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Abstract:Morethan３０bendingbeamswithrectangularcrossＧsectionanddifferentthicknessesandheightswerepreＧ
paredfromQ２３５steel．Thespecimendimensionswereabout２４０mm (length)×６０mm (height)×７０mm (thickＧ
ness)．Flawswerecutalongitsmiddlelinewithawirecutter,withlengthsrangingfrom６to３５mm．Eachspecimen
wastestedwiththreeＧpointbendloading,andaprocesscurvewasobtainedbetweenloadandthedisplacementofthe
loadingpoint,inordertoanalyzethefractureprocesswhenopeningthecrack．Adeformationneartheprefabricated
crackwasobservedinthetestingperiod,andthevariationofthefracturecharacteristicparameterswasanalyzedfor
differentsizes．Foracomprehensiveunderstandingofcarbonsteelfractureresistancebehavior,itselasticityandplasＧ
ticitywereestablishedbydeterminingitsYoung′smodulusandPoisson′sratiowithanopticalstraingauge．This
gaugewasalsousedfortheloadingprocesstest．Itwasfoundthatthefracturetoughnessvariedwiththedimensions,
andthetoughnessoftheelasticlimitloadingwasalmostconstant．Usingtherelationshipofcrackresistancestress
intensityfactorandfracturecriterion,thebearingcapacityofthematerialstructurecouldbeestimated,whichshows
agoodagreementwiththeexperimentaltestdata．
Keywords:elastoＧplasticproperty;fracturetoughness;elasticlimitloading;bearingcapacity;crackingresistance;
Q２３５steel;bendingbeam

　　Forevaluatingthestrengthandbearingcapacity
ofamaterialstructurecontainingdefectsatnormal
temperature,fracturemechanicsisaneffectivetool
for quantitative analysis, although the failure
processandfracturesurfacecharacteristicsdiffer
greatlybetweenbrittlematerialsandtoughmateriＧ
als．Thestressintensityfactor(SIF)andenergyreＧ
leaserateareimportantindicesinthisarea．For
toughelastoＧplastic materials,suchasalloysand
carbonsteel,thevaluesoftheJＧintegral,crackopenＧ
ingdisplacement(COD),andcracktipopeninganＧ
gle(CTOA)areimportantparametersforthedeＧ
scriptionofthecrackedbodystatus[１]．Mesoscopic
researchhasidentifieddifferentdefects,including
voidsorcracksinthematerial,andtheirincrease
andspread．Forthedislocationandslidinginmetal
andtheirlargedeformations,tensoranalysisisan
effectivemethodofstudy[２－３]．Thestraingradient
canbeusedtoanalyzethecomplexfieldsofforce
anddeformationnearacracktip[４]．Thetoughness
andbrittlenesscanbereproducedinthesamemateＧ

rial．Forinstance,a materialmaybecomebrittle
whenitstemperatureisreducedtosomeextreme
level,oritmaybesubjectedtobrittlefracturewhen
itscracktiptriＧaxialtensionstressisincreasedto
somevalue[５]．Themechanicalbehaviorofcracking
materialshasgivenriseto manyresearch models,
suchastheasymptoticfieldanalysisofcohesivecrack,
thedoubleＧKmodel,andthesizeＧeffectlaw[６－８]．ReＧ
gardingthecohesivecrackproblem,theopendisＧ
placementofavirtualcrackanditsstressdistribuＧ
tionwereobtainedbymeansofanintegralequation
andavariationalprinciple[９]．Regardless,theobserＧ
vationandmeasurementofdeformationinacracked
materialstructure,especiallyatthecracktip,are
indispensableforfailureanalysis,andtheyalsoproＧ
videthetheoreticalanalysisbasisforstudy[１０]．
　　ForarectangularcrossＧsectionbendingbeamof
Q２３５steelwithaprefabricatedcrack,thebreaking
processwasstudiedusingelectronicinstrumentsand
opticalmeasurementdevices．Severalspecimenswith
differentprefabricatedcracklengths weretested．



TheYoung′smodulusandPoisson′sratioofthemaＧ
terial were also calculated through strain gauge
measurement．Thedeformationfieldatthecrack
frontwasinvestigatedfordeterminingthevariation
offractureparameterswithstructuresize．Basedon
thecalculationofthecrackresistanceSIFandfracＧ
turecriterion,thebearingcapacityofthebending
beamswithcrackcouldbeobtained．

