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StressstateandstrainratedependentductilefracturebehaviorofQ690steel

DONGJunhong,SHAGEAAliAli,YANGBo,DINGHaomin
(SchoolofCivilEngineering,ChongqingUniversity,Chongqing400045,P.R.China)

Abstract:Thetruestress-strainrelationshipandductilefracturecharacteristicsofChineseQ690high
strengthstructuralsteelwereinvestigatedatdifferentlowstrainrates.SheetQ690specimenswithone
unnotchedandtwodifferentnotchgeometrieswereusedforuniaxialtensiletests,andpureshearsheet
specimenswerealsousedforsheartests.Thesespecimenswereloadedtoobtainawiderangeofstress
states.Ahybridexperiment-simulationapproachwasusedtodeterminetheequivalentplasticstrainto
fracture,thestresstriaxialityandtheLodeparameter.Theresultsshowedthatthestresstriaxialityand
theLodeparameterarethekeyfactorscontrollingfracture,andthatthestrainismoresensitivetostrain
rateascomparedtostress.Itwasobservedthattheequivalentplasticfracturestrainincreaseswith
increasingstrainrate.Furtherstudiesarerequiredtodesignpureshearspecimenssinceitisdifficultto
realizepureshearstressstateonthefracturesectionsinmostofthepuresheartestsduetotheobvious
deformationandstressconcentrationbeforeafractureoccursatthegaugearea.
Keywords:highstrengthstructuralsteel;ductilefracture;stresstriaxiality;Lodeparameter;strainrate

应力状态和应变率对Q690钢延性断裂行为的影响
董俊宏,沙佳阿里阿里,杨波,丁浩敏

(重庆大学 土木工程学院,重庆400045)

摘 要:研究了中国Q690高强度结构钢在不同低应变率下的真实应力 应变关系和延性断裂特征。
加载了3种不同开口尺寸的单轴拉伸平板试件和纯剪试件,获得了广泛的应力状态。用试验结合

数值模拟的方法确定等效塑性断裂应变、应力三轴度和罗德参数。结果表明,应力三轴度和罗德参

数是控制断裂的主要影响因素。与应力相比,应变对应变率更为敏感,等效塑性断裂应变随应变率

的增大而增大。此外,由于断裂前纯剪试件标距范围发生明显的变形和应力集中现象,断裂面以拉

应力或拉剪应力为主,纯剪试件的设计需要进一步研究。
关键词:高强度结构钢;延性断裂;应力三轴度;罗德参数;应变率
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1 Introduction
Duetothegrowingdemandforthegreater

safetyandlighter weightofstructures,high-

strengthsteel,suchastheChineseQ690steel,is
increasinglyutilizedinsteelstructures.

Afractureinamemberofsteelbuildingscould
leadto areductioninthe membersloading



capacity,andconsequentlyastructuralfailure
couldoccur.Manystudieshaveinvestigatedthe
ductilefracture mechanism ofsteelstructures.
Researchershavecarriedoutvariousexperimental
andnumericalstudiesaboutthefracturebehavior
ofsteelthatinvestigatedductilefracturesand
damage.
Inmanystudies,thestresstriaxialityandthe

Lodeparameterhavebeenfoundtobethekey
parameters governing the ductile fracture of
metallic materials.Deoleetal.[1]conducteda
seriesofmetalfracturetestsincludingtensionand
sheartests.Afracturelocuswasbuilt,basedon
thestresstriaxialityandtheLodeparameter.They
mentionedthatthefracturelocusdependedonthe
calibration method used. Inspired by the
mechanismofnucleation,growthandcoalescence
ofvoids,Louetal.[2-4]developedaductilefracture
modelforsheetspecimensandextendeditto
incorporatethestresstriaxialityandthe Lode
parameter.Achangeablestresstriaxialitycutoff
valuewasalsoproposed,consideringthevarious
microstructuresofdifferentmetals.Lietal.[5]

fullyinvestigatedtheductilefracturecharacteristics
ofChinese Q460highstrengthstructuralsteel
underaquasi-staticconditionbyusingmechanical
testsoffourtypesofnotchedspecimens.The
influenceofthe stressstate on thefracture
mechanismofthematerialwasthenstudiedby
observingthefracturesurfacesofalltestspecimens
usingaScanningElectron Microscope (SEM).
Differentfracture mechanisms were noticedin
different stress triaxiality regions. Bai and
Wierzbicki[6] found that ductile fracture was
inherentlyathree-dimensionalphenomenonand
shouldberepresentedinthethree-dimensional(3-
D)spaceconsistingofthestresstriaxiality,the
Lodeparameterandtheequivalentplasticstrainto
fracture.Sixteenfracturemodelswereevaluatedin
this3-Dspace.

