboutmid-specimen.
Eq.3isto beconsidere@xactsinceboththeupperboundandthelowerboundapproachekead

to the sameexpressionReplacingthethicknessh with therest-ligamensizel andinterpreting
M= M + N1/2 asthemomentaboutmid-ligamentEq. 3 providesalower boundyield surface

for the SECspecimen.

3.2 Tabulated yield surfaces

Thevalidity of theyield surfacesdefinedby Eq.1 andEq. 2 is limited to crackswhere; > 0.3.
For suchcracks,it is possibleto considertheyield asconfinedto the restligamentkc — zone.
Lee andParkstakulateda yield surfaceby loadinga SECfinite-elemenimodelof anisotropic
elastic-perfectlyplastic materialwith a combineddisplacement and rotation 8 so that the
yielding point of the specimeris reachedsee[9]. Fig. 4 schematicallyllustratestheway Lee

2Theyielding point is taken asthe limit load stateof the SEC specimenundercombineddisplacemenand
rotation
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mid-ligament
compression /

Figure 4: Schematidllustration of a yield surfacein the generalizedorce spacefor a given
relative crackdepth.Thecircled point representlatapointsobtainedirom the continuumfinite
elementanalysis.

andParkstakulatedtheir yield surfacesthe coordinate), = To% andQ, = % arethegen-
eralizedforcesnormalizedby meanof theshealyield stressy. A setof dataobtainedrom the
continuumfinite-limit analysisis representetby circular pointsin the generalized-normalized
Q,-Q, space.Thesepoints represent yielding statefor the SEC finite-elementmodel. The
yield locusrepresentedby the solid line in Fig. 4 interpolateghe pointsof the discretesetof
datawith the piecevise rational quadraticfunction and the Hermite cubic function, see[9].
Lee andParksobsened a discrepang betweentheir computedyield function andboth Rice’s
qguadraticEqg. 1, andthe modifiedGH yield surface,Eq. 2, for shallov cracksof relative crack
depthsy = 0.1 and0.2. The agreemenbf the analyticalyield surfaces,Eq. 1 and2, andthe
constructedyield surfacesproposedby Lee and Parksis goodfor crackswheres > 0.3 see
Fig. 5 and6. For deepcracks,the yield surfacesare obsenedto fall on onemastercure. In
Fig. 5 and6 the datapointssetsobtainedirom the continuumanalysisarerepresentedy filled
symbols,the dashedinesrepresentr and¢,gg andthe solid line representshe uncracled
yield surface¢y . In Fig. 5 and6, it is possibleto obsere thatthe validity rangeof the yield
surface¢g, is limited, as previously discussedto tensionloadings.For combinedioad states,
oman 1S abetterdescriptionof the SECyield surfacethanthe equationproposedy Rice. ¢y
is anupperbounddescriptionof anuncraclked SECspecimenit representa yielding locusin
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which all the othersurfaceshouldtheoreticallybe contained.

4 Newaccurateyield surfaces

Thenumericallyconstructedield surfaceproposedy LeeandParks,se€[9], characterizethe
fully plasticyielding of SECspecimen$aving shallov, aswell as,deepcracks.Numerically
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the implementationof takulatedyield surfacesfor differentrelative crack depthsin the line
springframenork is infeasible.

4.1 Limit load elliptical yield surfaces
4.1.1 Double-fitting yield surface

It is, atfirst, choseno representheyield surfaceusingaparabolicequatiorsothatthecorvexity
requiremenfor theyield surfaceis automaticallysatisfied.The proposed/ield surfacereads:

b = Quil — G (af 9% (1) + @at - af (1) ~0 @

where the coeficients 4% and Eff are functions of the relatve crack depth. The term
—Q1 (&df — b ‘l—‘) takesinto accounthe”shaving-off” effectsdueto anadditionaltensileforce.

It is desirableo find a setof parameteradf bdf thatfits the datasetobtainedby ParksandLee
for differentrelative crackdepths.The coeficientsof Eq. 4 arevariedsothat the squaredlif-
ference

(Qme - QQdf)2 (5)

is minimized.Q,,,, is the normalizedgeneralabscissaf the tatulatedyield surfaceobtained
by LeeandParks,while dif is the correspondengenerakbscissabtainedfrom the proposed
yield function (Eq. 4). In orderto improve the solutiondueto possiblenon-linearitiesof the

problemin questiona quadraticextrapolationalgorithmis usedand,in orderto guaranteeon-

vergence the quasi-N&vton methodis employed. The adjustablecoeficients are furthermore
constrainedo be positive. Different setsof valuesfor differentrelative crack depthsare ob-

tainedin thisway . Fig. 7 shavs the bestpossiblefitting of Eq. 4, by meansof the LSQ (least
square)method,to the datapoints obtainedfrom the continuumfinite limit analysis.The pa-

rametersetsi andb? , obtainecby theLSQ methodandutilizedin Eq.4, arereportedn Table
1. An attemptis now madeto fit a first andsecondrderpolynomials

h=é+ 62% (6)
12:621(}1) +d2<h)+d3 (7
to the obtainedsetof points(;af), (£;5), seeTable1, by meansof the LSQ method. The

Qoef|0|ent§adjustedn this seconditting proceduresrethe parameterg; andé, of Eq. 6, and
dy, dy andds of Eq. 7. Theresultof thefittings reads:

adf — [2 (%) + 0.7] ®)
ot = [0.65 (%) + 0.04] ©)
a¥ = [0.5 (%) + 0.41] (10)
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Double fitting yield surface
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Figure 7: Combinedtensionand bendingyield surfacesin the generalizedorce space.The
data-pointsetsare representedby shadedsymbols.The solid lines representhe fitting curve
Eq. 4 wherethevaluesof the coeficientsof the equationarereportedn Tablel

Tablel: Bestfitting parameter@ff , E?f )

af oy & of WY
0.1 09 0105 046 051 126
02 11 017 051 0.67 1.17
03 1.3 0235 056 082 1.21
05 1.7 0365 0.66 1.13 171

Sallst

af = [1.535 (%) +o.3575] (11)
b = [6.875 (%)2 —4.375 (%) n 1.5586] (12)

Theuseof Eq. 8-12for the coeficientsof thedoublefitting yield surface,givesa setof curves
which arehardly distinguishabldrom thosedrawvn in Fig. 7 usingthe coeficientsreportedin
Table1. In conclusionthe doublefitting yield surface ¢y describeghefully plasticbehaior
of a SEC specimerhaving shallav,aswell asdeep,cracksin a satishctory way and canbe
employedin orderto describenfinitesimalcrackgrowth.

4.1.2 Rotational elliptical yield surface

In orderto obtainasimpleryield surfacerepresentatiothankEq. 4, anelliptical functionis con-
sidered As before thereasorfor choosinganelliptical surfaceis simply to meetthe corvexity
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requirementTheyield surfacereads:

= 2 = 2
bro = (Q2> + <Q1> —a° =0 (13)
a3 Qs

where @, and ), arethe generalizedorcesnormalizedby meansof the shearyield stress
T9- The "shaving-off” effect is not directly taken into accountin the expressionof Eq. 13 in

rotational
@, yield surface
mid-ligament
compression

el 4-8B eccentricity requirement roto-translation of the ellipses
a

___________

v
rotational™,
Q, yield sungace\

| mid-ligament
‘compressio

Figure8: Schematidllustrationof aconstructedotationalyield surfacein thegeneralizedorce
space.

orderto keepthe proposedyield surfaceassimple aspossible An attemptis madeto fit Eq.
13 to the set of datapoints obtainedby the finite limit analysisfor the relative crack depth
% = 0.2. The eccentricitye® of the ellipse$ ¢,, is imposedto be equalto the eccentricity
of a corvex piecavise rational quadraticfunction, [9], fitting the dataset, seeFig. 8a. The
eccentricityrequirements satisfiedby thesetof parametera]° reportedn Table2. Afterwards,
theellipsisis roto-translatedothatthedatasetsobtainedoy thefinite limit analysisareproperly
described.The size of the ellipses,describedby the parametersi;®, is kept constantwhile
undepgoingtherigid transformationsseeFig. 8b. Thetranslationandrotationof the ellipseof

anangleg () aroundits centerC reads:

| @ @](R[%])Q—ag". (14)

3Theeccentricityis definedas:e = Y =* < 0 wherea = 1/a3°(a7°)? andb = 1/a3°(a5°)2, see[29]
4Theellipsisis the geometridocusof points P for which the sumof the distancefrom 2 fixed points ; and
L, isconstant|P — L,| + |P — La| = 2a (theconstanRadescribeshesizeof theellipse)

10
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whereQ; = @, — B and@, = @, — A representhetranslationof the ellipsisandtherotation
tensorR employedin orderto describearotationof the ellipsisaroundits center:

cos(B) —sin(B)
sin(B)  cos(B)

The"shaving-off” effect dueto anadditionaltensileforce is describedy roto-translatinghe
yield locus. The shadedsymbolsin Fig. 9 and 10 representhe setsof dataobtainedfrom the
continuumfinite limit analysiswhile theemptyonesrepresentherotationalyield surface. Fig.

(15)

Table2: Bestfitting parameter$ a;°, A, B andg in radians)

e e A ay A B B(rad)
0.1 0.96 1 118 -0.59 -0.12 3.17
0.2 0.96 1 1.18 —-0.65 -0.15 3.17
0.3 0.96 1 118 -0.73 -0.16 3.16
0.5 0.96 1 118 —-0.88 0.07 3.00

Rotational yield surface

15

05 [ ®—e a/h=0.1 (LP)

- & o ¢,(a/h=0.1)
= §H =—m a/h=0.2 (LP)
8 o 5 ¢, (a/h=0.2)
% «<ah=0.3 (LP)
o “ig ° ¢,,(a/h=0.3)
a/h=0.5 (LP)
05 ¢ ,(a/h=0.5)
_15 Il L L L L

-1 -0.5 0
QAMI(th")

Figure9: Combinedensiorandbendingotationalyield surfacesn thegeneralizedorcespace.

9 and 10 shaw thatEq. 13 fits the numericalsetsof datawell . The parameterslescribingthe
magnitudeof the roto-translatiorof the systems, A and B arereportedin Table2. The first
andsecondbrderpolynomialskq. 6, 7 arefitted to the obtainedsetof points(3; 4), (#; B) and
(%;8). Theresultof thedouble-fittingprocedureeads:

A= [-055 (%) - 0.59]

. (16)

11
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Rotational yield surface
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-0.2 0
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QM)

Figure 10: Combinedtensionand bendingrotationalyield surfacesin the generalizedorce
spacen alimited domain.

B= [o 5 (E —0. 3) - 0.2] 17)
a
8= [—0.225 (E) + 3.2125] (18)
¢,, canbeemployedin orderto describeanfinitesimalcrackgrowth becausef its simplicity.

4.1.3 Elliptical yield surface
A new elliptical yield surfaceis considered:

Q,-a ] lbel% +8) + (@, - Bil)r —&=0 (19)

P = [ i b’

The equationproposechere,in orderto representheyield surfacefor the SECspecimencon-
tainsa mixedtermwhichintrinsically takesinto accountherotationof theellipsesin theforce
spaceR, — @,. Eq. 19is fitted, atfirst, to the setsof datapointsobtainedfrom thefinite limit
analysisln orderto simplify thefitting procedurebg’ ande! arekeptconstantThe coeficient
of the mixed term, Eﬁlégl describeghe angleof rotation of the ellipse representedby Eq. 19.
Thebestpossiblesetof fitting parametergs’, bf’ andé¢ is found by meansof the leastsquare
method,seeTable 3, Fig. 11 and12. As previously we try to f|t a first and a secondorder
polynomials,Eq. 6 and7 to the obtainedsetof points(%; a;), (h, ;), seeTablel, by meansof
the LSQ method.Eq. 19 is very sensitive for ary small changeof the parametersothatfitted
polynomialsarenot goodenoughfor our purposeln orderto bypasshe sensitvity problema
fourth orderLagrangenterpolationpolynomialcanbe used.Thisleadsto afartoo complicated
descriptiorof theyielding surfacewhich seemsnotto besuitableto describanfinitesimalcrack

growth.

12



Paper lll:  submitted to Computer and Structures

Table3: Bestfitting paramete(ac, be’, ét).

21

~el ~el b?l bgl bgl bil bgl é({l
01 -—-0677 114 -027 17 2 01 014 1
0.2 -1.0605 145 —-033 15 2 0.35 1
03 -—-1445 177 -016 13 2 06 3.2
0.5 —2.211 247 -0.13 122 2 11 6.2

SaCl
s

-
]

N

—

Elliptical yield surface

o eah=01 (LP)
oo ¢,(a/h=0.1)

2 o0 9 o+ a/h=0.2 (LP)
g P e e@h=02)
< 05 o =—m a/h=0.3 (LP)
o =—= ¢,(a/h=0.3)

ah=0.5 (LP)
¢, (@h=05)

- 4 )
-3 -2.5 -2 -15 -1 -0.5 0 0.5

QQZMI(Tth)

Figure 11: Combinedtensionandbendingyield surfacesin the generalizedorce space.The
datapointssetsarerepresentedy filled symbols.Thesolid line representshefitting curve Eq.
19.

5 Qualitati ve verification of the proposedyield surfaces

5.1 A symmetricyielding locus, ¢

Thedoublefitting yield surface,Eq. 4, is a parabolicfunction, thereforeits validity is confined
mainly to the I and IV quadrantsof the generalizedorce space.¢4 doesnot describethe
yielding behaior in the negative sectorof the generalizedorce spacein a correctway. An
alternatve function, locatedin the upperboundlimit, hasto be implied in thesequadrantf
theQ,-Q, forcespace.

Undercompressionthe magnitudeof theyielding stresss expectedo bejustslightly lessthan
what obtainedfor the uncracled specimenin this loading state,in fact, the specimercanbe
thoughtasif it wasuncracled. Theseobsenationscanbe generalizedo the bendingloading.
Thefunction ¢3,, symmetricto ¢4 with respecto theline Q, = tg(3 + @)@,, canbe usedin
orderto describethis yielding behaior in the IT and /I quadrantsThe anglea betweerthe

13
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Elliptical yield surface
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Figure 12: Combinedtensionand bendingyield surfacesin the generalizedorce spacein a
limited domain.

symmetryline andthe @, -axisis alinearfunctionof therelative crackdepthy:

y=12 (20)

’Ql = Qs tan(% + ai ’ Q1 = Q2 tan(Z + a)‘

¢ _ { ¢df : Ql Z 6:22 tan(g =+ a)
¢y 1+ Q1 < Qatan(} +a)

Figure13: Schematicatonstructiorof a symmetricyielding locus

Fig. 13 schematicallyepresentshe symmetricyielding locusconstructedvith ¢4 andg.
Thedouble-fittingyielding surfacecanbe written in asimplerway as

¢ar = AQs + BQ:1 +CQI+ D=0 (21)

14
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whered = a¥, B = — (agf — b %) (a/l), C = a¥, D = —a¥ (a/1)>. The parameters?

andb? arefunctionsof therelative crackdepth,asdiscussedh sectiond.1.1.Thefunction¢j,,
symmetricto the doublefitting yield surface,reads:

by = —A[Q; cos 2a + @ sin 2a]
+B[—Qy sin 2a + @ cos 2a]
+0[Qy sin2a — Qy cos 202 + D =0 22)

The symmetricalyielding locus ¢ is constructedy usingboththe doublefitting yield surface
andits symmetriccounterpartlt is valid for thewholeforce spaceandreads:

_ by Qi 2 Qetan(f + @)
¢ _{ oy Q1 <@ tan(Z + a) (23)

Verification of the double fitting yield surface: ¢

= —
& o o @(a/h=0.0)

5 & -0 Qa/h=0.15) E
é'; & - @(a/h=0.30)

0.6

Q,=M/(t,h?)