１　CrackingProcessTestonThreeＧPointBenＧ
dingBeam
１１　Specimengeometryandloadingcurveanalysis
　 　Carbonsteelwasprecutinto morethan３０
piecesofbeamspecimensofdifferentsizesinorder
totesttheloadingprocess．Theoveralllengthofthe
specimensL was３００mm,theirheighth was６０or
６５mm,andtheirthicknessb was３０,４０,５０,６０,
or７０mm．Thelengthsoftheprefabricatedcracka
were６,１２,１８,２５,or３５mm,andthecrackwidth
wasabout１mm．Anotchwasprecutinthemiddle
ofthebendingbeamtensionside,sothatanopening
modecrack(typeＧI)wasformedinaccordancewith
thelawsoffracturemechanics．ThespanofeachexＧ
perimentalbeamwasfourtimestheheightforeach
bendingspecimen,thatiss＝４h．Eachspecimen
sizeandexperimentalmeasuredpeakloadarelisted
inTable１,wherecisthespecimen′sligamentlength;
Pisitsmaximumload;Ke

IandCODearetheSIF
andCODoftheelasticlimitload,respectively;and
Ku

IistheSIFvalueofspecimenforunstablefracＧ
ture．Furthermore,thesymbolsinthefirstcolumn
inTable１areconsistentwiththeseabovesymbols,
thenumberfollowingthesymbolindicatingitsvalＧ
ue．Forexample,“h６０b５０a２５”indicatesaspecimen
withheightof６０mm,thicknessof５０mm,length
ofprefabricatedcrackof２５mm,andthespanbeＧ
tweentwoloadingpointss＝２４０mm．Fromthedata
inTable１,itcanbeshownthatthebearingcapacity
ofthespecimenishigherwhenthecrackisshorter
orthethicknessislarger．
　　Fig１showstherelationshipcurvesoftheload
tothedisplacementofthecorrespondingloadingpoint
fortentypicalspecimens．Allspecimenshadthe
sameheightofh＝６０mmandthesamespanofs＝
２４０mm．InFig１(a),thecurveofloadtodisplaceＧ
mentisshownforprefabricatedcracklengthsof１２,
１８,２５,and３５mm,foraconstantthicknessofb＝
６０mm．Obviously,boththebearingcapacityand
deformationofthespecimensincreasedwithlarger
ligament．Also,theinitialslopesoftheelasticstageand
theplasticstagebothincreasedforlongerligament．

Table１　Experimentaldataofsteelspecimenand
itsfractureparameters

Specimen
c/
mm

P/
kN

Ke
I/

(MPam１/２)
CODe/
mm

Ku
I/

(MPam１/２)

h６０b３０a１８ ４２ １３００ / － １０７６
h６０b３０a１８ ４２ １２６０ / － １０４３
h６０b３０a３５ ２５ ４６６ / － ８９８
h６０b３０a３５ ２５ ４９３ / － ９５
h６０b４０a１８ ４２ １２９０ ５５４２ ００２１５ ８０５
h６０b４０a２５ ３５ ９１７ ５６３０ ００１０７ ７７７
h６０b４０a３５ ２５ ５３７ ５４３３ ０００７３ ７７６
h６０b５０a１８ ４２ １８９０ ５７１４ ０００６８ ９３９
h６０b５０a１８ ４２ １７２８ ５６９９ ００１１９ ８５９
h６０b５０a２５ ３５ １３１０ ５４２４ ０００７１ ８９．３
h６０b５０a３５ ２５ ７６３ ５２０４ ０００６０ ８８２
h６０b６０a１２ ４８ ３２００ ５８３５ ００１６０ １０２３
h６０b６０a１２ ４８ ３２８０ ５３９５ ００１６５ １０４９
h６０b６０a１８ ４２ ２３６０ ５３８２ ０００９７ ９７７
h６０b６０a１８ ４２ ２４７０ ５７２９ ０００９４ １０２０
h６０b６０a２５ ３５ １８３０ ５６０６ ０００９６ １０２０
h６０b６０a２５ ３５ １８６３ ５５３１ ０００８１ １０３４
h６０b６０a３５ ２５ １０１０ ５１１６ ０００７１ ９７３
h６０b６０a３５ ２５ １０２５ ５１５０ ０００８１ ９８８
h６０b７０a０６ ５４ ４９２０ / － ９７２
h６０b７０a１２ ４８ ３９８０ / ００１０４ １０９０
h６０b７０a１２ ４８ ４１９０ / － １１５０
h６０b７０a１８ ４２ ２９８０ ５６６５ － １０５７
h６０b７０a２５ ３５ ２１８０ ５６６７ ０００５６ １０５６
h６０b７０a３５ ２５ １２１５ ５２５５ ０００４８ １００３
h６５b３０a０６ ５９ ２４０３ / － １０３０
h６５b３０a１２ ５３ １４９３ / － ８７９
h６５b４０a１２ ５３ １８８８ ５６２４ － ８３４
h６５b５０a０６ ５９ ６１００ / － １５６５
h６５b５０a０６ ５９ ５９６９ / － １５３２