Otherstudieshavealsorevealedthatthestrain
ratecanaffectmetalfracturebehavior.Songetal.[7]

studiedtheeffectofstrainrateonthefracturebehavior
oflow-alloystructuralcarbonsteelbyinvestigating
monotonictensilefracturesandin-planeshearfractures
underdifferentstrainratesinaquasi-staticloading
range.Theresultsshowedthatthestrainrateslightly
magnifiedtheequivalentplasticfracturestrain.Sjöberg
et al.[8] presented a methodology for fracture
characterizationatstrainratesupto1000/s,at
temperaturesupto650 ℃.A high-speedcamera
combinedwithdigitalimagecorrelationwasusedto
evaluatethe strain atthefracture. A coupled
relationshipbetweenthetemperatureandthestress
triaxialitycontrollingthefracturestrainwasnoticed.
RothandMohr[9]carriedoutlow,intermediateand
highstrainratetensileexperimentsonflat,smooth,

notchedandcentral-holespecimensextractedfromhigh
strengthsteelsheets;anempiricalmodifiedHosford-
Coulombfracturemodelwasproposedandsuccessfully
validated.KhanandLiu[10]developedanisotropic
ductilefracturecriterionbasedonthemagnitudeofthe
stressvector (MSV)toincludestrainrateand
temperature dependences.In this criterion,an
exponentialterm wasincorporatedtosimulatethe
strainrateseffectontheductilefractureofanalloy.

Inthisstudy,uniaxialtensionandpureshear
testswereperformedtoinvestigatethestressstate
andstrainratedependentductilebehaviorofQ690
highstrengthsteel.Oneunnotchedsteelspecimen
andtwosteelspecimenswithdifferentgeometrical
notcheswereusedtoconducttheuniaxialtests.
Pureshearsheetspecimenswereadoptedforthe
sheartests.Theinfluenceofquasi-staticstrainrate
onthematerialconstitutivemodelandfracture
mechanism wasstudied.Theexperimentaland
numericalresultsindicatedthattheshapeofpure
shearspecimensshouldbeenhancedtoensurethat
fracturehappensunderthepureshearstressstate.

2 Experimentalprogram
2.1 Specimendesign

Thelayoutoftensileandpuresheetspecimens
isillustratedin Fig.1.Thetensilespecimens
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includebothnotchedandunnotchedtensilesheets;

allthesheetswerefabricatedfromastructural
steelbeamwithanominalyieldingstrengthof690
MPa.Threesamplesweretestedforeachspecimen
toensurethereliabilityofthedata.Notchradiiof
R=2mmandR=5mmwereusedtoobtainthe
resultsofdifferentstressstates;analogousnotchradii
datacanbefoundinReference[1]and[4].Thepure
shear sheet specimen developed by Bao and
Wierzbicki[11] was used in this study. Some
modifications(e.g.asmootharcradiusof5mmatthe
gaugearea)weremadetoavoidstressconcentration,

asdepictedinFig.1(d).

Fig.1 Specimendesigns(mm)
 

2.2 Instrumentation

Thetensileandsheartestswereperformed
usingauniversaltestingmachine(CMT5105),as
showninFig.2.Theforce-displacementcurve
obtaineddirectlyfromthismachinewasunreliable
duetothepossibleslipbetweentheclipandthe
specimen.Therefore,anextensometerwasapplied
tomeasuretheaxialdeformationinthegaugearea

untilthespecimenfractured.Twodifferentquasi-
staticstrainrates(0.0001and0.01)werechosen.
Inordertoachievetheexpectedstrainrates,the
loadingratesoftheuniversaltestingmachinewere
adjustedto0.048 mm/minand4.8 mm/min,

respectively.Allloadingrateswerekeptconstant
duringtheentiretestprocess.Also,ahigh-speed
camera(VIC3D)wasusedtorecordthecrack
evolutionoftheexternalsurfaceofthegaugearea
ofthespecimens.