Figure14: Qualitative verificationof the doublefitting yield surface

A qualitative verification of the proposedyield surfacesis carriedout by plotting the upper
boundyield surface,Eq. 3, with the proposedyield surfacesy. Thesolid line in Fig. 14 repre-
sentsthe upperboundyield surfacewhile the dashedine which interpolategshe emptycircle-
points,representshe double-fittingyield surfacefor anuncracled SECspecimeng = 0. The
agreemenbetweenpy andg,y is good.It is usefulto emphasizeéhatthe symmetricalyielding

locus¢ is anevenfunctionwhenit is expressedn therotatedcoordinatesystem@?-@?:
—R =R —R —=R
¢(Q2 7Q1 ) = ¢(_Q2 7Q1 ) (24)
The corvexity requirementdor the yield function ¢ are satisfiedin the whole @,-@, force
spaceTheintersectiorpointsof the two yielding surfaces seeFig. 13, needto betreatedin a

carefulway during the numericalimplementatiorof theyield locussinceits first derivative is
discontinuousn thesepoints.

15
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5.2 Combination of the rotational yielding surfaceand of the upper bound solution, q§

The validity of the rotationalyield surfaceis, asfor the double-fittingyield function, mainly
confinedto the I and IV quadrantsof the generalizedorce space.The yielding behaior in
the negative sectorof the generalizedorce spaceis not describedn a satishctoryway. ¢,,
is locatedoutsidethe locusdescribedy ¢y whichis, asdiscussedn section3.1.2,anupper
boundsolutionfor theyieldinglocus.An alternatilve yielding surfaceq% is constructedy using
acombinationof boththerotationalyield surfaceandthe upperboundsolutionandreads:

7 ¢'ro : QZZO \% (Q2<O A ¢7‘0S¢U)
¢_{¢U C Qa<0 A >y (25)

Onceagain thecorvexity requirementsor theyield functionqg aresatisfiedn thewhole@,-Q,

forcespaceTheintersectiormpointsof the two yielding surfacesneedto betreatedin a special
way duringthe numericalimplementatiorof theyield locussincethefirst derivative of ¢ is not
continuousattheintersectiorpoint.

5.3 Obsewations

The symmetricyielding locus ¢, Eq. 23, is to be preferredbecausét is a betterdescriptionof
theoverallyielding behaior attherestligamentof the SECspecimen.

6 Numerical implementation of the proposedyield surface

The detailsof the implementatiorof the backward Eulerintegrationschemeat theintegration
point of theline springelementin orderto accountfor plasticity are presentedhereshortly for
thecaseof anelastic-perfectlyplasticmaterial.

6.1 Numerical procedure for returning to the yield surface

A returnmappingalgorithmprovidesaneffective androbustintegrationschemeof theratecon-
stitutive equationsat theintegrationpoint of theline springelementGeometricallyit amounts
tofindingtheclosestistanceof apointto acorvex set,¢, se€[22] and[5] . At atimeincrement
At,, estimate®f theelasticpredictorAq arepresumedknown. Thegeneralizedorcerate AQ,
dueto the elasticpredictor is obtainedsothatthe force stateat point B is calculated QZ will
mostlik ely not satisfythe consisteng rule ¢ = 0, therefore a plasticcorrectorA\ag is used
asfirst correctorwhereap is theradiantto theyield surfaceat point B

ap — m B- (26)

Thegeneralizedorce estimateat point C'

Q¢ = Q% — A\Dap (27)

16
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will notalwayslie ontheyield surface,and,therefore furtheriterationsarerequiredin orderto
find aforce statewhich satisfieghe constitutve law. Thebackward Eulerreturnis basednthe
equation

Q¢ = Qf — A\Dac (28)

whereac is theradientto theyield surfaceat thefinal force stateC'. The detailsof theiterative
loop usedin orderto correctQ® and A to the right solution,canbe foundin [22], [23], [5]
and[6].

6.1.1 Pragmatic solution at the corners

Theyield surface¢, Eq. 23, usedhere,hascornerslocatedon theline @, = Q. tan(3 + a).
Thereexist differentsolutionswhich canbe implementedat the cornersin the casewhentwo
active yield surfacesareactive, see[21] and[6]. In this study a pragmaticreturnto the yield
surfacefrom the corneris adopted.The "normal” at the corneris not unique,thereexists a
normalfor the double-fittingyield surfaceand one for its symmetriccounterpartln orderto
solve this non-uniquenesproblem,we considerthe function ¢4 to be the "master” curve so
thatthe"normal” atthe corneris calculatedor this curve. Thenormalis now uniquelydefined.
Wheng¢y = 0, ¢ is checled. If this is violated further iterationscoments.The numerical
implementations in this way keptassimpleaspossible.

6.1.2 Accuracy analysis.Iso-error maps

Iso-errormapsprovide asystemati@pproacho testtheaccurag of theimplementedlgorithm.
The iso-errorsmapis constructedselectinga sequencef specifiednormalizeddisplacement

Figurel5: Symmetricyield surface:pointsfor iso-errorsmaps.

incrementdor two symmetricforce statesA and B. The generalizedorcescorrespondindo
theprescribedlisplacemenarecomputeddy thealgorithm.Resultsarereportedn termsof the
relative root meansquareof the error betweerthe exactandcomputedsolution:

_YR-0a-qT 29)

17
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whereQ is the resultobtainedby applicationof the algorithmand Q* is the "exact” solution
correspondingo the specificstrainincrement.The "exact” solutionis obtainedby a subincre-
mentationof the strainincrement,see[5]. Theiso-errormapsshaovn in Fig. 16 are obtained

Iso—error map at point A and B
X is reported next to each iso—error curve

5 — .-‘ 5

Aq,/Ag,,

Figure16: Iso-errormapsfor two symmetricforce statesd and B.

for theyield surfaceg, Eq. 23, in the caseof ideal plasticity. Aga/Agq. andAgqi /Aqy. arethe
componentsf theelasticpredictornormalizedby meansf theelasticdisplacemenassociated
with initial yielding. Theiso-errormapsfor thetwo symmetricforce statesare,asexpectedthe
sameseeFig. 16. Theerroris containedn arangesatistctoryfor engineeringaplication.The
accuray of the solutiondecreasewhentheforce statedueto thetrial incrementQ? is located
in thedashedareaof Fig.15.In this casebothyielding surfacesareactive andhave to be satis-
fied atthe endof theintegrationalgorithm. The solutionis moresensitve on the displacement
incrementin theseareasof theforce space.

7 Summary

Thisstudypresentsilternatve descriptiorof theyield surfaceof SECspecimenmundercombined
tensionandbendingloads.Theproposedjield surfacesprovide a satishctorydescriptionof the
fully plasticyielding of bothshallov, aswell asdeep cracks.

Thenumericalimplementatiorof anelasticpredictorplasticcorrectoritegrationschemes also
presentedn orderto take into accountplasticbehaior. Theaccurag analysisof thealgorithm
is carriedout shoving anoverhallsatishctorybehaior.

Work is in progresgo implementtheinelasticline springelementin the framework of a com-
mercialFEM program.

18
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A Formulation of the Line-Spring element

e Thecrackline, Fig 1a,is discretizednto afinite numberof line springelements.

e Theline springelementcanbe schematicallyepresenteddy two straightlines14 and23
connectedo eachotherby a seriesof springsasseenin Fig. 17. At zerodeformatiornthe
lineslie uponeachother Whendeformationtakes placeeachline displacesn opposite
direction.Thedisplacemenis constrainedy the springs.

. N,
;ﬁ el in T <M14 f\]ﬁ/f :
1 4 Line Spring 4
element
crackline
2 3 9
Al IR " s

Figurel7:Line springelement.

e Letqa = [0a,0a]T andqs = [dB,08]T bethe generalizeddisplacementsf the line
springat{ = F1 respectiely. Therelationbetweenthe generalizedlisplacementsnd
thenodaldisplacement§;, ¢;) reads:

5 = N*v, (30)

T
i
S 10 -1 0 0 0 00 vy

. 04 ) 01 0 -1 0 0 00

=1l N=loo0o 0 0 -1 0 10 ”e:fi
f5 00 0 0 0 —101 s
V4

| 1 |

Thegeneralizedlisplacement = [§, §]T atanarbitrarypoint |¢| < 1 is assumedo vary
linearly within theelementThis reads:

q= N¢* (31)
~ A~ 5A
_ | 60 N0 Ny O « | fa
q_[G(O] N_[o oo & U7 6
3
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where

. 1- - 1+
N, = —5 < N, = — ¢ (32)

Theequialentnodalforces(N;, M;) arecalculatedasfollows:

Nl N2 N1 0
Ml M2 O N1 N

—— = . . 33
Ny N3 / Ny, 0 [M ] s (33)
M4 MS 0 NQ

The vectorF, = [Ny, My, Ny, My, N3, M3, Ny, My]T is expressedas outlined above,

Eq.33,andreads:
AR

Therelationbetweerthegeneralizedorce Q = [N, M]T andthe correspondingieneral-
izeddisplacemeng atagenericpoint|(| < 1 reads:

Q =Daq. (35)

where D is the stiffnessmatrix of the line spring at point { evaluatedas outlined in
literature[18].

thesubstitutionof Eq. 31 andEq. 32 into Eq. 35 leadsto:
Q = DNN*yq (36)

wherethe matrix multiplication NN* is obsered to be equalto N** = ([N], —=[N]).
Takinginto accounthis obsenationandsubstitutingeq. 36 into Eq. 34, we canwrite the
stiffnessequatiorfor theline springelementas

F.= [ N*'DN*dsvg (37)

L.

The line spring elementformulatedhereis compatiblewith a two-dimensionabplate or shell
elementwith four nodes.

B Accounting for elastoplasticityin the Line-Spring element

For plasticconditions,only themodel casewill beconsideredlt wassolvedfor theline-spring
in termsof the upperboundsolution(slip line field, coloredareain Fig. 2). The derivation of
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themode-lline-springfollows the classicabplasticity theory [20] :

#(Q,0v%2) =0 (38)

9¢ 94 1s _
do = 6QdQ+ —doy’ = (39)

3¢

dgp = d)\aQ (40)
dq = dqe +dqp (41)
dQ =D, -dq (42)

89T T (agT
iQ- | D (%D) (5 0.) d 43
Q - el — —LD 9 _ 94T () 94 _ Ep q ( )

aqQ elaq Q Qaa{;s LSk’

ParksandWhite (1982),aguethattheexponentn’ of Eq.43is 2 andthek-factorof orderunity,

1 is the lengthof the restligamentand oL is theyield stressfor the line spring.Note thatk, [

andn' arethequantitiescontrollingtheplasticityin theligamentregion, kc— zone in Fig 2. The
representatioof theyield surfaceproposedn this study ¢4, is usedherein orderto describe
the stressfield of the line-spring.Having determinedthe plastic deformationincrement,the
crack-tipopeningdisplacemenis obtainedfrom:

do, = du, + (g — a) dby. (44)

Thevalidity of thisrelationwasinvestigatedy LeeandParks,[10]. Theirresultsshav thatfor
shallav edgecracks(a/h < 0.2), therelationis inaccurate[10]. Employing the connection
betweerthe J, andthe Dugdalecracktip solutioncorrectedor constraintonehas:

dJ, = morSds, (45)

Here,m is a function of crackgeometriesand hardeningcharacteristicsThe total J integral
may now be calculated:

J=J.+J, (46)

As the edge-cracks thebasiccasefor theline spring,computedvaluesof J for asurfacecrack
will be moreaccuratén the centercomparedo positionsapproachinghe surfaceat the crack
ends.
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Abstract. Theline springfinite elements a versatile numericaltool for performingengineer
ing fracture medanicsanalysisof surfacecradced shells.An accumate yield surfaceof plane
strain single-ciacked (SEC)specimensaving shallow as well as deep,cradksis here imple-
mentedn order to improve the overall performanceof the line spring elementThe details of
the implementatiorof the badkward Euler integration schemeat the integration point of the
line springelemenin order to accountfor plasticity are presentedhetre for a bilinear material
model.Theimprovedline spring elemenis utilizedwithin a new failure assessmerapproad.
Shellline spring calculationsare performedin order to calculatethe constrint level of a pipe
with surfaceor throughthethicknesscracks. A SENTspecimerns designedo givea constaint
level compagableto the onecalculatedfor the pipe Theconstraint correctedspecimerns fur-
thermoe testedn orderto obtaina CTOD — Aa curve

The presentstudy presents,furthermoe, an efficient numerical procedue, basedon the
CTOD - Aa curve obtained,in order to accountfor ductile cradk growth within the line
springframevork. A numericalcaseis presentedn order to showthat the proposedorocedue
is suitedto accountfor ductile crack growth.
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1 Intr oduction

Surfacecracled shell structuresccurin mary applicationsg.g.pipelines,offshorestructures,
pressurevesselsetc. The defectsareusuallyintroducedduring the welding processThe direct
discretizationof the cracled shell structurewith solid finite elementsn orderto computethe
fracturemechanicgjuantitiesleadsto large size problems,andmakes suchanalysisinfeasible
in mostcasesln orderto directly calculatehefracturemechanicparameter structuralanal-
ysis,acombinatiorof shell[1] andline springfinite elementg2] insteadof solid finite elements
is anattractive option. Theline springelemenicanbe schematicallyepresentedly two straight
lines14 and23 connectedo eachotherby a seriesof springsasseenin Fig. 15cseeAppendix
A. At zerodeformationthe lineslie uponeachother Whendeformationtakesplaceeachline
displacesn oppositedirection. The displacements constrainedoy the springs.The stiffness
of the line springis derived from a planestrain SEC (single edgedcracled) specimerunder
tensionand bending.The generalyield surfaces¢ see[3], governingthe plastic behaior of
cracledshellsectionligament,is plottedin thegeneralizedorce spaceR), » for differentcrack
depthto thicknesgatio %, seeFig. 15a.¢ containsmoreaccuraténformationaboutthegeneral
yielding behaior of shallov, aswell asdeepcracks,for the SEC specimerthanthe typically
employedyield surfaces.