InFig１(b),thelengthoftheprefabricatedcrack
ofthespecimensis３５mm,andthethicknessesare
３０,４０,５０,６０,and７０mm．Asthegraphshows,
thepeakloadbecamelargerwiththeincreaseofthe
specimenthickness．Theslopechangesofelasticand
plasticstagesarenottoosignificant．ButthespeciＧ
menwiththicknessof３０mmdemonstratedunstable
brittlefracture,andalmostnoplasticdeformation．
　　InFig１ (c),itisshownthatthespecimen
h６０b７０a１８wasloadedtothestageoflocalplastic
deformation,andthenitwasslowlyunloadedand
strengthenedtoacertainpointofloadingagain．The
parallelcurvesofreloadingandunloadingcanbeobＧ
tainedbyloadingandunloadingrepeatedly．Itcanbe
observedthattherelationofdisplacementtoreloaＧ
dingstillfollowstheoriginallineoftheinitialelastic
stageforthespecimen,andthethreecurvesofunＧ
loadingarealmostparalleltothecurveofelastic
stage．SotheQ２３５steelbeamwithacrackalsoobeys
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(a)LoadＧdisplacementcurvesfordifferentprefabricatedcracklengths;　 (b)LoadＧdisplacementcurvesfor
differentthicknesses;　 (c)Unloadingappearinginspecimenh６０b７０a１８．

Fig１　Relationofloadtodisplacementofloadingpointfordifferentspecimens

“unloadinglaw”ofastructurewithoutacrack．
　　From Fig１ (a)and (b),itshouldbenoted
thatthecurvesofthesespecimenshavealongplasＧ
ticstage,exceptforspecimenh６０b３０a３５．Without
muchplasticdeformation,asthespecimen with
thicknessof３０mmshowsbrittlefracture,apossiＧ
blereasonisthatthebeamthicknessdoesnotmeet
theplanestraincondition．

１２　Ligamenttestofbreakingprocessandopening
displacementnearcracktip
　　Inordertotestthedeformationaboutacrack,
afewstraingaugeswithsizeof２０mm×３mmwere
connectedwiththeligamentareaoftheprefabricated

crackonaspecimen．Bothedgesofthestraingauge
werestucktothespecimen,toavoidprematuredeＧ
tachmentofthegauge．Readingsfromthegaugewere
takenwiththeslowloadingofexperimentalmachine．
AsshowninFig２,thecurvesshowtheopening
displacementchangesofcrackligamentwithloadＧ
ing,andthedisplacementdistributionunderdifferＧ
entload fortwo specimens．Forthe specimen
h６５b５０a０６inFig２(a)and(b),thestraingauges
AtoEwerelocatedatdistancesfromprefabricated
cracktipof２５,１２５,２４５,３６５,and４９mm,reＧ
spectively．ForFig２(c)and(d),thestraingauges
A,B,andCofspecimenh６０b６０a２５indicatedtheir
distancesfromcracktiptobe２５,１６５,and３０５mm,

(a)LoadＧCODcurvesofspecimenh６５b５０a０６;　 (b)LoadＧCODcurvesofspecimenh６０b６０a２５;　 (c)CODdistributionalong
cohesivecrackpartforspecimenh６０b５０a０６;　 (d)CODdistributionalongcohesivecrackpartforspecimenh６０b６０a２５．