Fig.2 Thetestdevice
 

3 Finiteelementmodel(FEM)

3.1 Materialproperties
Theunnotchedtensilespecimen (R0)was

testedtodeterminetheengineeringstress-strain
curvesshowninFig.3.Theengineeringstressis
equaltotheaxialforcedividedbytheinitialareaof
thecross-sectionatthegaugearea,whereasthe
engineeringstrainisequaltotheaxialelongation
divided by the original gauge length. The
specimens werecutusingan accuratecutting
machine(Dk7740).Thedimensionmeasurement
showedthattheerrorwasnomorethan0.2%.
Thesecurveswerethenconvertedtotruestress-
straincurvesbeforeneckingoccurredusingEq.
(1)andEq.(2).

σtrue=σ(1+ε) (1)

εtrue=ln(1+ε) (2)

whereσtrueisthetruestress,εtrueisthetruestrain,σ
istheengineeringstress,andεistheengineering
strain.

Previousstudieshavedemonstratedthatthe
hardening behavior of steel is significantly
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Fig.3 Engineeringstress-straincurvesunderdifferentstrainrates
 

influencedbythestrainrate.Similarworkcanbe
foundinReference[9]and[12].Oneofthemost
famousmetalhardeninglawsistheJohnson-Cook
(JC)model[13],asshowninEq.(3).Thestrain
termoftheJCmodelisalwaysincorporatedasa
multipliedterminotherhardeninglawstoinclude
theeffectofthestrainrate[9].

σ=(A+Bεn
p)1+Clnεp

·

ε0
·  1- T-Troom

Tmelt-Troom  
(3)

  Anothercommonly-usedhardeninglawisthe
Swiftlaw[14],whichwasusedinReference[1]and
[7]forsheetspecimens.Inthisstudy,thestrain
rateoftheJCmodelwasincludedintheSwiftlaw.
Thetruestress-strainrelationshipfromyieldingto
necking was fitted with the modified Swift
hardeninglawasshowninEq.(4).

σ=D(ε0+εp)m 1+Clnεp
·

ε*p
·  (4)

whereDisamaterialparameter,misthestrain
hardeningexponent,ε0isthefirstyieldstrain,εpis

theplasticstrain,εp
·
istheplasticstrainrate,and

ε*p
·
isthereferenceplasticrate.Forthesteel

materialusedinthisinvestigation,D=1037.53
MPa,m=0.09andC=0.002,which were
obtainedfromnumericalfittingofthemeasured
data.
3.2 Solidmodel

Thefiniteelementsoftware,Abaqus,was
utilizedtosimulatetheforce-displacementcurves.
Inordertosavecomputationaltimeandsimplify
themodellingprocess,onlyoneeighthofthe
geometryofthetensilespecimens(R0,R2andR5)

andhalfofthepureshearspecimens(PS)were

modelledduetothesymmetricaldeformation.The
FEMsoftheR0andPSareillustratedinFig.4as
therepresentativeexamples.

Fig.4 Finiteelementmodel
 

Ameshdependencyassessmentwasperformed.
Differentelementsizeswereevaluatedintermsof
computationaltimeandaccuracy.Thenumerical
resultsshowedthatafineelementsizeof0.2mm
atthegaugeareawasreasonablyappropriateforall
thespecimens.Thereducedintegration8-node
brickelement(C3D8R)waschosentomeshthe
specimens,andtheimplicitdynamicmethodwas
used.

4 Resultsanddiscussion
4.1 Fracturemode

Theexperimentalresultsofthefractured
specimensshowedthatthemacroscopicfracture
morphologyofthespecimenswasalmostunaffected
bythestrainrate.Fig.5showsthetypicalfracture
modesoftheR0,R2,R5andPSspecimens.Figs.
5(a),(c),(e)and(g)werecapturedbythehigh-
speedcamera.Ascanningelectronmicroscopewas
usedtoobtainimagesofthefracturesurfacefor
thesefourtypesofspecimens,asshowninFigs.5
(b),(d),(f)and(h).
TheR0specimenfracturedintheformofan