A new concepffor failure assessmeribr low constraintapplicationss developed see[4], [5].
It reducegshe conseratism of the standardfailure analysis,see[6]. The methodis basedon
the testingof constraint-correctedingle-edge-notchespecimensindertension(SENT). The
methodhasbeenusedin several pipe-layingprojects.By varyingthe cracklengthandthe dis-
tancebetweerthe clampswhenthetestis performedthesespecimenganbe designedo give
a constraintlevel comparableo that of a pipe with surfaceor throughthe thicknesscracks.
FE calculationof boththe SENT andthe pipe arenecessaryo designSENT specimensvith
a constraintlevel comparableto the pipe. The discretizationof the cracled shell structureis
performedby combiningshellandline springfinite elementsA SENT specimernis designed
hereasoutlinedin [6]. The SENT specimerhasaconstrainievel comparabléo thatcalculated
for the pipe. The constraintcorrectedspecimeris thentestedin orderto obtaina curve for tip
openingdisplacementersuscrackgronth CTOD — Aa.

In orderto simulateinelasticbehaior andductile crackgrowth within the line springframe-
work, the generalizedorce stateaccountingor plasticityis updatedconsideringheyield sur
facesizefrozen” with respecto crackdepthto thicknesgatio (3 = const). Thenthecracktip-
deformationparameteCTOD see[2], is computedby usingtheupdatedyeneralizedlisplace-
mentstateat the integrationpoint. The calculatedvalueof CTOD is usedin aCTOD — Aa
curwe, developedhere,in orderto quantify the amountof crack growth Aa. Thenthe yield
surfaceis updateddueto crackgrowth, anda cutting planealgorithmis usedto iteratethegen-
eralizedforce solutionpreviously obtainedbackto the new yield surfacein orderto satisfythe
consisteng requirementThe detailsof the implementatiorof the backward Eulerintegration
schemeat the integrationpoint of theline springelementin orderto accountfor plasticityand
crackgrowth arepresentedherefor abilinearmaterialmodel,se€[3], [7].
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2 Theoretical background

2.1 Surfacecracked shell

Thepart-througtsurfacecrackis originally athreedimensionaproblemasseerin Fig. 1a.Here
a(z) is thecrackdepthat z;. Thethreedimensionaproblemis formulatedwithin the context
of two-dimensionalplate or shell theorywith the part-crackd sectionrepresenteds a line-
spring.Theline-springgake into accountheadditionalflexibility dueto thesurfacecrack.The

b : Q1> Qatan(Z + )

Yield surface $(Q1, Q2,045 ¢) = { A Q1 < Qztan(Z + a)
. 2

Q=N Q=M

A M
lem QzZW c=h—-a

. doy n'
Work hardening AW, = Qday = [, 0cqlepeqdA = ko, Fre
de, = %L k=02 n'm2
T yrert
Continuumtangent dQ = (D, - 57 ( 6§fDe;fT( 8‘“’3?8)15 )dq
Bq Peoq~0q oy 5 o
| d@h | dA
dQ‘[sz] dq_[da
ElasticJ-integr. J. = I;—? Kr = 1oh3[2Q197(%) + 6Q295(2)]
PlasticJ-integr. dJrp = moyddr cracktip,p

CTOD vslinesprdeformation dé; cracktipy = A, + (& — a)db,

Table1: Basicrelationshipsn line springmodel

stiffnessof theline-spring with extensionabkndrotationaldegreesof freedom(A, 6), is derived
from aplanestrainedge-crac&d strip loadedin tensionandin bending(N, M), seeFig.1b,i.e.
model [8]. A formulationof theLine-Springelementtompatiblewith atwo-dimensionaplate
or shellelementwith four nodess presentedn AppendixA.

The T'-stressmeasureshe constraintin the cracktip region andis usedin combinationwith
parametersuchasthe J — integral or the CTOD in orderto quantify the dependencef
the cracktip stressfield on the geometry The T-stressis the secondterm in the asymptotic
expansionof the elasticsolutionby Williams, [9]. The T-stresshasthereforebeenconsidered
asan elasticparametewith a limited rangeof validity. Wangetal., see[10], have proposeca
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4 B
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Figurel: Part-trough-surice-crackandplanestrainsolution.

methodfor calculatingthe T-stressfor the shell-line-spring-meshasedon Shams analytical

work. It isassumedhatT” canbewrittenasthesummatiorof thecontributionsby themembrane
force, N (s), andthemoment,M (s). ThustheT-stressatary pointalongthecrackfront canbe

expresseds

7(5) = XDty atsy/m) + 2D -ty as) )

h
Wherefunctionst y andt,, arecalibrationfactorsfor 7' in a SEN specimerwith a crackdepth
a(s) andthicknessh, underunit membranestresse™ (0> = N(s)/h) andunit bendingstress
op(0p = 6M(s)/h?). Sham,seeParks [10], hastatulatedthe ¢ty andt;; functionsfor the
SEN specimenln this studythe samevaluesareusedto calculatethe T-stressin the SENT
specimerandin the pipeaspreviously doneby Chiesaetal, see[6].

2.1.1 An accurateyield surfaceof plane strain single-cracked (SEC)

In ahomogeneousaterialsituation thegeneralield surfacesp, governingtheplasticbehaior
of cracled shellsectionligamentreads:

¢_{¢df © Q1> Qetan(Z + )

¢y Q1 < Qtan(f + ) (2)

wheregg is aparabolicyield surfacewith avalidity confinedmainly to thel andIV quadrants
of thegeneralizedorce spacelt reads:

b = AQ>2+ BQ1+ CQ; + D=0 ©)
whered = a¥, B = — (a;‘f—i)ff%) (a/l), C = &%, D = =¥ (a/1)%. Q2 = 245 and

Q. = % are the normalizedgeneralizedorces. The function ¢3,, symmetricto ¢4 with

respectotheline @, = tan(§+a)@, canbeusedn orderto describesimplified(conserative)
yielding behaior in the 7 and 711 quadrantsTheanglea betweerthesymmetryline andthe
@:-axisis foundto becloseto alinearfunctionof therelatve crackdepthy:

a(ﬁ) = 6h 4)
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Double fitting yield surface: @,
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Figure2: Doublefitting yield surface
3y reads:
¢y = —A[Qacos2a + Qysin20]
+B[—Q2 sin 2a + Q; cos 2a]
+C[Qysin2a — Qy cos2a)* + D =0 )

The¢ is plottedin thegeneralizedorce space), , for differentcrackdepthto thicknessatio 7,
seeFig. 2. ¢ containamoreaccuraténformationaboutthegeneralielding behaior of shallow,
aswell asdeepcracks for the SECspecimerthanthe typically employedyield surfaces.The
yield surfacerepresentedh Fig. 2, were obtainedfrom finite elementimit-load analysis,see

(3]
3 Constraint correctedfailur e assessment

A new concepthasbeendevelopedfor failure assessmerntf low constraintapplications.The
consenatism of the standardfailure testis reduced.The proposedprocedurefor establishing
thedimensionof the SENT specimeno betesteds asfollows:

o FE modelof acracledpipe (shell-line-spring).

Calculationof the T-stresdrom anelasticanalysis by meansof Parks-Shanmequations.

FE modelof a SENT specimer(shell-line-springs).

Iteration of the designparametergor the SENT specimerup to the level wherethe T'-
stresss comparabléo thatof the pipe
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e Constructiorof thetestspecimerfollowing from the previous point.

o Performthetest.

3.1 Geometry-dependenffractur e properties

The low constraintconceptfor failure assessmens basedon the testing of a constraint-
correctedfracturemechanicspecimenundertension.So far work hasfocusedon the SENT
specimen.Thesespecimensan be fitted to give the sameconstraintlevels as for pipe with

Relevant test conditions

FRACTURE PIPE

TOUGHNES ( S
[J, K, CTOD] 1 H

SENB(a/W = 0.3)
¥

[ sene@w=09  craw=os)
. i t

a) GEOMETRY / CONSTRAINT [T, Q, M] b)

Figure 3: a) Schematidllustration of the influenceof the constraintand specimengeometry
onthefracturetoughnessh) Ligamentstresdfieldsin high constraintSENB specimerandlow
constrainfgeometriedike SENT specimensndpipes.

crackson the surfaceor throughthe entirethickness seeFig. 3a). The constraintlevel of the
SENT specimercanbeadjusteday varyingthe crackdepthor thedistancebetweertheclamps.
Thestresdieldsin thelow constrainigeometriessuchasSENT andpipes,andin thehigh con-
straintgeometriessuchas SENB, aredifferent,seeFig. 3b). Similar fracturemechanismgan
be expectedn geometriewvith acomparableonstraintevel. If the constraint-correcteBENT
specimerundegoesbrittle fracture,brittle fractureafterductile crackgrowth, plasticcollapse,
or plastic collapseafter ductile crack growth, the pipe will mostlikely suffer from the same
failure mechanismlt is importantto keepin mind that the fracturetoughnessierived from

constraint-correctedpecimenss limited to a specificgeometryandshouldnot be appliedto

othergeometriewithout first verifying thatthe constraintin the geometryis similar or higher
thanthatof the specimenTraditionalfracturemechanicspecimengive lower boundsolutions
for thegeometriesThis is onereasorfor the high conseratismof thetraditionalapproaches.

3.2 Constraint correction

In [6], FE analysisof atwo meterlong pipewith a230mm long surfacenotchwith crackdepth
a/h = 0.23 underpuretensionhasbeencarriedout using ABAQUS see[12]. The pipe wall
is h = 12.7mm andthe outerdiameteris 219mm. In the shell-line-spring=E-model,Fig.4a),
thereare5604-nodethick shellelementsand9 line springelements.

In the shell-line-springFE-modelof the SENT specimenFig. 4b), thereare 48 4-nodethick
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ine spring elements l Line springs

r

b)

Figure4: a) A shell-line-spring-E meshfor half of the pipe.b) A shell-line-spring=E meshfor
half of the SENT specimenThe coordinatesystemsarelocal for eachof thetwo mesh.

SENB(a/W = 0.5)
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Constraint correctedsent specimen

Figure5: Constraintcorrection

PIPE WALL SECTION
///\

a=3.0mm

e

SENT

o8}

Figure6: SENT specimerdesignin orderto meetthe constraintevel of the pipe

shell elementsand 3 line spring elements. Due to the symmetriesonly one half is modeled,
with no allowancefor transersemotionor rotationof the nodesalongthe symmetryline. The
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CTOD =1.574a"5% ¢

« Experimental results
——Interpolation curve
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Figure7: CTOD — Aa curvefor theconstraint-correcteBENT specimen

constraintalculatedromtheshell-line-springanalysisy usingEq.1 givesconserativeresults
asobseredin [6]. Fig.5 presentghe biaxiality factors for differenta/h relationsof SEN B
and SENT specimeng is a dimensionlesparametefvhich relatesT to the stressintensity
factor K; throughEq. 6.
Tyma

B=—— (6)
Fig. 5 confirmswhathasbeenpresentedh section3.1(seeFig. 3): thetraditionalbendingspec-
imenSENBis fartoo conserative whena tubular geometryundertensionor globalbendingis
consideredTheuseof a SENT specimerwith the samecracklengthasfor the piperelaxesthe
consenratismof the failure assessmengeeFig. 5. The SENT specimercanbe constraintcor
recteduntil its constraintis similar to the value obtainedfrom the shell-line-springanalysisof
thepipethroughoutaniterative processseeFig 5. The constraintcorrectionconsistdn finding
a SENT specimerwith a propercrackdepthandgeometrysizesothatits constraintis similar
to that of the pipe. The crackto thicknessratio is the only parameteusedherefor constraint
correction.TheconstraintcorrectedSENT geometrywhich correspondso the pipeis the spec-
imenwith a/h = 0.3 andthicknessh = 10mm seeFig. 6. We couldalsohave useda specimen
with the samecrack depthto thicknessratio asfor the pipe asseenin Fig. 5. The reasonfor
employing the proposedspecimernis dueto thefactsthatit is firstly conserative with respect
to thepipeandsecondlyit is easyobtainablegfrom the pipewall..
A representatie CTOD — Aa curvefor thepipeis obtainedby testingthe constraint-corrected
SENT specimerseeFig. 7. Thecune interpolatingthetestresultsreads:

CTOD, 1
Aa:( 157 )0.54 @)

4 Numerical implementation of the proposedyield surface

In this sectionsomebackgroundon the implementationof the backward Euler integration
schemeat the integration point of the inelasticline springelementare presentedor the case
of anelastic-lineathardeningmaterial.
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4.1 Numerical procedure for returning to the yield surface

"Fr ozenyield surface” with respectto relative crack depth: ¢(%)

A returnmappingalgorithmprovidesaneffective androbustintegrationschemeof theratecon-
stitutive equationsat theintegrationpoint of theline springelementGeometricallyit amounts
to finding the closestistanceof apointto acorvex set,¢(%), se€[15]. ¢ is consideredn afirst
step”frozen” with respecto crackdepthto thicknesgatio. At atime incrementAt,, estimate
of theelasticpredictorAq is presumednown. ThegeneralizedorceincrementAQ, dueto the
elasticpredictor is obtainedsothatthe force stateat point B is calculatedseeFig. 8. Q2 will

/,B Elastic predictor

Q

4C Plastic cory ction
(frozen yield surface)

P
A Initial elestic force state
) Q

Figure8: Representationf anelastic-predicteplastic-correctoreturnalgorithmfor theyield
surfacefrozenwith respecto crackgrowth.

mostlikely not satisfytheyield condition¢ = 0, therefore a plasticcorrectorAAag is usedas
first corrector whereag is the gradientto theyield surfaceat point B

Od(2
ap = g(cg ) |B. (8)

Thegeneralizedorce estimateat point C':
Q° = Q” - A)\Day )

will notalwayslie ontheyield surface,and,therefore furtheriterationsarerequiredin order
to find a force statewhich satisfieshe yield criterion seeFig 8. The backward Eulerreturnis
basedntheequation

Q¢ = Q” - A\Da¢ (10)

wherea. is thegradiento theyield surfaceat thefinal forcestateC'. Thedetailsof theiterative
loop usedin orderto correctQ® and A\ to the right solution,canbe foundin [7], [15], [16]
and[18].

Theyield surface¢(%), Eq. 2, usedhere,hascornerslocatedon theline @, = Q; tan(3 + a).
Thereexist differentsolutionswhich canbe implementedat the cornersin the casewhentwo
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yield surfacesareactive, see[17] and[18]. In this study a pragmatiaeturnto theyield surface
from the corneris adopted The”normal” at the corneris not unique,thereexists a normalfor
the double-fittingyield surfaceand one for its symmetriccounterpartln orderto solve this
non-uniquenesproblem,if we hada stresslocatedon ¢4 (%) = 0 we considerthe function
¢4r () to bethe "master” curve sothatthe "normal” at the corneris calculatedor this curve.
The normalis now uniquelydefined.Wheng¢g (%) = 0, ¢3(3) is checled. If thisis violated
furtheriterationsarecarriedout. The numericalimplementatioris in thisway keptassimpleas
possible.