Fig２　CODdistributionoftwospecimenswithdifferentload
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respectively．Fromthosecurves,itcanbeshown
thatthepositionwithlessdistancefromthecracktip
hasbiggerdeformation．Iftheinitiallinearlineisthe
elasticstagecharacterofmaterial,Fig２(a)showsthat
whenthelocalmaterialunderstraingaugeAfirst
reachedplasticstatetheloadwasabout３２０kN;the
positionsatwhichstraingaugesBandCindicated
plasticstate,theloadwasabout３９０and４１０kN,reＧ
spectively．FromFig２(c),thedevelopmenttrendof
theplasticzonecanbeseentobethesameasthatof
Fig２(a)．Fromthesegraphs,thestraingaugevalＧ
ueneartheloadingpointofthebeamcanbeseento
bealwaysnegative．ThisshowsthatthereisasoＧ
calledneutrallayerinthebendingbeamloadedat
threepoints．FromFig２(b)and(d),itcanbeseen
thattheneutrallayermovesslowlyawayfrompreＧ
fabricatedcracktipwithgraduallyincreasingload．
　　AmongthecurvesofFig１,thecriterionload
pointcanbefoundtodistinguishthesegmentlineof
theelasticstagefromthatoftheplasticstate．Asto
thecorrespondingloadingpoint,thestraingauge
valuecanbeconvertedintothesoＧcalledCODofthe
elasticlimitload,whichisdenotedCTODeandexＧ
pressedinFig３．Fromthechart,itisshownthat
longerprefabricatedcracklengthleadstosmaller
CTODevalue．Similarly,increasingthebendingbeam
thicknessdecreasestheCTODevalue．SoCTODeis
alsoaparameterrelatedtothestructuregeometry．

Fig３　Cracktipopeningdisplacementofspecimenat
elasticlimitloadingfordifferentthicknesses

２　ElastoＧPlasticParameters

２１　ElasticmodulusandPoisson′sratio
　　Fortheinvestigationoftheelasticmodulusand
Poisson′sratioofQ２３５steel,threepiecesofunＧ
crackedbendingbeam specimen weretested with
fourＧpointloading,andtheirgeometriesarelistedin

Table２．ThelengthLandspanlare３００and２４０mm
forallspecimens,respectively．ThedistancebeＧ
tweenthetwoupperloadingpointsofthespecimen
is８０mm．ThespecimenshapeandstraingaugepoＧ
sitionareshowninFig４(a)．Thestraingaugewas
usedtoobtainthestrain measurementsinvertical
andhorizontaldirections,andthestraingaugewas
pastedonthegeometriccenteroftheundersideof
thespecimen．Thedimensionofthestraingaugewas
about５mm×３mm,itsresistanceis１２０Ω,andits
sensitivitycoefficientisabout２１％．InFig４(b),
thecurveofstresstostrainisshownforthemeasＧ
urementofspecimenh６５b４０．Theelasticmodulus
canbeobtainedthroughthestrainvalueandthecalＧ
culatedstress,ieE＝σ/ε,whereεisthestrain
valuealongthelongitudinallineofspecimenread
fromtheinstrument,andσisitsstress．ForaspeciＧ
menofrectanglecrossＧsectionbeam withfourＧpoint
loading,the maximum normalstressofbending
beamisnearthemiddleofspecimen,thatis:

　　　　σ＝
M
W ＝

３P(l－s)
２bh２ (１)

wherePistheloadvaluefortheelasticstage,and
l－s＝１６０mm．ThePoisson′sratiocanalsobecalＧ
culatedasfollows:

　　　　υ＝
ε′
ε

(２)

whereεandε′arethestrainsoflongitudinaland
transversedirections,respectively,andtheycanbe
directlyobtainedthroughthevaluesofthestrain
gauges．Finally,theaverageexperimentalvalueis
obtainedthroughtheexperimentalresultsofthree
specimens,asshowninTable２．Theexperimental
resultsshowgoodagreementwiththetheoreticalvalue,
asthetestresultsareinthecommondatarange．