inclinedplane,becauseitwasdifficulttoensure
theverticalityofthespecimenparalleltotheload
direction.Thecracksinitiallyappearedonthe
outersurfaceofthemiddlepartofthespecimen,as
recordedbythehigh-speedvideocamera.IntheR5
specimen,a horizontal fracture surface was
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observed,andcracksalsobegantoappearinthe
middlepartofthespecimen.Thefracturesurface
oftheR2specimenwasahorizontalplanewiththe
cracksinitiatingfromtherootofthenotch,which
wasmainlyattributedtothestressconcentration
bythesmallernotchradius.InFigs.5(b),(d),
(f)and (h),wecanseethatallthefracture
surfaces in the tensile specimens were
comparativelyroughandconsistentwiththemicro-
fracture mechanism ofnucleation,growthand
coalescenceofvoids.However,thepureshear
specimen showed a smootherfracture surface
characterizedbysheardecohesion.

Fig.5 Fracturemodesoftensileandpureshearspecimens
 

4.2 Determinationofequivalentplasticstrainand
stressstateatfracture
ThenumericalresultsaredisplayedinFig.6.

Itcanclearlybeseenthatthereisadifference
between theforce-displacement curves ofthe

tensilespecimensdepictedinFigs.6(a),(b)and
(c)and the pure shear specimens force-
displacementcurvesinFig.6(d).Asforthe
uniaxialtensilespecimens,therewasapronounced
materialsofteningbehaviorbeforethefracture.
Also,different notch radii produced distinct
elongations,andaminornotchradiusresultedin
less elongation.In contrast to the tensile
specimens,the pure shear specimen did not
experienceamaterialsofteningprocessbeforea
fracture,which meantthatfracture occurred
almostwhenthecriticalshearloadwasreached.

Fig.6 Experimentalandnumericalforce-displacementcurves
 

Insteel,thestresstriaxialityandtheLode
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parameteraretwokeyparametersthatcontrolthe
steelsfracturebehavior.Thestresstriaxialityis
definedbytheratioofthehydrostaticpressuretothe
VonMisesequivalentstress,asexpressedinEq.(5).

η=σm
σ-

(5)

  TheLodeparameterwascalculatedbyusing
Eq.(6).

L=2σ2-σ1-σ3
σ1-σ3

(6)

whereσ1,σ2,σ3arethefirst,thesecondandthe
thirdprincipalstress,respectively.

Ahybridexperiment-simulationapproachwas
usedtodeterminetheequivalentplasticstrain,the
stresstriaxialityandtheLodeparameterateach
fracture.Itisgenerallyassumedthatafracture
initiateswhentheforce-displacementcurvedrops
abruptly.Itis worth notingthatduetothe
discretenessofthetestconditions,threespecimens
of the same type fractured at different
displacements.Thepointswheretheexperimental
force-displacementcurvesinFig.6dropabruptly
areknownastheaveragefracturedisplacement.
The maximum samplevarianceofthefracture
displacementwas0.1,whichindicatesthegood
repeatabilityofalltestresults.Subsequently,the
equivalentplasticstrain,thestresstriaxialityand
theLodeparameterwerecalculatedfromthefirst
elementexpectedtobedeletedinthefiniteelement
modelatfracture.
Thefirstelementexpectedtobedeletedfromthe

FEMisthehypotheticalinitialfracturepointofthe
specimen.Thedeterminationofthehypothetical
initial fracture point is mainly based on
experimentalcrackevolutionandtheparameters
relatedtothefracture (theequivalentplastic
strain,thestressstates).Thelocationofthis
pointisclearforthetensilespecimens(R0,R2and
R5).TakingR0asanexample,itcanbeseenfrom
Fig.5(a)thatcracksinitiatedfirstinthemiddle
part,meaningthatthehypotheticalinitialfracture
pointwaslikelytolieatthecenterofthecross-
section.Fig.7showsthenephogramsofthe

fracture-relatedparameters,suchastheequivalent
plasticstrain,themaximumprincipalstress,the
secondprincipalstressandtheminimalprincipal
stress.ForR0,thecentralelementofthecross-
sectionshowsthe maximum equivalentplastic
strainandismostlikelytobedeletedfirst.Atthe
sametime,thisparthasthemostunfavorable
stressstate,wherethestresstriaxialityishighest
basedonthethreeprincipalstresses,shownin
Figs.7(b),(c)and (d).Asaresult,itcan
reasonablybeassumedthattheinitialfracture
pointofR0islocatedatthecenterofthecross-
section.ThedeterminationofthepointsforR2and
R5followthesameprinciples.Thehypothetical
initialfracturepointislocatedattherootofnotch
forR2,whereasitisatthecenterforR5.