4.2 Efficient numerical procedure for crack growth simulation.

In orderto simulateductile crackgrowth within the line springframewvork a pragmaticproce-

dureis chosenThe cracktip-deformationparameteC'T’O D is computecdby usingtheupdated

generalizedlisplacemenét the integrationpoint, Q¢. The calculatedvalueof CTOD is used
//,B

Q, )

4C
4 D cutting plane
“\ correction

(0] (sa+A a) Q

Figure9: Representatioof a cutting planereturnalgorithmfor the yield surfaceupdatedfor
crackgrowth.

in the CTOD — Aa curve, obtainedby testingthe constraintcorrectedSENT specimenjn

orderto quantify the amountof crack gronth Aa. Thenthe yield surfaceis updateddue to

crackgrowth seeFig. 9. The generalizedorce stateQc is mostlylike notto lie onthe updated
yield surface¢(a + Aa). A cutting planealgorithmis hereimplementedn orderto iteratethe
generalizedorce solutionbackto the updatedyield surfacein orderto satisfythe consisteng

requirementpoint D in Fig. 9.

4.2.1 Cutting planealgorithm for crack growth simulation.
"Updated yield surface” fr ozenwith respectto relative crack depth: ¢(%)

A cuttingplanealgorithmis choserin orderto obtainageneralizedorcestatelying ontheyield
surfaceupdatedor crackgrowth. Theforcestateat point C', Q¢ will mostlikely notsatisfythe
yield conditiong(a+Aa) = 0, thereforeaplasticcorrectorAADag is usedasalfirst correction

10



Paper IV: presentedat ECCM’'01

of thegeneralizedorcestate a. is thegradientto the updatedyield surfaceat point C'

ag = 6¢(a6—(gAa) |C. (11)

Thegeneralizedorce estimateat point D:
QP =Q° - A\Dag (12)

will notalwayslie ontheyield surface,and,thereforefurtheriterationsarerequiredin orderto
find aforce statewhich satisfiegheyield criterion. The cutting planealgorithmis basedn the
equations:

QP =Q - 6\.Dap (13)
whered )\, reads
_ ¢lat+Aag)p
= T Bap 1 A (14)

whereA accountgor hardeningeffect. Eq. 13and14arerepeatedintil ¢(QL, ,; a+Aa) < toll.

4.3 Obsevation

Ductile crackgrowth canalsobeimplementedn the line-springframewnork in a moreformal
mannersincetheyield surfaceis suitableto accounffor infinitesimalcrackgrowth. The proce-
durechosernin thepresenstudyallowsto keepthealgorithmassimpleaspossible Furthermore
if theline springshellsimulationcanaccountor ductile crackgrowth in a properway, it may
be sufiicientfor engineeringanalysis.

5 Numerical simulation

5.1 Planestrain shell-line-spring-simulation of a SENT specimen
5.1.1 Discretizations

Fig. 10 illustratesthe meshfor the SENT specimenwith a combinationof two shell anda

line springelement.The boundaryconditionsat the endsof the SENT specimencorrespond
to clamped(no rotationis allowed). The numericalresultsobtainedfrom USFOS[11], where
the new yielding surfaceis implementedarecomparedo thosefrom the ABAQUS software.

Displacementn the 2-directionandrotationaboutthe 1-directionfor the nodesat the top and

at the bottom of the shell-line-springmodel are constrainedn orderto obtain a planestrain

situationin the middle of the modelseeFig. 10. The feasibility of the line springimplemented
in the ABAQUS softwareis well establishedHenceif the SENT specimens to be analyzed
with the USFOSsoftware,theaccurag hasto beverified.

11
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Figure10: Shell-line-spring=E mesh.Theboundaryconditionusedaredepicted.

5.1.2 Results

The shell-line-springmeshis designedtio comply with the 10mm thick constraintcorrected
SENT specimenAn idealizedhomogenousnaterialis consideredn this study along with
smalldeformationtheory Large displacementarenot compatiblewith the implementatiorof
theline springin the ABAQUS software.Theline springelementimplementedn USFOScan
copewith large displacementsGrossStressvs normalizeddisplacementunesfor the crack

LINE SPRING ABAQUS vs LINE SPRING USFOS LINE SPRING ABAQUS vs LINE SPRING USFOS
.~ ~-CTOD

oross™Oworw O s

800.0 - - 800.0

600.0 |- 6000 |

400.0 —— LS ABAQUS [elastic-linear-hardening material] ~ -{
—— LS USFOS|elastic-linear-hardening material]

4 400.0 H

rossMPa]

—— LS ABAQUS [elastic-linear-hardening material] &
—— LS USFOS [elastic-linear-hardening material]

200.0 q 200.0

.0 L L 0.0 . -
0.00 1.00 2.00 3.00 0.000 0.005 0.010 0.015

a) Byom=dh b) CTOD [mm]

Figure11: a) Grossstressvs normalizeddisplacementurvesobtainedby ABAQUS andUS-
FOSb) Grossstressys CTOD obtainedby ABAQUS andUSFOS

depthto thicknessratio + = 0.3 areplottedin Fig. 11a). The global behaior of the SENT
specimeris well describedby the USFOSsoftware. The materialbehaior of bothline-spring
elementdollows anelastic-lineathardeningmodel. Thelocal deformatiorfield atthe cracktip

is describedy eitherthe J — integral or the CTOD (cracktip openingdisplacement)There
is agoodagreemenbetweerthe C'T'O D valuescalculatedrom thetwo finite elementtodesas
seenin Fig. 11b),wherethe CTOD is plottedagainsthe GrossStressA parametricstudyfor

differentcrackto thicknessratiosis underprogressThe two FEM codesareexpectedto give
similar resultsfor deepcrackswhile for shallov notchspecimenslifferentresultsareexpected.
This is dueto the yield function implementedin the ABAQUS software for the line-spring

12
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elementsee[12]. Thisyield surfaceis intendedfor crackssufiiciently deepthattheyieldingis
confinedto theligament.

In orderto have adetailedstudyof the performancef theline springelemenimplementationa
local studyis carriedout. A generalizedlisplacemenis imposedatthe nodesof theline spring:

141 141

b1 0

1] Vo

G2 | _ | 0 where{ = vy =0 (15)
V3 V3 vy —1v3=20

®3 0

Vy Vy

IZ I U

A constanthicknesgatio = 0.3 is consideredThe generalized-normalizerce @ is plot-
tedagainsthenormalizeddisplacement; atthenodesof theline spring.Thegeneralizedorce
Q- is nearlyzerofor the displacementonsideredFig. 13 shavs theresultsobtainedfrom the

Q,-v, ™" curve at the integration point

ABAQUS vs USFOS
15 T

d" - - - elastic-linear-hardening [ABAQUS]
0.5 | - - elastic-ideal-plastic [ABAQUS]

—— elastic-linear-hardening [USFOS]

—— elastic-ideal-plastic [USFOS]

0.25

L L L L L L L
0 0.05 0.1 0.15 o 0.2 0.25 0.3 0.35 0.4

m_
v, =v/h

Figure 12: Generalized-normalizefibrce vs the normalizeddisplacemenat the nodesof the
line springfor two materialmodels.

two FEM codesfor the elasticideal plasticmaterialmodelandfor the elasticlinear hardening
one.Theagreemenis good.

5.2 Ductile crack growth

The procedureproposedn section4 for describingcrack growth is implementedn the line
springframewnork assuggestegreviously:

e the generalizedorce stateis determinedoy performinganiterative procesgo theyield
surfaceconsideredrozenwith respecof crackgrowth.

13
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e aCTOD is calculated.

e crackgrowth is obsened when a critical value of the CT'OD is reachedAn arbitrary
valueCTOD,, is assumedere. WhenCTOD > CTOD,, Eq.7 is usedto obtainthe
amountof crackgrowth.

¢ theyielding surfaceis updateddueto crackgrowth anda further iterationprocedures
carriedoutin orderto satisfythe consisteng requirement.

Q,-v, " curve

11 115
ir 11F
0.9
1.05
0.8
= 0.7 1r
E z
T — — elastic-linear-hardening material with crack growth E
=06 elastic-linear-hardening material =
& < 095 [
T 05 1 s - :
o 04l 1 J 09 The critical CTOD is reached
03 ] 085 [
— — elastic-linear-hardening material with crack growth
0.2 b —— elastic-linear-hardening material
08 |
0.1 1
0 . . . . . " . 0.75 . . . I I .
0 005 0.1 015 02 025 03 035 04 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4
a) vy b) V=0 g

Figure 13: Generalized-normalizefibrce vs the normalizeddisplacemenat the nodesof the
line springwhencrackgrowth is takeninto account.

Q,-v, "™ curve .
crack growth law Aa=(CTODA)
15 T T T T T

1.25 - 1

The critical CTOD is reached _——

(21,h) N

Q=

0.5 [ N

—— elastic-linear-hardening material

—— elastic-linear-hardening with crack growth A
e——o elastic-linear hardening with crack growth 0.1A
0.25 ¢ elastic-linear-hardening with crack growth 0.05A
&——= elastic-linear—hardening with crack growth 0.001A

0 I I 1 I I I I
0 005 01 015 02 025 03 035 04

norm_
v, =v/h

Figurel4: Generalized-normalizefdrcevs thenormalizeddisplacementurvesatthe nodesof
theline springfor differentvalueof A.

Fig. 13shavsthattheproposegroceduras suitedto describehecombineceffectof translation
of the yielding surfacedue to hardeningandthe size decreasef the yielding surfacedue to

14
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crackgrowth. Note thata small softeningis obsenedasthe netresultof hardeningandductile
crackgrowth for abilinearmaterial.Eq. 7 canbe expressedn amoregeneraway as:

CTOD)
A

For differentvaluesof A, differentamountof softeningis obsenedasexpectedseeFig. 14.

=

Aa = ( (16)

6 Conclusions

The improved line springelementis utilized within a new failure assessmerapproachShell
line springcalculationsare performedin orderto calculatethe constraintlevel of a pipe with

surfaceor throughthethicknesscracks A SENT specimeris designedo give aconstraintevel

comparableéo the onecalculatedor the pipe. Theconstraintorrectedspecimens furthermore
testedn orderto obtainaCTOD — Aa curve.

The CTOD — Aa curve obtainedby experimentalresultsis implementedn the line spring
frameawork in orderto describeductile crackgrowth. With the presenimplementationa very
efficient approachs obtained.The simulationshave goodaccurag. Somecareis requiredre-
gardingloadincrementsizeswhenductile crackgrowth is included.This is dueto thefactthat
alargeincrementmay causea very large contractionof theyield surface.Work is underway,

usingthe abore implementatioron structuralproblemsaspipe-layingandreeling.

15
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A Formulation of the Line-Spring element

e Thecrackline, Fig 1a,is discretizednto afinite numberof line springelements.

e Theline springelementcanbe schematicallyepresenteddy two straightlines14 and23
connectedo eachotherby a seriesof springsasseenin Fig. 15. At zerodeformatiornthe
lineslie uponeachother Whendeformationtakes placeeachline displacesn opposite
direction.Thedisplacemenis constrainedy the springs.

, N
all e Lol Ui,
1 4 Line Spring
element
crackline
2 3 9
alle " s

Figurel5: Line springelement.

e Letqa = [0a,0a]T andqs = [dB,08]T bethe generalizeddisplacementsf the line
springat{ = F1 respectiely. Therelationbetweenthe generalizedlisplacementsnd
thenodaldisplacement§;, ¢;) reads:

5 = N*v, (17)

T
i
S 10 -1 0 0 0 00 vy

. 04 ) 01 0 -1 0 0 00

=1l Y=loo 0 0 -1 0 10 ”e:fi
f5 00 0 0 0 —-101 s
V4

| ¢4 |

Thegeneralizedlisplacemeng = [6, ] atanarbitrarypoint |¢| < 1 is assumedo vary
linearly within theelementThis reads:

q=N&* (18)
~ A 5A
REG [N 0 N, 0 .| ba
q_[G(O] N_[o N0 N, =1 sp
0p

16
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where

o 1-¢ - 1+4¢
Ni=—= No=—= (19)

Theequialentnodalforces(V;, M;) arecalculatedasfollows:

Nl Nz Nl 0
M, M, 0o M N

= — = A d- 20
Ny N, / N, 0 [M] 8 (20)
M4 M3 0 N2

The vectorF, = [Ny, My, Ny, My, N3, M3, Ny, My]T is expressedas outlined above,

Eq.20,andreads:
SN I [HE

Therelationbetweerthegeneralizedorce Q = [N, M]T andthecorrespondingieneral-
izeddisplacemeng atagenericpoint|(| < 1 reads:

Q = Dq. (22)

where D is the stiffnessmatrix of the line spring at point { evaluatedas outlined in
literature[8].

the substitutionof Eg. 18 andEq. 19into Eq. 22 leadsto:
Q = DNN*vq (23)

wherethe matrix multiplication NN* is obsered to be equalto N** = ([N], —=[N]).
Takinginto accounthis obserationandsubstitutingeq. 23 into Eqg. 21, we canwrite the
stiffnessequatiorfor theline springelementas

F, — / N*"DN**dsve, (24)

The line spring elementformulatedhereis compatiblewith a two-dimensionaplate or shell
elementwith four nodes.
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Abstract. Theline springfinite elements a versatile numericaltool for performingen-
gineeringfracture medanicsanalysisof surfacecradkedshells. Anaccutateyield surface
of planestrain single-cadked (SEC)specimengavingshallow aswell asdeep cradksis
here presented.