Table２　Geometryofbendingbeamspecimenand
itstestingelasticparameters

h/mm b/mm E/GPa υ

h６５b４０ ６５ ４０ ２０３０ ０２６
h６５b４０ ６５ ４０ １９５０ ０２９
h６０b６０ ６０ ６０ ２２２０ ０２８
Average － － ２０６７ ０２８

２２　MeasurementofPoisson′sratioinplasticdeＧ
formationstage
　　Theuncrackedspecimensh６５b４０andh６０b６０
weretestedbythebendingbeam withfourＧpoint
loading,asshowninFig４．IntheplasticdeformaＧ
tionstageofthespecimen,somethreegroupsof
strainvaluesinlongitudinalandverticaldirectionswere
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(a)Geometryofspecimenandstraingaugeposition;　 (b)StressＧstraincurvesfortwodirectionsofspecimen．
Fig４　Experimentaboutspecimenh６５b４０

obtainedforthecalculationofPoisson′sratioin
plasticstatus．FromEqn(２),thePoisson′sratioof
thestrengtheningstageoftheexperimentalmetalis
calculated,andtheaveragevalueisabout１/２．AcＧ
cordingtoclassicalplastictheory,theplasticdeＧ
formationofasolidisunrelatedtoitshydrostatic
stress．Theinvarianceofthesolidvolumeimpliesits
Poisson′sratioisequalto１/２．ThetestdataofQ２３５
steelconfirmthattheclassicalplastichypothesisis
reasonable．

３　OpticalTestandElectricalMeasurement
Reference
３１　Opticaltestandelectricalmeasurement
　 　Fordigitalspecklecorrelation measurement
(DSCM),ordigitalimagesrelatedmethod,thedisＧ
placementandstraininformationisobtaineddirectly
bycomparingtwodigitalimageswithsolidsurface
beforeandafterdeformation．Intheexperiment,a
chargecoupleddevice(CCD)camerawasplacedin
thesamehorizontalpositionasthespecimen,and
thebrightnessandangleofthelightsourcewereadＧ
justed to optimum,then fixed．The specimen

h６０b４０a２５wastestedbytheDSCMintwodimenＧ
sions．The specimen surface wasfirstly ground
smoothly,thenthecentrallineofthespecklefield
wasplacedalongtheprefabricatedcrackline．The
distanceoftheleftandrightsidestothecracklineis
４０mm．Somewhitepaintwasevenlysprayedonto
theselectedarea,inordertomakeimagingclear．A
littleblackpaintwasthenscatteredinthefield,for
obviousspeckles．
　 　Intheopticalmeasurementexperiment,the
straingaugeswerealsopastedontheothersideof
thespecimen,asareference．Thedistancesofthree
piecesofstraingaugestothetipofprefabricated
crackare２５,１２５and２２５mm．Thestraingauge
specificationis２０mm×３mm．Thegeometryofthe
specimenisshowninFig５．
　　Themaximumloadofspecimenwas９１７kN
whentheloadingchangedfrom zerotothefinal
loadingofitsfracture．Intheelasticstage,speckle
imageswerecollectedatintervalsof１０kN．The
loadingintervalofacquisitionimagewasabout５kN
whileplasticdeformationwasappearingnearthecrack
tip．Aseriesofspeckleimagesareselectedoftheinitial

(a)Positionsofopticaltestandstraingauge;　 (b)CurvesofloadＧdisplacementrelationforthespecimen．
Fig５　Opticalandelectricalmeasurementonspecimenh６０b４０a２５
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stateofthecrack,thecrackextension,andthefinal
fracture,toexpressthefractureprocessofaspeciＧ
men．Fig６showsimagesneartheprefabricated
crackforloadsof０,６７,８０,and９１７kN．Fromthe
curveoftheloadinganditsdisplacementinFig５(b),

thespecificloadofthecurveinflectionpointis６５kN
nearly．Byinspection,anobviousdeformationnear
thecrackcanbeseeninFig６(b),showingthatthe
observationresultsareinagreementwithelectrical
measurement．

(a)０kN;　 (b)６７kN;　 (c)８０kN;　 (d)９１７kN．
Fig６　Crackingimagesofspecimenh６０b４０a２５underdifferentloads