Fig.7 Nephogramsofthefracture-related

parametersofspecimenR0
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However,itisdifficultto determinethe
hypotheticalinitialfracturepointofthepureshear
specimen.Fig.5(g)showsthatthefracture
initiatedfromtheedgeofthegaugearea;similar
behaviorwasreportedin Reference [1].This
meansthatthehypotheticalinitialfracturepoint
liesattheedgeofthisarea.Paradoxically,the
centerelementofthePSscross-sectionhasa
higherequivalentplasticstrainthanthatofthe
edgepoint.Atthesametime,notethatthereare
almostthesamestressstatesatthesetwopoints,

asshowninTable1andillustratedinFig.8.
Generally,itshouldbetheoreticallyassumedthat
thefirstelementexpectedtobedeletedliesatthe
middlepartofthecross-section.

Table1 Equivalentplasticstrain,stresstriaxialityand

Lodeparameteratthefractureforeachspecimen

Specimen
Stress

triaxiality

Lode

parameter

Equivalent

plasticstrain

R0(0.0001) 0.886 -0.120 1.046

R0(0.01) 0.860 -0.076 1.092

R2(0.0001) 0.406 -0.932 0.603

R2(0.01) 0.398 -0.928 0.665

R5(0.0001) 0.887 -0.101 0.668

R5(0.01) 0.820 -0.141 0.424

PS(0.0001) Center 0.327 -0.833 1.095

PS(0.0001) Edge 0.357 -0.619 0.527

PS(0.01) Center 0.324 -0.831 1.082

PS(0.01) Edge 0.352 -0.819 0.538

Itis also worth noting that pure shear
specimensdesignedbydifferentresearchershave
gaugeareasofvariousshapes,leadingtoclearly
varyingstressstatesattheedgesofthegauge
areas.Thestressstateattheedgeismorelikelyto
befarawayfromthepureshearstressstate.
Althoughthecracksstartedfromtheedgeofgauge
areaaccordingtotheexperimentalresults,the
fractureisstillsimplyassumedtooccuratthe
centerofthecross-sectionofthePSspecimen,

becausethestressstateatthecenterpointiscloser
tothepureshearstateinmostcases[1,4].That

Fig.8 Nephogramsofthefracture-related

parametersofthePSspecimen
 

assumptionwasalsoadoptedinthisstudy.The
equivalentplasticstrain,thestresstriaxialityand
the Lode parameteratthefractureforeach
specimenarelistedinTable1.
4.3 Effectofstrainrate

OnesignificantcharacteristicoftheJCmodel
isitsincorporationofplasticstrain,strainrateand
temperature,whichisalsoadoptedinEq.(4).
Thiskindofequationformshowsthatstrainrate
and strain are independent. However, the
engineeringstress-straincurvesinFig.3showthat
theengineeringstrainisalsoaffectedbythestrain
rate.Songetal.[7]alsoobservedthisanalogous
phenomenon, but contradictory experimental
resultscanbefoundinReference [10],when
differenttypesofsteelwerestudied.Thesestudies
indicatethatstrainisdependentonthestrainrate.
Theeffectsofthestrainrateontheengineering
stress-strainrelationshipistabulatedinTable2.
Onecanseethatthestrainrateclearlyaffectsthe
strain.Theincreaseofstraincouldbeattributedto
theeffectofthestrainrateonthe materials
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constitutivebehavior.Understandingtheprecise
stress-strainrelationshipisessentialtodetermining
thefracturestrain.Therefore,furtherstudiesare
neededtoinvestigatethequantitativeeffectof
strainrateonstrain.