A discussioraroundthe meaningof the J — integral whencradk growth occuss is car-
ried out. The J — integral is regardedas a sort of accumulatedneasue of the global
deformationin the ligament.ThecompleteGursonis usedin orderto supportour obser
vations.Furthermoe a cradk propagationlaw relatinga local criterion for cradk growth
to the global deformationfield is outlined. A methodolgy to link micro-mehanically
basedcradk growth simulationswith line spring analysisis proposedby suggestingan
alternativewayto calculatethe J — integral fromtheline springframevork.
Somedetailsof the numericalimplementatiorof the backward Euler integration scheme
at the integration point of the line spring elementin order to accountfor plasticity are
presentedere for a bilinear materialmodel.An efficientnumericalprocedue, basedon
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a proposedcrack growthlaw, is alsopresentedn orderto accountor ductilecrad prop-
agation. A numericalcaseis consideedin order to showthat the proposedprocedue is
suitedto the purpose

1 Intr oduction

Surfacecracledshellstructureccurin mary applicationsge.g.pipelinesoffshorestruc-
tures,pressurevesselstc. Thedefectsareusuallyintroducedduringtheweldingprocess.
Thedirectdiscretizationof the cracled shell structurewith solid finite elementsn order
to computethefracturemechanicguantitiedeadsto largesizeproblemsandmalkessuch
analysisnfeasiblein mostcasesln orderto directly calculatethe fracturemechanicpa-
rametersn structuralanalysis,a combinationof shell[1] andline springfinite elements
[2], [3] insteadof solid finite elementss an attractve option. The line springelement
canbe schematicallyepresentethy two straightlines14 and23 connectedo eachother
by a seriesof springsasseenin Fig. 1. At zerodeformationthelineslie uponeachother
Whendeformatiortakesplaceeachline displacesn oppositedirection.Thedisplacement
is constrainedby the springs.Thestiffnessof theline springis derivedfrom aplanestrain
SEC(singleedgedcracled) specimerundertensionandbending.The generalyield sur
facesp se€[3], governingtheplasticbehaior of cracledshellsectionligament,is plotted
in the generalizedorce space®), » for differentcrackdepthto thicknessratio #, Fig. 3.
¢ containsmoreaccuratdnformationaboutthe generalyielding behaior of shallow, as
well asdeepcracks for the SECspecimerthanthetypically employedyield surfaces.
Thematerialscommonlyusedfor offshorepipelinesarenormallyvery toughandductile.
Undersuchcircumstanceshe initiation of the crack growth is often precededoy fully
plastic yielding of the un-cracled ligamentsectionand someamountof ductile crack
growth canoften be toleratedbeforefractureinstability occurs.Ductile crack extension
is a consequencef large plasticflow causingvoids to grow and coalescethereforea
reliable descriptionof the fully developedyielding field in the restligament,see[3], is
importantfor a further developmentof the line-springelementin orderto accountfor
crackgrowth. The J — integral is generallyconsideredo properlydescribethe strain-
dominatedfractureprocesspecausét canconnectthe local micro-mechanisnof crack
extensionto geometrydependenstressandplasticflow.

A discussioraroundthe meaningof the J — integral whencrackgrowth occursis here
presentedTheJ—integral doesnotreflectdirectlytheconditionatthecracktip, it should
beregardedassomeaccumulateaneasuref theglobaldeformationin theligament.The
global deformationis dependenon stresdriaxiality and damageaccumulatioraheadof
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thegrowing crack.Damageaccumulatioraheadf thegrowing crackis dueto void nucle-
ation, grownth andcoalescenceé/oid nucleationandgrowth is describecby a dilatational
plasticity modelintroducedby Gursonandlater modifiedby TvergaardandNeedleman
[4]. The Gursonmodel can describethe softeningbehaior due to the nucleationand
growth of voids, but hasno intrinsic ability to predictthe shift from the homogeneous
deformationmodeto a localizedmodedueto void coalescencdn the completeGurson
model, ZhangusesThomasors plastic limit load modelas a coalescenceriterion for
theGursonmodel[5]. ZhangmodifiesThomasorstheoryby assuminghatthevoidsare
alwaysspherical This modificationmakesthe plasticlimit load modelfully compatible
with the GursonmodelseeAppendixA.

In this studythe completeGursonmodelis utilized in orderto relatea local criterionfor
crackgrowth to the global deformationfield. Analytical expressiorfor the full velocity
field in caseof ductile crackgrowth is very difficult to derive, andthereforesimplified
approachesnustbe seeled. The normalizedJ — Aa curvesobtainedfor two different
geometrieshappento collapseonto eachotherfor differentinitial void volumefraction
fo. Thissuggestshatthe shapeof the crackgrowth resistanceune is mainly decidedoy
the specimergeometryandcanbe modifiedby a constantfactorto take the ductility of
thematerialinto account.

An efficient numericalprocedurepasedon a proposedccrackgrowth law, is presentedn
orderto accountfor ductile crackgrowth in the line springframework. In orderto sim-
ulateinelasticbehaior and ductile crack growth within the line spring framework, the
generalizedorce stateaccountingfor plasticity is updatedconsideringhe yield surface
sizefrozen” with respecto crackdepthto thicknessatio (3 = const). Thenthe defor
mationparametet/, is computedby usingthe updatedyeneralizedlisplacemenstateat
the integrationpoint. The calculatedvalueof J is usedin the J — Aa curwe, developed
here,in orderto quantify the amountof crackgrowth Aa. Thentheyield surfaceis up-
dateddueto crackgrowth, anda cuttingplanealgorithmis usedto iteratethe generalized
force solution previously obtainedbackto the new yield surfacein orderto satisfythe
consistenyg requirementThe detailsof the implementatiorof the backward Euler inte-
grationschemeat the integrationpoint of the line springelementin orderto accountfor
plasticityandcrackgrowth arepresentedherefor a bilinearmaterialmodel,see[3], [6].
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2 Theoretical background

2.1 Surfacecracked shell

The part-throughsurfacecrackis originally a threedimensionalproblemasseenin Fig.
2a.Here a(z;) is the crack depthat z;. The threedimensionalproblemis formulated
within the context of two-dimensionaplateor shelltheorywith the part-cracked section
representedsaline-spring.

. N,
1 4 Line Spring
element
crackline =
2 3 9
A " e

Figurel: Line springelement.

T2

b)

Figure2: Part-trough-surdice-crackandplanestrainsolution.

Theline-springstake into accountthe additionalflexibility dueto the surfacecrack.The
stiffnessof the line-spring,with extensionalandrotationaldegreesof freedom(A, 9), is
derived from a planestrainedge-cracid strip loadedin tensionandin bending(N, M),
seeFig.2b,i.e.model. A formulationof the Line-Springelementcompatiblewith a two-
dimensionaplateor shellelementwith four nodess presentedn [3].
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by Q1> Qtan(Z +

Yield surface $(Q1, Qs 0y5¢) = { ¢y ¢ Q1< Qatan(f +
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2 N A M
lem QQZW c:h—a

Work hardening AW, = Q'day = [, . 0eqdeyeqdA = koyg d"yc
doy !
dep=TFr k=02 n'=2
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Continuumtangent dQ = (D — 37r o afDE;fT( D) )dq
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| d@, AN

@-lia] =]
ElasticJ-integr. J. = I;—{z Kr = 1oh3[2Q197(2) + 6Q295(2)]
PlaStiC\]-int@r. d(][yp = maydéjycmcktipyp

CTOD vslinesprdeformation db; cracktippy = d2p + (5 — a)db,

)

Tablel: Basicrelationshipsn line springmodel

2.1.1 An accurateyield surfaceof plane strain single-cracked (SEC)

For ahomogeneoumaterial the generalyield surfacesp, governingthe plasticbehaior
of cracled shellsectionligamentreads:

_ ¢df : Ql > QZ tan(g + a)
¢ a { ¢¢Sif : Ql < Q2 tan(% =+ a) (1)

where ¢y is a parabolicyield surfacewith a validity confinedmainly to the I and IV
guadrant®f thegeneralizedorcespacelt reads:

¢df:AQ2+BQ1+OQ%+DZO (2)
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see[3] for the fitting parametersd, B, C, D. The function ¢3,, symmetricto ¢q4 with
respectto the line Q, = tan(% + @)@,, canbe usedin orderto describesimplified
(conseruative) yielding behaior in the IT and 11 quadrantsThe anglea betweenthe

Verification of the double fitting yield surface: @,

0.75 F

0.25 ¢

4
< 4 %
& i & -0 @(a/h=0.0)
S5 0 I & 0 ((@/h=0.15)
'OL AN & -5 ¢(a/h=0.30)

0.6

Q,=M/(1,h?)

Figure3: Doublefitting yield surface

symmetryline andthe @,-axis is found to be closeto a linear function of the relative
crackdepthy. The ¢ is plottedin the generalizedorce space@), » for differentcrack
depthto thicknessratio ¢, seeFig. 3. ¢ containsmore accurateinformation aboutthe
generalyielding behaior of shallov, aswell asdeepcracks for the SECspecimerthan
thetypically employedyield surfaces Thefitted yield surfacesepresenteth Fig. 3, were
obtainedfrom finite elementhelimit-load analysisby Lee andParks[2], se€[3].

3 Fractur emechanicsparameters

For very brittle materialsexhibiting noor little plasticity, thecritical stressntensity K¢,
or thecritical enegy releasaate,G ¢, expresseshe fracturetoughnes®f the material.
For elasto-plastienaterialsRice[8] introducedhe J-integralasafracturemechanicpa-
rameterThe J-integral,for acrackassumedo propagatén the z; -direction,is evaluated
asaline integral from thefollowing expression:

Ou;

J = dey —T;—ds 3)
8371
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whereW is the stainenegy density 7; arethe tractions,u; the displacement®n the
path, s, over which the line integral is evaluated.In Rice’s original derivation of the J-
integral it wasactuallyassumedhatthe materialbehaedasa non-linearelasticmaterial.
If proportionaloadingis assumea specialfeatureof the J-integralis thatits valueis in-
dependentf thepatharoundthecracktip onwhichit is evaluatedIn caseof proportional
loadingtheresultswill beequallyvalid for materialsobeying J, deformatiortheory Fur-
ther, underthe assumptiorof non-linearelasticmaterialthe J-integral will beidentical
to the enepy releaseate,G. Hutchinson[9] andRice andRosengretjl0] alsoshoved,
usinga non-lineareigervalueexpansion thatthe J-integral would scalethe stressesind
strainscloseto the cracktip in the leadingasymptoticterm of the expansion.n caseof
amorerealistic J; flow theory andtakingfinite deformationeffectsat the cracktip into
accountunloadingwill happenin thisregion,andthe pathindependencef the J-integral
is lost. However, if the zoneof finite deformationis containedwithin a region still con-
trolled betheasymptotidbehaior the J-integralwill uniguelycharacterizéheconditions
atthecracktip. Recenstudiesontheeffect of specimergeometryor constraintevel, has
revealedthat suchsituationsrarely exists in finite specimergeometriesanda single pa-
rameterdescriptionof theneartip stresdevelis notpossible Howeverthe J-integral will
still reflectthe size over which high stresses/straindevelop in the material,andis thus
still ausefulfracturemechanicparameter

Ductie crcck$ /\/\  Wake of plostically
growth 7 N i?vmed material
g N _’
,
N

Actively
N vielding material

<4

a)

In the caseof ductile crack growth the J-integral is also usedto expressthe materials
resistanceo suchcrackgrowth throughthe J — Aa curve, whereAq is the amountof
ductile crackgrowth. In thecracktip region significantnon-proportionaloadingwill oc-
cur, andstrongpathdependencéor the J-integral is found. However, if the J-integralis
evaluatedon contoursfar form the cracktip a moreor lesspathindependenbehaior is
obsened. Thereasorfor this canprincipally be seenfrom the following argumentation.
Whenthe crackgrows, the ligamentsizewill change.This will causethe mostintense
plasticdeformationhereto translatewith the crackgrowth, leaving a wake of plastically
deformedmaterial,asschematicallyshovn for aspecimeroadedin tensionandbending,
respectiely, in Fig. 4.

Farfrom thecracktip theductilecrackgrowth will have verylittle influenceontheremote
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Wake of plastically
deformed material
Ductile crack

growth
Actively
yielding material

Figure4: Moving plasticdeformationfield for a) a specimerioadedin tensionandb) in
bending

b)

plastic deformationpattern.The J value evaluatedaccordingto Eq. 3 will now primar
ily becontrolledby the contrikution from the first term,which containsthe accumulated
valueof the moving intenseplasticdeformationfield. Whencalculatedn anareawhere
the flow patternis not significantlyalteredby the crackgrowth, the calculated/-integral
is almostindependenbn the integrationpath. It is however importantto realizethatthis
J-value,oftenreferredto asthe far-field J, doesnot reflectdirectly the conditionsat the
cracktip, andshouldin steadbe regardedas someaccumulatedneasureof the global
deformationin the ligament.This interpretatiorwill beimportantto keepin mindin the
following.

4 Micr o-mechanicaldamagemechanics

In contrastto the continuumdamagemodelwherethe damageis treatedby thermody-
namics,constitutive relationscanalsobedirectly obtainedrom micro-medanicalbased
models.If we limited our analysigto polycrystallinemetalswhereductile fractureoccurs
by nucleationgrowth andcoalescencef micro-widsoneof thebestmicro-mechanically
definedmodelsis the so called CompleteGursonmodelseeAppendixA. The Complete
Gursonmodeldescribes:

o the decreasindoad carrying capacitydueto void nucleationand grownth by a di-
latational plasticity modelintroducedby Gursonand modified by Tvergaardand
Nedlemann alaterstage[11], [12];

o theshift from a homogeneoudeformationrmodeto alocalizedmodeby void coa-
lescencalueto a plasticlimit load modelintroducedoy Thomasorj13] [14]
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In conclusiontheCompleteéGursonmodelintegratesoththedilatationalplasticitymodel
due to Gursonand the plastic limit load model due to Thomason.The main features
of both the dilatationalplasticity modelandthe plasticlimit load modelwhich arethe
fundamental®f the CompleteGursonmodelarepresentedn detailsin AppendixA

4.1 Simulation of ductile crack growth

Theductilecrackgrowth behaior is studiedfor two differentgeometriesThefirst oneis
ashallav cracled, i = 0.15, specimerioadedin tension,andthe secondgeometryis a
deepcracled, ;- = 0.5, specimeroadedin bending.Thetwo specimergeometrieswith
relevantdimensionsareshown in Fig. 5.

PlanestrainFE analysisof thetwo geometriesireperformedusingABAQUS. Four node

<« o >

a/h=0.15

Y

Mat 1
a/h=0.5

A

Figure5: Two specimergeometrieswith relevantdimensions.

first orderelement{ ABAQUS type CPE4)areapplied,andlarge deformationeffectsare
accountedor in theanalysisTherelationbetweerplasticstrainandthe flow stressused
for thematrix materialis on theform:

5 =0y (1 + E—P> (4)

€o

where g is the flow stress,oy is the yield stress.cp is the equivalent plastic strain,
€0 = 0o/ E is the strain at yield, and n is the hardeningexponent.A fixed ratio of
E/oq = 500, with 09 = 400M Pa, andn = 0.1 is used.Further threedifferentlev-
els of initial void volumefraction, f, = 0.0005,0.002, and0.005, are usedto assesshe
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effect of varyingductility of the material.Oneshouldnotethatthelowest f, valueis rep-
resentatie for abasematerialsteelwhile the othertwo aretypical for theweld material.

20000

15000

1000.0

J [Nfmm]

5000 | .

rw/ﬂ‘ o6 70-0.002
& 10=0.005

f0=0.0005

Aa [mm]

Figure6: J — Aa curvesfor thetensilespecimerwhenthreedifferentlevelsof initial void
volumefractionareconsidered.