３２　Analysisofopticaltestresults
　　ThedatafromtheimagesobtainedwereimporＧ
tedintothecomputersoftwareforprocessing．Inthe
experiment,theanalysisfieldofopticalmeasurement
isaselectionsquare,withitscenteratthetipofthe
prefabricatedcrack．Thereare１８pixelsbelowthecrack
tip,３８２pixelsabovethepoint,andabout２９５pixels
onbothsides．ReferringtoFig５ (b),theanalysis
dataareselectedataloadof３０kNintheelastic
stageandaloadof６０kNclosetotheplasticdeformＧ
ationstage．Thedataataloadof７０kNareregarded
asrelatingtothestrengtheningplasticstageofthe
specimen,andthedataat９０kN areclosetoits
breakingphase．AsshowninFig７,thexＧandyＧ
axesinthespecklefieldindicatethehorizontaldirecＧ
tionandverticaldirection,respectively．Thethird

directioninFig７indicatesthedisplacementvalues
oftheobservationarea (eitherdirection)．Fig７
(a),(b),(c),and(d)correspondtohorizontaldisＧ
placementdistributionfortheloadsof３０,５０,７０,
and９０kN,whileFig７(e),(f),(g),and(h)corＧ
respondtothedisplacementfieldintheverticaldiＧ
rectionforthesameseriesload,respectively．The
rightdisplacementispositiveforthehorizontaldiＧ
rection(xＧaxis),andtheleftisnegative．Astothe
verticaldisplacement (yＧaxisdirection),thedisＧ
placementofthe“up”directionispositive,andthe
“down”isnegative．
　　FromFig７(a)to(d),itcanbeseenthatthe
horizontaldisplacementvarieswithincreasingload．
Obviously,displacementdifferenceexistsnearthe
cracktip,andthedisplacementofcrackrightflankis

(a),(e)３０kN;　 (b),(f)５０kN;　 (c),(g)７０kN;　 (d),(h)９０kN．
Fig７　Specimendisplacementfieldnearcracktipwithdifferentloadsinhorizontalandverticaldirections
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obviouslyhigherthanthatoftheleft．AsdisplaceＧ
mentjumpsexistatbothsidesofthecrackline,itis
clearthatdisplacementofthecrackrightflankdurＧ
ingloadingtendstotheright,andtheleftsidedisＧ
placementistotheleft．Fig７(a)and(b)showthe
elasticstageofspecimen．Becausethedisplacement
ofspecimenisgreaterthanzero,itshowsthereisa
rigiddisplacementtotheright．InFig７(c)and(d),it
canbeseenthatthelocation materialofspecimen
hadenteredplasticstatus,thedisplacementdifferＧ
encenearcrackismoreobvious,andnegativedisＧ
placementhadalsoappeared．ThedisplacementfeaＧ
turesofbothflanksofthecrackaremoreobvious,
andtheleftflankisdisplacedtotheleft．Regarding
Fig７(b)and(d),itcanbeseenthatthedeformaＧ
tionisveryobviousfortherelativeopeningdisplaceＧ
mentoftheprefabricatedcrackfrom００７to１２mmas
theloadincreasedfrom５０to９０kN．
　　AstotheverticaldisplacementshowninFig７
(e)to(h)underdifferentloads,Fig７(e)and(f)
arefortheelasticstate,andFig７(g)and(h)are
ofplasticdeformation．Thespecimendisplacement
ofareaaboutthecenterlineshowsasdownsag,or
likethecharacter “V”．Thedowndisplacementis
veryobviousfor０４６to１０mm whentheloadinＧ
creasesfrom ３０to７０kN．Ofcourse,somevery
largedisplacementappearsneartheloadingpoint,
whichseemstobeduetoaverybigpressureloadin
theareaoftheloadingpoint．