Table2 Effectofstrainrateonstressandstrain

Strainrate Peakstress Strainatpeakstress

0.0001 781.951 0.0934

0.0101 791.955 0.1034

Increaseproportion 1.3% 10.7%

Intermsofthestressstate,itisclearfrom
Table1thattheinfluenceofthestrainrateonthe
stresstriaxialityandthe Lodeparameter was
negligibleintheR2,R5andPSspecimens,where
thestresstriaxiality andthe Lode parameter
remainedalmostconstant.However,thereare
somevariationsofthestressstateinthe R0
specimensunderdifferentstrainrates.Asforthe
equivalentplasticstraintofracture,itshouldbe
notedthattheequivalentplasticstraintofracture
slightlyincreaseswiththeriseofstrainrateforthe
tensilespecimens,exceptR5.Thesmallvariation
maybeduetotheslightchangeinthestrainrate.
Besides,theequivalentplasticstrainatthefracture
ofthePSremainedalmostunchanged.Therefore,

itcanbeconcludedthattheequivalentplasticstrain
tofractureisinfluencedbystrainratefortensile
specimens.Thereason whythefracturestrain
staysconstantinthePSspecimenscouldbethat
therearetwodifferent microstructurefracture
mechanisms.Thefracturebehaviorfortensile
specimensis characterized by the nucleation,

growthandcoalescenceofvoids,whileitis
believedthatsheardecohesionisresponsiblefor
fracturesinpuresheartests.
4.4 InfluenceofPSspecimen designonthe

stressstate

Therearetwogeometricaldefects,thatcaused
thetensilestressonthefailuresurfaceofthepure
shearspecimen.The shearfailure surfaceis

expectedtobeparalleltotheexternalforce.
However,duetothemetalsductility,aslant
failureplanewasobtainedinmostofthepureshear
tests[6,8,15],wheretheshear-tensile stress or
tensionstressdominatesratherthanthepureshear
stress.ThedeformationhistoryofthePSspecimen
usedinthisstudyisshowninFig.9;itshowsthat
thePSspecimenfailedonaninclinedplanerather
thanahorizontalplane.

Fig.9 Pureshearspecimendeformationhistory
 

Anotherdefectwasthestressconcentration
causedbysuddenchangesofgeometryinthat

gaugeareathatimpededthedetermination of
fractureinitiation.Thepuresheartestisusedto
determinetheequivalentplasticfracturestrain,

stresstriaxialityandtheLodeparameterinpure
shearstressstate.However,thecracksstartedat
thepointwheretheshapesuddenlychanged,as
showninFig.5(g).Thisindicatesthatthefracture
wascausedbystressconcentrationinsteadofthe

pureshearstress.Theassumptionthatfracture
occurs at the center of a cross-section,as

previously adopted in many studies, is
inappropriate because the fracture practically
initiatedattheedgepointsfirstaccordingtothe
experimentalresults. Devising a method for
determiningthehypotheticalinitialfracturepoint
ofthePSdeservesfurtherstudy.
Inordertoavoidtheinclinedfracturesectionand

stressconcentration,whichusuallyleadtoanon-pure
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shearstressstateatthefracturepoint,thegaugearea
ofthePSspecimenshouldbedesignedcarefully.
MohrandHenn[16]recommendedusingbutterfly
specimenstoavoidtheedgeeffectbyusinga
smootharc,asshowninFig.9(a),sostress
concentrationcouldbeweakenedinthisway;but
thiswouldleadtotheslantfailureplaneas
mentionedabove.Ashortandwidegaugearea
tendsto keep a fracture section horizontal.
Consequently,theheightofthegaugeareathatis

perpendiculartotheshearloadshouldbelower.At
thesametime,a minorsmootharcradiusis
recommendedforthedesignofgaugearea.

5 Conclusions
Sheetspecimens with differentgeometrical

notcheswereloadeduntilfracturesoccurredtogain
dataaboutawiderangeofstressstates.Two

quasi-staticloadingrateswereselected.Theeffects
ofstressstateandstrainrateontheconstitutive
materialandfracturebehaviorofChineseQ690
structural steel was investigated. The main
conclusionscanbesummarizedasfollows:

1)Theeffectofthestrainrateinthequasi-
staticrangeonthestresstriaxialityandtheLode

parametercanbedisregarded.
2)Theequivalentplasticstraintofracturefor

thetensilespecimenisaffectedbythestrainrate.
Usually,a high strain rateleadsto a high
equivalentplasticstraintofracture.

3)Forthepureshearspecimen,theequivalent

plasticstrainatfracturewasunaffectedbythe
strainrate.

4)Thepuresheartestindicatesthattheshape
ofgaugeareacansignificantlyinfluencethestress
stateandfractureinitiation.

Therefore,theheightofthegaugeareashould
berestrictedandasmallsmootharcshouldbeused
astheedgeofgaugeareatoavoidtheslantfracture
sectionandstressconcentration.
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