TheresultingJ — Aa curvesfrom the numericalanalysisareshavn in Fig. 6 and7. From
Fig. 6, shaving theresultsfor thetensilespecimenit canbeseerthatthe assumedhitial
void volume fraction hasa significanteffect on the crack growth resistancepoth with
regardto initiation and slopeof the resistanceurve, expressedhroughthe J-integral.
Further it canbeseenthatthe curvesexhibit asomevhatsteepeslopefor smallamounts
of crackgrowth, afterwhich analmostiinearrelationbetween/ andAg exist. Theresults
for thebendspecimerareshownn in Fig. 7. By comparisorwith theresultsfor thetensile
cuneit canbeseenthatthecrackgrowth resistancés lower, asexpecteddueto thehigher
geometryconstraintin this specimenHowever, qualitatively they shav muchthe same
behaior asthetensilespecimenwith still a significanteffect of the initial void volume
fractionon the crackgrowth resistance.

A qualitative explanationfor the higher crack growth resistanceor lower f; is dueto
the higherdeformationneededat the cracktip to causevoid coalescenceThis will be
naturallyreflectedn a higherJ, because higherincrementatleformationin theremain-
ing ligamentis neededn orderto "feed” deformationinto the cracktip to sustainductile

10
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Figure7: J — Aa curvesfor thebendspecimerwhenthreedifferentlevelsof initial void
volumefractionareconsidered.
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Figure8: NormalizedJ — Aa curvesfor a) thetensileandb) thebendingspecimen.

crack growth. One of the challengesn simulatingductile crack growth is to relatethe
local criterionfor crackgrowth to the globaldeformatiorfield. Analytical expressiorfor

the full velocity field in caseof ductile crackgrowth is very difficult to derive evenin

the caseof elastic-ideally plastic materialbehaior, andsimplified approachesnustbe
seeled.Herewe point out onesuchpossibleway. In Fig. 8 we havereplotedthe J — Aa

curves,with the J-valuenow "normalized” by the J valueat 1 mm of crackgrowth. A

striking featureof thesecurvesis thatthesenormalizedcurvesalmostcompletelycollapse
onto eachotherfor different f;, both for the tensileand bendspecimensThis pointsin

the directionthatthe shapeof the crackgrowth resistanceurwve is in principle given by

the specimergeometryandcanbe modifiedby a constantfactorto take the ductility of

the materialinto account.However, we point out that the normalizationis not perfect.
Further the choiceof usingthe J valueat 1mm of crackgrowth is alsosomevhatarbi-
trary. Despitethis, useof suchanapproximataelationmayopenfor efficientuseof crack
growth simulationsin engineeringanalysis taking the effect of materialpropertieswith

sufficientaccurag into accountSuchanapproachs outlinedbelow.

12



Paper V: presentedat MekIT'01

5 Methodologyto link micro-mechanicallybasedcrack growth sim-
ulations with line spring analysis

The contribution to the J-integral canbe split into anelasticanda plasticpart:

J=Jdag+ Jpl 5)

For fully plasticcondition,which is the relevant situationfor crackgrowth analysis,J,
remainsvirtually constantvith crackgrowth. Further theelasticpartof the J-integralwill

be significantlysmallerthanthe plasticpart. A commonway to approximatethe plastic
partof the J-integralis foundfrom the expression:

%:%/M% (6)

wheren is ageometryfactordependingon modeof loading,relative crackdepth,andto
someextent materialparametersg is the ligament, is the specimerthicknessandthe
integral is the plasticwork in the deformationzonein the ligament,with P asa global
loadand A, the correspondinglasticpartof the displacementThe plasticwork canbe
obtaineddirectly by integrating the plasticwork in the line springelement.The incre-
mentalincreasein the J-integral can be found by differentiatingEq. 6 with respectto
A,. Whatis furtherneededs a crackgrowth law to relatetheincrementin crackgrowth,
dAa, to dJ,. Two alternatve approachesnay be proposedhere. The first approachis
basednfitting the J — Aa curve to a power law representatiorieadingto the following
incrementatrackgrowth law:

%%:qaﬁﬂ (7)
where( is aconstantlependingonthematerialpropertiesandC, depend®nthespec-
imengeometry/modef loading.C; andC; couldbedeterminedrom systematidamage
mechanice@nalysisof crackgrowth aspresentedbove. A moresimplified way could be
to assumelinearrelationbetweem\a andJ,;, whichwouldleadto theincrementatrack

growth law:

dAa

— = 8

a5, ~ C ®)
where(C3; dependn both materialpropertiesandspecimergeometry/modef loading.
The constantC; could befitted to the almostlinear part of the J — Aa curve, seenfor

larger amountsof crackgrowth in Fig. 8a) andb) . Suchan approachwould be slightly
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conserative in thattheinitially higherresistanceo crackgrowth is disregarded Oncea
crackgrowth law is establishedafully coupledschemeo updatetheyield surfacein the
line spring,usingJ,; andAaq, canbederived.

5.1 Crack propagationlaw

A representatie J — Aa curvefor thetensilespecimerns foundby fitting thenormalized
curve for fy = 0.005 plottedin Fig 8a) with a power law as previously proposedThe
fitting power law reads:

J = D1Ad”? + D (9)

whereD; = 0.71, D, = 0.72 andD3; = 0.28. Thevalueof the J—integral atAa = Imm
IS JAg=1mm = 880%. Eq. 9 is comparedo the J — Aa for different fy in Fig. 9. The
fitting is satishctoryfrom anengineeringpoint of view.

2000.0
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1000.0

J [N/mm]

f0=0.0005
&—-> f0=0.002
f0=0.005

500.0 -

008

I I
0.0 1.0 3.0 4.0

2.0
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Figure9: Thefitting equationis comparedo the J — Aa curve obtainedfrom numerical
analysis

6 Numerical implementation of the crack propagationlaw in the line
spring framework

In this sectionsomebackgroundntheimplementatiorof the backward Eulerintegration
schemeat the integration point of the inelasticline spring elementis presentedor the

14
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caseof anelastic-lineathardeningmaterial.

A returnmappingalgorithm provides an effective and robust integration schemeof the
rate constitutive equationsat the integrationpoint of the line springelement.Geometri-
cally, it amountsto finding the closestdistanceof a pointto a corvex set,¢(%), see[24].

¢ is consideredn afirst step”frozen” with respecto crackdepthto thicknesgatio. At

atime incrementAt,, estimateof the elasticpredictorAq is presumednown. Thegen-
eralizedforce incrementAQ, dueto the elasticpredictor is obtainedso that the force
stateat point B is calculatedseeFig. 10. Q® will mostlikely not satisfytheyield condi-

IB Elastic predictor

Q

£C Plastic cory ction
(frozen yield surface)

P
A Initial elestic force state
) Q

Figurel10: Representatioof anelastic-predictoplastic-correctoreturnalgorithmfor the
yield surfacefrozenwith respecto crackgrowth.

tion ¢ = 0, thereforeaplasticcorrectorA\ag is usedasfirst corrector whereag is the
gradientto theyield surfaceat point B

99(%)
B = 7Q |B (10)
Thegeneralizedorce estimateat point C':
Q¢ = Qf - A\Dap (11)

will notalwayslie on theyield surface,and,therefore furtheriterationsarerequiredin
orderto find a force statewhich satisfiesthe yield criterion seeFig 10. The backward
Eulerreturnis basedntheequation

Q¢ = Q® - AXDag¢ (12)

whereac is the gradientto the yield surfaceat the final force stateC. The detailsof the
iterative loop usedin orderto correctQ¢ and A\ to theright solution,canbe foundin
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[16], [24], [25] and[27].

Theyield surfaceg(%), Eq. 1, usedhere hascornerdocatedontheline Q, = @ tan (% +

a). Thereexist differentsolutionswhich canbe implementedat the cornersin the case
when two yield surfacesare active, see[26] and [27]. In this study a pragmaticre-

turn to theyield surfacefrom the corneris adopted.The "normal” at the corneris not
uniqgue thereexistsanormalfor thedouble-fittingyield surfaceandonefor its symmetric
counterpartin orderto solve this non-uniquenesproblem,if we hada stresdocatedon

¢4 (%) = 0 we considerthe function ¢4 (%) to be the "master” curve so that the "nor-

mal” atthecorneris calculatedor this curve. Thenormalis now uniquelydefined When
dar () = 0, 93 (%) is checled. If thisis violatedfurther iterationsare carriedout. The
numericalimplementatioris in this way keptassimpleaspossible.

In orderto simulateductile crackgrowth within the line springframeavork a pragmatic
procedureis chosen.The J — integral is computedby using the updatedgeneralized
displacemenattheintegrationpoint, Q¢. Thecalculatedralueof J is usedin the J — Aa
y B
Q, -

iC
Q.

D cutting plane
.\ correction

(p/(:a+A a) Q

Figurell:Representationf acuttingplanereturnalgorithmfor theyield surfaceupdated
for crackgrowth.

curve, obtainedby testingor numericaldamagestudiesin orderto quantifytheamountof
crackgrownth Aa. Thentheyield surfaceis updateddueto crackgrowth seeFig. 11. The
generalizedorcestateQc is mostlikely notto lie ontheupdatedyield surfaceg(a+ Aa).
A cutting planealgorithmis hereimplementedn orderto iteratethe generalizedorce
solutionbackto the updatedyield surfacein orderto satisfythe consisteng requirement,
point D in Fig. 11.

A plasticcorrectorAADag is usedasa first correctionof the generalizedorce state.ac
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is thegradientto the updatedyield surfaceat point C

a - A0 L20), (13)

Thegeneralizedorce estimateat point D:
QY =QY - A\Da¢ (14)

will not alwayslie on theyield surface,and,therefore furtheriterationsarerequiredin
orderto find a force statewhich satisfiegheyield criterion. The cutting planealgorithm
is basebnthe equations:

QY. = QY - 6\,Dap (15)
whered )\, reads
B é(a+ Aa)p
0An = aﬂ)Daw + A (16)

where A accountsfor hardeningeffect. Eq. 15 and 16 are repeateduntil ¢(QZ,;a +
Aa) < toll.

7 Numerical simulation

7.1 Planestrain shell-line-spring-simulation of a SENT specimen
7.1.1 Discretization

Fig. 12 illustratesthe meshfor the SENT specimerwith a combinationof two shelland
aline springelement.The boundaryconditionsat the endsof the SENT specimercorre-
spondto clamped(no rotationis allowed). The numericalresultsobtainedfrom USFOS
[19], wherethe new line springyielding surfaceis implementedarecomparedo those
from the ABAQUS software. Displacementn the 2-directionand rotation aboutthe 1-
direction for the nodesat the top and at the bottom of the shell-line-springmodel are
constrainedn orderto obtaina planestrainsituationin the middle of the modelseeFig.
12. Thefeasibility of the line springimplementedn the ABAQUS softwareis well es-
tablished Henceif the SENT specimeris to be analyzedwith the USFOSsoftware,the
accurayg hasto beverified.
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Figure12: Shell-line-spring=E mesh.Theboundaryconditionusedaredepicted.

7.1.2 Results

The shell-line-springmeshis designedto comply with the 10mm thick constraintcor
rectedSENT specimenAn idealizedhomogenousnaterialis consideredn this study
alongwith small deformationtheory Large displacementsre not compatiblewith the
implementatiorof theline springin the ABAQUS software.Theline springelementim-
plementedn USFOSaccountdor large displacementq20]. GrossStressvs normalized

LINE SPRING ABAQUS vs LINE SPRING USFOS LINE SPRING ABAQUS vs LINE SPRING USFOS

800.0 : - : 800.0

600.0 - 600.0 |

400.0 —— LS ABAQUS [elastic-linear-hardening material] |
—— LS USFOS|elastic-linear-hardening material]

8 400.0

0ssMPa]

—— LS ABAQUS [elastic-linear-hardening material]
—— LS USFOS [elastic-linear-hardening material]

O

200.0 q 200.0

L L 0.0 L L
0.00 1.00 2.00 3.00 0.000 0.005 0.010 0.015

a) Buory=d/h b) CTOD [mm]

Figure13: a) Grossstress/s normalizeddisplacementurvesobtainedoy ABAQUS and
USFOSb) Grossstressys CTOD obtainedby ABAQUS andUSFOS

displacementurvesfor thecrackdepthto thicknesgatio ¢ = 0.3 areplottedin Fig. 13a).

Theglobalbehaior of the SENT specimeris well describedy theUSFOSsoftware. The
materialbehaior of bothline-springelementdollows anelastic-lineathardeningmodel.
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Thereis agoodagreemenbetweerthe CTOD valuescalculatedrom thetwo finite ele-
mentcodesasseenin Fig. 13b),wherethe CTOD is plottedagainsthe GrossStressA

parametricstudyfor differentcrackto thicknessratiosis underprogressThetwo FEM

codesare expectedto give similar resultsfor deepcrackswhile for shallov notchspeci-
mensdifferentresultsareexpected.This is dueto theyield functionimplementedn the
ABAQUS softwarefor theline-springelementsee[21]. Thisyield surfaceis intendedor

crackssufiiciently deepthattheyielding is confinedto theligament.

In orderto have a detailedstudyof the performancef theline springelemenimplemen-
tation,alocal studyis carriedout. A generalizedlisplacemenis imposedatthe nodesof

theline spring:

C ] T
¢ 0
vy vy
G20 _ |0 Where{ n-v =0 (17)
V3 V3 vy —v3 =0
?3 0
vy vy

o] Lo

A constanthicknessratio ¢ = 0.3 is consideredThe generalized-normalizefbrce @,
is plotted againstthe normalizeddisplacement; at the nodesof the line spring. The
generalizedorce @, is nearlyzerofor the displacementonsideredFig. 14 shavs the
resultsobtainedfrom thetwo FEM codesfor the elasticideal plasticmaterialmodeland
for theelasticlinearhardeningone. Theagreemenis good.

7.2 Ductile crack growth

The procedureproposedn section6 for describingcrackgrowth is implementedn the
line springframewvork assuggestegreviously:

o the generalizedorce stateis determinedby performinganiterative procesgo the
yield surfaceconsideredrozenwith respecbf crackgrowth.

e aJ —integral is calculated.

e crackgrowth is obseredwhena critical valueof the J — integral is reachedAn
arbitrary value J,, is assumechere.WhenJ > J. Eq.9 is usedto obtainthe
amountof ductile crackgrowth increment.
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Figure14: Generalized-normalizefbrce vs the normalizeddisplacemenét the nodesof
theline springfor two materialmodels.

o theyield surfaceis updateddueto crackgrowth anda furtheriterationprocedures
carriedoutin orderto satisfythe consisteng requirement.
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Figure15: Generalized-normalizefdrce vs the normalizeddisplacemenat the nodesof
theline springwhencrackgrowth is takeninto account.
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Figure 16: Generalized-normalizefbrce vs the normalizeddisplacementurves at the
nodesof theline springfor differentvalueof A.

Fig. 15 shows that the proposedprocedurds suitedto describethe combinedeffect of
translationof theyielding surfacedueto hardeningandthe sizedecreas®f theyielding
surfacedueto crackgrowth. Note thata small softeningis obsened asthe netresultof
hardeningandductile crackgrowth for a bilinearmaterial.Fig. 16 shavs thattheamount
of softeningincreasesasexpectedwhenthe parametetD; of theequationdescribinghe
crackgrowth law, Eq.9, is decreased.