３３　Contrastanalysisofopticaltestandelectrical
measurement
　　Theresultsofobservationandtestsontheopening
displacementofcracktipwereobtainedthroughboth
electronicandopticalequipments．ThedataforplasＧ
ticdeformationataloadof７０kNwereselectedfor
analysis．Formoreintuitiveanalysis,thepixelsareconＧ
vertedintolengthvalues,１pixel＝００７９１３６１mm．So
theanalysiszoneisnowtheareawithitscenterat
thecracktipandextendingdownabout１４２mm,
upabout３０２３mm,andtoeachsideby２３３５mm．
IfthelowerleftcorneroftheanalysisareaisselectＧ
edasthecoordinateorigin,thepointofcracktipis
locatedatabout (２３３５,１４２)inthecoordinate
system．Fortheelectronicmeasurement,thecoverＧ
agezoneoftheteststraingaugenearthecracktipis
morethan２０mm×３mm．FortheopticallymeasＧ
uredside,thezoneistheareawithcenterabout
(２３３５,２９２),eachside１０ mmtotherightand
left,andatabout１５ mmintervalsupanddown．
AsshowninFig７ (c),itshowsthedisplacement

distributionoflongitudinaldirectionforaloadof７０kN．
Thestraingaugeisthereforecoveringtheareaof
largedisplacementorplasticdeformation．
　　Duringtheelectronicmeasurement,thevalue
ofCODcanbedirectlyobtainedbymultiplyingthe
straingaugedatabythestraingaugelength (ie,
２０mm)．Throughcalculation,thecracktipopening
displacementis０１６２ mm byelectronic measureＧ
mentfortheloadof７０kN,but０１５９bytheoptical
measurement．Comparingthetwosetsofdata,itis
concludedthaterrorexistsamongthetestdataof
opticalandelectronic．ThestrainfieldofcracknearＧ
bycanbeobtainedusingtheopticaltestdataofthe
specklefield．Asshownin Fig８,theequivalent
strainfieldfortheopticaltestisfor９０kNload．
Fromthefigure,itisclearthatthestrainfieldpresＧ
entsafishplateformnearthecrackmouth,andthis
featureisresponsiblefortheplasticdeformation．In
the mesoscopicview,thestressstrengtheningor
sheardeformationisaccompaniedbydislocationand
sliding,makingthecracktipblunt．Themorphology
isapproximatelycoincidentwiththeplasticfieldof
thevonMisesstresscriterion．

Fig８　Strainfieldofspecimenh６０b４０a２５
crackfrontforloadof９０kN

４　CalculationofStressIntensityFactorand
Toughness
　　AlthoughtheSIFisanimportantindextocharＧ
acterizethestresssingularityofthemediumnearthe
cracktip,CODisalsoanimportantparameterforthe
characteristicsofnonＧlinearmaterialinthefracture
process．Eithertheplasticzonesizeorthecracktip
openingdisplacement(CTOD)iscloselyrelatedto
SIFvalue．ForthethreeＧpointbendingbeam witha
notch,theSIFofthecracktipcanbeexpressed:
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　　Intheloadingexperimentonspecimenswitha
seriesofthicknessesandpreＧcracklengths,theload
attheelastoＧplasticinflectionpointPe,theelastic
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limitload,andthemaximumloadvaluePforthe
unstable fracture of specimen can be obtained．
Then,theelasticlimittoughnessKe

I,orthespeciＧ
menfracturetoughnessKu

IcanbeobtainedbybringＧ
ingPe orP intotheaboveequationrespectively．
Here,thevalueofainEqn(３)isreplacedbythe
initialcracklengtha０．Then,twokindsoftoughＧ
nessvaluearealsoincludedincolumns４and６of
Table１．Fromthetabledata,itcanbeseenthatthe
instabilitytoughnessischangingwiththevaluesof
preＧcracklengthandbeamthickness．ButthetoughＧ
nessoftheelasticlimitchanginglittlewiththesize
ofthetestspecimen,andKe

Iisabout５５MPam１/２．

Exceptforafew veryspecificspecimens,theKe
I

valueoftheseriesofspecimensandtheirerrorfrom
theaveragevaluearelistedinTable３．Itisseenthat
theabsolutevalueofmaximum deviationbetween
anyoneandthemeanvalueislessthan７％．This
showsthatKe

Icanbeusedasamaterialparameter,
asitisgenerallynotvariablewithspecimensize．
　　IfthelengthoftheextensionlineofthepreＧ
crackistheligament,theligamentlengthisc＝h－a０．
Asamatterofconvenience,thevariationofunstaＧ
blefracturetoughnessisexpressedintermsofthe
ligamentlengthchangingfordifferentthicknessesof
specimen,asshowninFig９．FromFig９(a),itcan