8 Conclusions

A methodologyto link micro-mechanicallybasedcrack growth simulationswith line
springanalysigs proposedy suggestin@nalternatve way to calculatethe J — integral
from theline springframewnork. A parametricaktudyneedso be carriedoutin orderto
find out if the alternatve J calculationis feasiblefor the frameawork it is meantfor. A
crackpropagatioraw is suggested.

Somedetailsof the numericalimplementatiorof the backward Eulerintegrationscheme
at the integration point of the line spring elementin orderto accountfor plasticity are
presentedherefor a bilinearmaterialmodel.An efficient numericalprocedurepasedon
theassumedrackgrowth law, is alsopresentedh orderto accounfor ductilecrackprop-
agation A numericalcaseis consideredshaving thatthe proposegroceduras suitedto
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thepurpose.
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A The completeGurson model

A.1 The Gurson model

Theclassicakheoryof plasticity stateghatplasticdeformatiorwill notchangethe mate-
rial volume of a pure material.Whena materialcontainsvoids, the volumewill change
underplastic strainingand hydrostatictensionstress.The plastic flow becomedilata-

tional [11]. Theconsequencis thatthematerialwill softenandtheloadcarryingcapacity
will decreaseThe modelwhich describesn a betterway the softeningeffect dueto the

presencef voidsis theonedueto Gurson.ThemainassumptionsponwhichtheGurson
yield functionis derivedare:

e von Mises condition is usedto characterizethe yield and flow of the matrix
material,consideredncompressiblendundamaged

o thelargestraininvolvedin theductilefractureprosesgollows arigid-plasticmodel

e aformis thenassumedor thevelocity field in the aggregate.The velocity allows
the voids to grow underthe requirementof incompressibilityin the matrix. The
velocity mustmeetthekinematicboundaryconditioncorrespondingo deformation
rateson the surfacesof theunit cube

Basedon the above assumptiorand on the simplificationof sphericalvoids; Gursonob-

tainesayield function ¢(o.,, om, f) Wherethe softeningeffect andthe damagemeasure
f arecontained:

Y

#0eas v, f) =~ + 241 f cosh (gqgﬂ) -1+ @f)) (18)

wheref = ‘“@mds is thevoid volumefraction, ¢;, ¢o = 1, oy is the meannormalstress,
Ueq IS theconventionalvon Misesequialentstressandoy representtheflow stresof the
matrix material. Gursons main hypothesiss that microvoids are nucleatedat positions
sufficiently far apartasnot to resultin initial interactionsbetweertheir local stressand
strainfields.

The Gursonmodelcannotpredictvoid coalescenceyut describesvell both growth and
nucleationof voids [5]. The void volumefraction of a materialduring a plastic strain
incrementwill changedueto:
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e thegrowth of existing voids

e thenucleationof new voids.

Theincreaseof void volumefraction, df, from existing voids andnewly nucleatednes
will beaddedogetherandhomaenizedas’one’ void for thenext loadincrementseeFig.
17:

df = dfgrowth + dfnucleation- (19)
Void growth:

In order to define the growth of existing voids, dfg,.tn, Under plastic straining,

Gursonmodel realcase Gursonmodel

loadincrement homogenization
dfg'rowth =V-W"

dfnucleation = VE% -V,

Figure17: Schematiglot of ductilefracturemechanism

we musttake into accountthe hypothesisof incompressibilityfor the matrix material.
df growtr, CANbEWTrIttEN AS:

dfg'rowth = (1 - f)dE,S(S” (20)

wherea{;- is the plasticstraintensor

Void nucleation:

Void nucleationis a highly material dependentprocess.Void nucleation depends,
in general,on particle strength,size, shapeand the hardeningexponentof the matrix
material. The nucleationmechanisntanbe strain controlled,or stresscontrolledwhere

24



Paper V: presentedat MekIT'01

the hydrostatictensionstressplaysa role. Thereareseveral nucleationmodels,but only
afew of themcanbeappliedto the Gursonmodel.lt hasbeencommonpracticeto relate
thevoid nucleatiornto anincremeniof deformatiorwhichresultsin anincremenbf strain
andanincrementof stressThegenerahucleationaw canbewritten as:

dfnucleation = AdE;gq + B(dam + daeq) (21)

wheres?_ istheequialentplasticstrainincrementssociategvith theplasticstraintensor
ando,, is the Misesequialentstress.in Eq. (21), the first term on the right handside
representshe part of nucleationdue to the equivalent plastic strainincrementand the
secondermdueto thestressncrement.A and B in Eq. (21) canbe calledthe strainand
stresscontrollednucleationintensity

A.1.1 Obsewations

e Eq.18predictsthematerialwill softenandtheloadcarryingcapacitywill decrease
dueto growth andnucleationof voids whenincreasingplasticstrainis appliedto
thematerial.

e Eq. 18 doesnot containary fracturecriterion. It predictsco ductility. In orderto
improve the equationand predicta more realisticloss of load carrying capacity
Tvergaardproposediifferentvaluesfor the parameterg; = 1.5 andg, = 1. Tver
gaard’s modificationhasthe effect of amplifying theinfluenceof hydrostaticstress
atall strainlevels, but the valueof thevoid volumefractionat fractureis still unre-
alistically high.

e A materialcurve derived by usingthe Gursonmodelfits well with a curve derived
by materialtestsup to a certainpoint wherea bifurcationbetweenthe two curves
takes place.The model predictsa ductility for the materialwhich is muchhigher
thanthat obsened one by materialtests.The impossibility of describingthe ob-
senedbifurcationis dueto thefactthatno coalescencemodelis takeninto account
in the Gursonmodel.

Critical void volume fraction

The Gursonmodelfails to predictvoid coalescenceAn alternative criterion hasto be
addedto the original modelin orderto describevoid coalescenceA possiblecriterion
to describesucha processassumeghat void coalescencappearsvhena critical void
volumefraction, f. is reachedIn this way we adda localizationor bifurcationcondition
to the Gursonmodel. The weaknesf this criterionis that f, is not a materialparam-
eter;it dependdoth on theinitial void volumefraction andon stresstriaxiality 7". The
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dependencen T canbe relaxed in the caseof small f,. Oncethe void coalescencer,
the bifurcationpoint, hasbeendeterminedo occuraccordingo acriterion, thevoid coa-
lescenceprocessanbesimulatedby thefollowing functionintroducedby Tvergaardand
Needleman:

f pofor f<fe

’”‘{m%(f—fc) . for f> 1. (22)

where:

f. — critical void volumefractionat which void coalescencstarts

fi¥=1/q — in orderto keepnumericalstability, never equalto 1

fr — volumefraction at final separatiorof the materialEq. 22 implies that, before
void coalescencehe void volume fraction and the decreasef load carrying capacity
takes the 'normal’ way by the Gursonmodel. After the void coalescencdas started,
the void volumefractionwill be amplifiedto representhe suddenlossof load carrying
capacity The void coalescencerocesds a really rapid processwith large void volume
expansion.

A.1.2 Obsewations

e EqQ. 22 is not directly basedon a physicalprocesshut is the resultof numerical
fitting.

o It hasbeenshownn thatthe effect of void coalescences well simulatedby thefunc-
tion 22. Oncef = f,, thevoid growth rateis increasedso thatin a few stepsthe
load carryingcapacityis artificially reached.

e f = f. correspondso the startof void coalescenceEq. 22 addsthe coalescence
procesgo Eq. 18

o Difficulty to determinethecritical void volumefraction parameter,.

Limits of the Gurson model

e Non uniguenessof theinitial void volumefraction anddamageevolution param-
eters.Many setsof parametersvhich describethe samematerialbehaior canbe
found.

26



Paper V: presentedat MekIT'01

e Difficulty in the calibrationof humericalmodelsdueto the high dependeng on
lengthscale.

e Theparameterf, = f.(fo, ;’7’;) is absolutelynota materialindependenparameter
It is fitted by comparingthe Gursonmodelresultandthe experimentalone. This
parametepredictsvoid nucleation,measuringhe numericalvaluesat failure and
is notconnectedvith a physicalfailure mechanism.

A.2 Plasticlimit load: alocalizeddeformation model due to void coalescence

The deformationof void containingmaterialscanbe split, asdiscussegreviously, into

two distinctive phasesthe homogeneouphaseandthelocalizedone. Thomasorj11] de-
velopedhis theoryon a dualdilatationalconstitutve equationtheoryfor ductilefracture.
It is basedon the obserationthatvoid coalescences causeddy localizedneckingof in-

terwid matrix. Thomasorarguesthattherearetwo deformationmodesin competition.
Both deformationmodesaredilatational.lt meanshatthey will resultin changeof ma-
terial volume.Thomasorstatesput of thermodynamicatonsiderationghatthe material
will alwaysfollow the deformationmodewhich needdessenegy. Thomasorfoundthat
thelocalizeddeformatiormodecanbedescribedy a plasticlimit modelstronglydepen-
denton the void/matrix geometry For a materialwithout voids the plasticlimit load is

Bi-dimensionakase

o(1-V3)> o

o(1 - Vf%) localisedmode

N

“ 01:02+2K \\;
'homog.deformation: N

&1 &1
Figure18: Homogeneoudeformatiormodevs Localizeddeformationmode.
infinite. In the beginning of the deformationprocessthe void dimensionsare smalland

the correspondingplasticlimit load is very large. In sucha situation,the homogeneous

27



Matteo Chiesa,Erling dstby,Bjgrn Skallerud, Christian Thaulow

modedeformationprevails. The plasticlimit load decreaseproportionallyto the growth
of voids.Oncethelocalizedstresss equalto the plasticlimit load,localizedmodedefor
mationbecomegossible Fig. 18 representshe effect of increasingplasticstraine; on
the ‘virtual' plasticlimit loadstresso, (1 — /V;),whereV; is the void volume,andthe
actualstresso;. The conditionfor void coalescencéy internalneckingof the intervoid
matrix canbewritten in a unidimensionataseas:

O_lHomogeneous _ OlLoca.lised (23)
whereg ! °m09me0us i the maximumprincipal stressat the currentyield surfaceandrep-

resentshe homogeneousleformationmode; g Locetis¢d s the local maximum principal
stressandrepresentghe micro-capacityof a voidedmaterialto resistthelocalizeddefor
mation.Eq. 23 impliesthatif the appliedload hasreachedhe capacityof the materialto
resistthevoid coalescencaheunstabldocalizeddeformatiormodewill prevail andvoid
coalescencwill take place.

A.3 A completeGurson model

In the completeGursonmodel,ZhangusesThomasors plasticlimit loadmodelasacoa-
lescenceriterionfor the Gursonmodel.ZhangmodifiesThomasors theoryby assuming
thatthe voids arealwaysspherical This modificationmalkesthe plasticlimit load model
fully compatiblewith theGursonmodel.In thecompleteGursonmodel,void coalescence
is notdeterminedy thecritical void volumefraction f,. f. is thematerialresponseatvoid
coalescencél he completeGursonmodelcontains:

o homogeneousielding function:

2
Somor )= % 42 f coh (FE) (14 @f) ) @9
Y Y

e void grow andnucleation:

df = (1 — f)def;6;; + Ade?, + B(dom + doey) (25)
e void coalescenceondition:

o1 < oyg(f,&;) nocoalescence : f*=f (26)

o1 = oyg(f, &) coalescencstart : f* = f.

the critical void volumefraction, f., is the materialresponseat void coalescence.
It dependsn stresdtriaxiality andthe initial value of void volumefraction f. =

fe(for F2)-

gy
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post-coalescenaesponse:

[ it R S S S (27)
fF fc

A.3.1 Obsewations

Thenon-uniguenessproblemis solved. £, is automaticallydetermined.

If we supposéhatthevoidsarenucleatedtthebeginning, f, is theonly parameter
which controlsthe failure behaior. This is not the real behaior, but givesgood
results.

It is not possiblefor f, aloneto describethe nucleationevent completely Other
parametersnetallugically determinedare usedfor this issue.Whenmetallugical
analystsarenot available, testresultsof fracturestrainversusstresdriaxiality can
be usedfor fitting the nucleationparameters.

Void nucleationparametersalibratedby a fitting which takesin consideratiorthe
triaxiality level canbetransferredo differentgeometry

Themodelturnedin to afitting model. Theoneto onerelationshipbetweermicro-
mechanismandthe parameterpresentedn the Gursondilatationfunctionis not
longerachieved.

Consideringa simplified nucleationmodelalsoknown assingle parametenucle-
ation model (fy(initial nucleation)or A(continuousnucleation),sucha parameter
canbeusedasacriterionin orderto classifymaterialsndependenof geometry
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Abstract. Thepresentstudyaddressesionlinearfinite elementnalysisof pipelinessubjected
to e.g. large curvatues.Cradks are accountedor by meansof a newly developedline spring

finite elementormulation.Linkingtheseslementso shellelementsandfurtherlinking theshell

elementgo beamelementspnehasa global modelof the pipelinethat also accountdor local

flexibilities and fracturesdueto defectqin the welds).This hasobviouspractical advantaes,
e.g. relatedto easymeshing/peprocessingin additionto havinga tool that directly provides
fracture medanicsquantities,suc as J-integral/CTOD etc, that is compaed to the fracture

toughnes®f the material. A recentdevelopmentn this respecis the notion of two-parameter
fracture assessment his meansthat both the crack tip stresstri-axiality (constaint) and the

correspondingracture toughnesss employedn the assessmengiving a muc more realistic

capacityof cracked structures. Theabove simulationsare carried out by meansof the softwae

USFOSaccountingfor large displacementand plasticity.
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1 Intr oduction

Pipelinesare subjectedo severeload historiesduring reelingandlaying. The pipe sggments
arejoined by meansof girth welds, introducinglocal stressconcentrationgndweld defects.
Usingexisting fractureassessmemhethodson a pipe subjectedo e.g..reeling,may not allow

for ary flaws at all dueto theinherentconseratismin the method(e.g.PD 6491,BS, 1999).
Productionof weldedpipelinesfree of defectsis difficult or evenimpossible Thereforeit is of

primaryimportanceto have feasibleassessmenibolsthataremoreaccurategiving morereal-
istic capacitiesof pipe crosssectionswith cracks.With this, it canbe shovn thatsomedefects
canbeacceptedandstateof theart welding proceduresnay be sufiicient.

FRACTURE PIPE

TOUGHNESS f 1 e
[3,K, CTOD] H

SENB(a/W = 0.3)
1
[ ] s=s@w=09  cr@w=os)
; i '

a) GEOMETRY / CONSTRAINT [T, Q, M]

b) \ Applied J
including

Rediiian . crack growth
equired -

toughness
~. Mismatch
I effect on

toughness

b
P

Constraint, Q
b)
Figurel: Effectsof constrainton fracturetoughness.

The presentstudyaddressesonlinearfinite elementanalysisof pipelines.The cracksareac-
countedfor by meansof anewly developedline springfinite elementformulation[1], [2], [3].
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Linking theseelementsto shell elementsand further linking the shell elementsto beamel-
ements,one hasa global model of the pipeline that also accountsfor local flexibilities and
fracturesdue to defects.An importantadwantagewith suchan approachis a direct fracture
mechanicsassessmerd.g.via computed/—integral or CTOD. A recentdevelopmentin this
approachs thenotionof two-parametefractureassessmenthis meanghatthecracktip stress
tri-axiality (constraintjs employedin determininghecorrespondindracturetoughnessgiving
amuchmorerealisticcapacityof cracked structures.

Fig.laillustratestheeffect of constrainton fracturetoughnesslt is notedthatthe usualfracture
mechanicsestspecimen$SEN B, CT) have high constrainin thecracktip stresdield, result-
ing in low toughnessA main characteristiavith thesespecimenss thattheligamentis loaded
in bending.A ligamentloadedprimarily in tension,suchasin a pipe or a singleedge-notched
tensilespecimer(SENT), providesa lower constrainanda highertoughnessThe maximum
allowablecrackobtainedusingthefracturetoughnes$rom a SEN B or CT specimengivena
large externalload or deformationwould be vanishinglysmall.

The weldsare often the mostcritical part of the structureregardingunstablefracture.Proper
designandselectionof materialsgovernstructuralintegrity. Currentfabricationpracticeadopts
aweld metalovermatchwith respecto the basemetal. The overmatchweld hasthe advantage
to increasestructuralcapacity(for cracksin theweld metal)for shallov andmediumsizecracks
andthusimprove resistanceo failure of the weldedjoint. However, for crackslocatedin the
heataffectedzone(HAZ), weld metal overmatchmay have detrimentaleffects see[4]. With
theintroductionof new high strengthstructuralsteelsundermatchveldsmaybeexpected The
bestsolutionwould beevenmatchhowever, this is difficult to achieve in practice.Thereforejt
is necessaryo quantify the effect of weld metalmismatch .t turnsout thata constraintbbased
approachmaybe emplo/edto obtainrepresentatie fracturetoughnessor this casealso.

Often someductile crackgrowth occursbeforethe critical fractureeventis met. Fig.1billus-
trateshow constraintcorrectionof the toughnessvorks. The constraintmay decreasénitially
dueto increasedlasticdeformation put asthe crackgrows, morebendingis introducedn the
ligament,andtheconstrainincreasesigain. Thefully dravn line representthefracturetough-
nesswhereaghe dottedlines indicateseffect of materialmismatch(undermatchAeenmatch).

2 Theory

2.1 Two- and three-parameterfractur e mechanics

In corventionalfracturemechanicsit is assumedhat cracktip stressfield is controlledby a
single parametere.g. the stressintensity factor K or the J—integral, and that the toughness
obtainedfrom testswith onespecimengeometrycanbe transferredo structuralapplications.
In generaltherearetwo typesof constraintsn a weld: i) the geometryconstraintcausedoy
cracksize, specimendimensionsandloading mode;ii) the materialmismatchconstraintdue
to inhomogenousnaterial properties. Theseconstraintanay be characterizedy the @ or T’
parameteandthe M -parameterespectiely (O’Dowd andShih[5], BetegonandHancock6],
Ranestaatal. [7], Zhanget al [4], Parks[8], Kirk andBakker [9]. The constraintsnvalidate
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Tablel: Nomenclature

J Rice’s pathindependenintegral

K stressintensityfactor

dN,dM forceandbendingmomentincrements
dA, df line springdeformationincrements
0ij component®f stressensor

0sj Kronecler delta

Cy tangenttiffness

o yield stress

Q.T,M constrainparameters

r,0 polarcoordinates

ctod cracktip openingdisplacement

corventionalfracturemechanicsi.e. for a givenvalue of crackdriving force J, the cracktip
stresdield is influencedoy the constraintevel. Fig.2aillustratesthe geometryconstrainieffect
on the cracktip stressfield, wherea referencesolution given by the uppercurve may be the
HRR-field (i.e. a crackin aninfinitely large specimen)whereashe lower cune is the actual
stressfield. Hence,thereis no one-to-onerelation betweenthe crackdriving force and crack
tip stresdield, andthefracturetoughnessbtainedrom onecasecannotbedirectly transferred
to anothemne.For clearagefractureoccuringaftersignificantplasticdeformationwith attain-
mentof a critical stresgnormalor maximumprincipal stressver a microstructurallyrelevant
volume,the RKR criterionsee[10], is afeasiblefailure criterion. Brittle fractureinitiateswhen
acritical stresss reachedn front of the cracktip over a sufficiently large distancelf this dis-
tanceis givenby point2 in Fig.2a,thenoneseedhatthestresdield in alow constrainsituation
hasreachedhe critical stressover a too small distance point 1. This situationis manifested
in Fig.2b considering/—integrals.Here Jy. ference 1S the J—integral thatwould exist in anin-
finitely large specimerwith the samecracktip stresdfield asin the actualspecimenFracture
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Figure2: a) effect of constrainton crcaktip stressfield, b)relationshipbetweenappliedJ and
referencel

would initiate in a low constraintspecimengor appliedJ equalto J.,, or J 2 . Whenthese
J—levels arereachedthe RKR-criterionis fulfilled. Using the actualstressfield (accounting
for actualconstraint) andcomparingwith the HRR stresdield it is possibleto determinevhat
magnitudeof Jappliedthatis requiredto initiate fracture.

The factorsthat influencethe transferabilityand invalidate the one-to-onerelation between
crackdriving force J andcracktip stresdield is calledconstraintFor specimensnadeof ho-

mogenousnaterialsthe constrainis termedgeometryconstraintit hasbeenproposedhatthe

stresdield at differentlevels of geometryconstrainicanbe characterisetty the J — @ theory

i.e.the J integraland(@), a hydrostaticstrespparametesee[5]. Accordingto theJ — @ theory

thecracktip field insidethe plasticzonecanbe separateéhto two parts.Thefirst partis called

referencefield which is controlledby J, i.e. the one-to-onerelationbetweenthe J andstress
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field is maintainedn the referencdield. The actualstresdfield is influencedby the constraint
level atthecracktip, it thereforemodifiesthereferencdield. Thisleadsto asecondstresdield,
calleddifferencefield, which s practicallycontrolledby the parameter). The completestress
field canthereforebewritten:

Oij = O',;'r]?f + Qo—ijéij (1)
Thematerialstrengthdistribution in arealweld is complicatedandcertainsimplificationsof a
weld crackproblemareneededFor aspecimemadeof inhomogenousaterialswith aninter
facecrack,theobsenredfracturetoughnessf areferencenaterialis obviouslyinfluencedoy the
mismatchpropertieof thematerialon the othersideof theinterface.For materialswith identi-
cal elasticpropertiestherearethreetypesmismatch:strengthmismatch hardeningnismatch,
andcombination Recently extensie numericalstudieshave beencarriedout to investigatethe
effect of materialmismatchconstrainton the interfacecracktip stressfield of bi-materialand
tri-materialboundarylayer models.In the J-Q-M formulationa generalapproximatiorfor the
differencefield hasbeenusedj.e.o; ; = 0, ;(r, 0, J,Q, M), [4], [7] , [11].
In orderto relate Jyeference 10 fracture,an approachwherethe fractureis relatedto testingof
weld thermalsimulatedCT O D specimenfiasbeenapplied.Thesespecimensepresents ho-
mogenousnicrostructureof the mostbrittle part of the HAZ, hencethe mismatchconstraint,
M, will bezero.For mary steels fractureafter weld thermalsimulationare experiencedat a
low CTOD, giving only alimited sizeof the plasticzoneandlittle relaxationfrom the initial
high constraintin small scaleyielding. In this way J,.ference Canbe relatedto the failure of
homogeneoumicrostructuresnda specimersizewherevalid J resultsareobtained(e.g.un-
dersmallscaleyielding). A horizontallimit in Fig.2bcanbe choseno representhecritical J
experiencedn weld thermalsimulationtesting,andthe J — Q — M approachis thenusedto
transferfrom this "ideal” situationto the actualweld underconsideration.

2.2 Finite elementformulation

Thefinite elementemployedhereinis quadrilaterathin shellelementwith six degreesof free-
dom at eachnode,i.e. a higher order membranedisplacemeninterpolation(drilling degree
of freedom),denotedANDES (acrorym for assumechatural deviatoric strain). It is a non-
conforminghigh-performancshellelementse€[12], [13]. The plasticitymodelingis basedn

asimplifiedversionof llyushin’s stresgesultantyield criterion.Oneadwantagewith the simpli-

fiedyield surfaceis thatoneonly have oneactive yield surfaceat ary time in the stressupdate
in additionto not having to integrateover shellthicknesssee[14]. Theline springelementis

aone-dimensionatlementintroducingadditionalflexibility in the shelldueto surfacecracks.
Theelasticstiffnessis obtainedrom known solutionsfor edgecracledstripsseg[15]. Thetan-
gentstiffnessis obtainedby the flow rule, consisteng condition,andassumingadditive split of

elasticandplasticdeformationsn theligament

HEkE) @

HeredA is the incrementaline springextensionanddé incrementaline springrotation. The
plastic responseof the line springis governedby yield surfaceshaving the crack depthas
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Figure3: Yield surfacefor differentcrcakdepths(a/h = 0,0.15,0.3)

parameterseeFig.3. The tangentstiffnesshas crack depth, yield stress, and hardeningas
parameters:
[ dN

40 3
With this one may employ weld metal material propertiesin the line springif the crackis

locatedin theweld, see[16]. Thefracturemechanicparametersnay be determinecdy means
of elasticand plastic J-integral contritutions. The elasticJ is determineddirectly from stress
intensityfactorstheplasticJis calculatedncrementallyfrom theincrementaplasticline spring
deformationsi.e.

K7
= B2
dJy = f(dAp, dbp)

Jp = /de

J=J.+J,

Combininga computedJ—integral with a measureof geometryconstraint,initiation of frac-
ture may be predicted.For the shell and line springfinite elementmodel,a corvenientway
of determiningconstraintis by meansof the T'—stress.The T'—stressis the secondterm in
the asymptoticexpansionof the elasticsolutionfor the cracktip stressfield by Williams see
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Figure4: Constraintasafunctionof crackdepthto thicknesgatio for differentspecimen$3].

[17]. The T-stresshasthereforebeenconsideredas an elasticparametemwith a limited range
of validity. Betegon andHancock[6] have shovn thatthe T—stressprovidesa good estimate
of the constrainteven beyond the elasticand small scaleyielding regime. Lee and Parks[18]
have proposeda methodfor calculatingthe T'—stressfor the shell-line-spring-mesbasedon
Shams analyticalwork see[19]. By useof the membrandorce and bendingmomentalong
the semi-elliptical crack front, the T'—stressat ary point along the crack front can be ex-
pressedi.e.T = T'(a, N, M). Hence atwo-parametefracturemechanicspproachs possible
with shell/line spring elementsalso. The following parameteiis usedto measureconstraint:
8 = TKEI“. This dimensionlesparameteis plottedin Fig.4. It is obseredthata higher( is
obtainedfor the SENB specimerascomparedo the SENT specimen.

3 NUMERICAL SIMULATIONS

3.1 Surfacecracked plate in four-point bending

Surfacecracledplatein four-pointbendingThis casehasbeenanalyzedkarlierby two alterna-
tiveformulations(eitherathick shellelemenbr solid elementanalysis) se€[20]. In thepresent
study a thin shell elementis usedwith the new line springformulation. A rectangulamplate
with two oppositeboundariegpinned,the two otherfree, subjectedlo symmetricfour point
bendingload. The pinnedboundarieancarry membranegorces(in plane)in additionto the
trans\erseload, seeFig.5a.Fig. 5b shavs the total load versusload-line displacemenfor an
intact plate and a surface cracled plate. A membrandorce effect is notedin additionto the
increasedlexibility dueto the crack.
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Figure5: a) finite elementmesh b) load deflectioncurves.

3.2 Pipesubjectedto bending

Testresultsfor the presentcaseis reportedby Eide et al. [21]. It is a pipe subjectedo four
point bending.The pipe is girth weldedat midsection,and a semi-ellipticalsurface crackis
initiatedthere.The presentaseanalyzeds denotedI'3, the crackdepthto crackwidth is 0.05,
andthe crackdepthto shellthicknesss 0.5. The shellthicknessis 20mm, andpipe diameter
is 508mm. The specimeniengthis 3840mm. Yield strengthandplastichardeningmodulusis
approximately430 M pa and 730M pa, respectiely. The weld can be consideredvenmatch.
Thefracturetoughnessvasdeterminedy meansof ctodtestingof three-pointendingtestsof
bothbasematerialandweld metal.An averagecritical ctodwas0.7mm. Notethatcrackdepth
to thicknesgatio for thesetestswas0.5. Accordingto Fig.4thecorresponding is about0.4, a
high constraintFig.6 shovs thecomputecandmeasuredesponsgivenby normalizedoending
momentanddeflection.The normalizingmomentis therigid plasticmomentcapacity Thetest
failedfor a deflectionabout0.1 timesthe diameterin a brittle mannerEide et al. [21] useda
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Figure6: Globalrespons®f surfacecracled girth weldedpipe.

level 3 failureassessmemtiagramin determininghecritical ctod atfailure.With this, acritical
ctod of 1.3mm was predicted,i.e. much higherthanthosemeasuredy the three-pointbend
specimensThisis well explainedby the constraint sincethe computedconstrainty meansof
thecurrentapproachs aboutzero(seealsoFig.4).Hence dueto areducedconstrainin the pipe
comparedo the SNEBtestresults thefracturetoughnesss increasedignificantly Combining
the global shellandline springfinite elementcalculationwith a constraintcorrectedfracture
toughnesgivesa morerealisticcapacityassessmentith respecto fracture.Fig.7 depictsthe
contoursof equivalentplasticstrainin the shell elementsn centralpart of the pipe. Thered
color representstrainshigherthan1%. It is notedthat somestressreductionin front of the
crackgivesaredistritution to theintact partof the shell. Theline springelementgnot shavn)
alsohave a high utilization.

4 Concluding Remarks

A methodologyaccountindor cracksin girth weldedpipesis presentedlt is basedn acombi-
nationof line springelementsshellelementsandtwo-(or three-)parametdracturemechanics
assessment3.he centralpoints are that three-dimensionaiodeling of the crackis not nec-
essaryandfracturemechanicgparametersrecomputedn an efficient mannerIn additionto
the usualcalculationof J—integral or CT'OD, the fractureassessmeri$ supplementedby a
constraintmeasurdhatscaleghe failure condition.In mostcaseghis is manifestedy having
very conserative critical CTOD valuesfrom thetypical fracturemechanicsestspecimensand
with a constraintcorrectionrepresentatie for the actualpipe, the conseratismis reduced A
consequencef this is that presentweld proceduresnay be satishctory andfinite sizedweld
defectsmaybeaccepted.

10
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a)

Figure7: Globalrespons®f surfacecracled girth weldedpipe.
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