Table３　Elasticlimittoughnessandestimatedpeakvalueofcrackstructure

Specimen Ke/(MPam１/２) ErrorofKe/％ Testmaximumload/kN Estimatedload/kN Relativeerror/％

h６０b４０a１８ ５５４２ ０８０ １２９ １４１４ ９６１
h６０b４０a２５ ５６３０ －２３６０ ９１７ ９９９ ８９４
h６０b４０a３５ ５４３３ １２１８ ５３７３ ５３５ －０４３

h６０b５０a１８
５７１４
５６９９

－３８９０
－３６１８

１８９
１７３

１９２５ ６０８

h６０b５０a２５ ５４２４ １３８１ １３１ １３５８ ３６６
h６０b５０a３５ ５２０４ ５３８１ ７６３ ７１９ －５７７

h６０b６０a１２
５８３５
５３９５

－６０９０
１９０９

３２０
３２８

３２２２ －０５６

h６０b６０a１８
５３８２
５７２９

２１４５
－４１６３

２３６
１８３

２４８３ ３８９

h６０b６０a２５
５６０６
５５３１

－１９２７
－０５６３

１８３
１８６３

１７４９ －５２８

h６０b６０a３５
５１１６
５１５０

６９８１
６３６３

１０２５
１０１０

９２４ ０８９

h６０b７０a０６ － / ４９２ ５０５６ ２７６

h６０b７０a１２
－
－

/
/

３９８
４１０

４００５ －０８７

h６０a７０a１８ ５６６５ －３０００ ２９８ ３０８５ ３３６
h６０b７０a２５ ５６６７ －３０３６ ２１８ ２１６９ －０５０
h６０b７０a３５ ５２５５ ４４５４ １２１５ １１４３ －５９３

　　　　　　Note:ThemeanvalueofKeis５４９８MPam１/２．

(a)Fordifferentligamentlength;　 (b)Fordifferentthicknessofspecimens．
Fig９　Experimenttoughnessvariationofunstablefracture
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beseenthatthefracturetoughnessisincreasedwith
itsligamentlengthforconstantthicknessofspeciＧ
men．Fig９ (b)showsthatthefracturetoughness
becomeslargermonotonicallywithincreasingthickＧ
nessforthesamepreＧcracklengthofspecimen,exＧ
ceptforthespecimensof３０mmthickness．ItthereＧ
forereflectsthesizeeffectoffracturetoughnessfor
thesamematerial．

５　EstimateCalculationforBearingCapacity
ofBendingBeam WithCrack
　　RegardingthedeformationofelastoＧplasticand
damageofsolidmaterialsandthesizeeffectofthe
fractureparameter,therearemanyanalysismodels
asmentionedbefore．FortheelastoＧplasticfield,the
DugdalＧBarenblattmodeltakestheplasticzoneasa
virtualcrack withstripＧtypetapebeforeasmooth
opencrack,andithascohesivestressdistribution
preventing crack propagation[１１]．In thefracture
process,thedivisionpointofthefractureextension
zoneandundamagedareaistheendpointofthevirＧ
tualcrack,andtheprefabricatedcracktippointis
theinitialpointofcrackpropagation．Thedistance
betweenthetwopointsisthevirtualcracklengthd．
Sothetotalcracklengthcanbewrittenas
　　a＝a０＋d (４)
where０≤d≤(h－a０)．Inthefractureprocesszone
(FPZ),thecohesiveforceexistinginthedamagearＧ
eaofcracktipnearbycangreatlydecreasethestress
singularityatthecracktip,causingthebearingcaＧ
pacityofthestructuretochange．BasedonthecomＧ
binationofthedoubleＧKcriterionforthecracking
process[７]andtheintensityfactorcalculationofthe
cohesiveresistancestressofFPZ:
　　KP

I ＝k０＋Kσ
I (５)

where,KP
IistheSIFcorrespondingtheloadofreＧ

motefield,anditssuperscriptreferstotheloadof
remotefield;k０isthecrackＧinitiatedSIF,whichis
believedtobeaconstantforthematerial;andKσ

Iis
theintensityfactorofthecohesivestress,anditis
relatedtothethicknessandligamentlengthofspeciＧ
men．Then:
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where,ϕ isaparameter withstressdimension,
whichisrelatedtotheultimatetensilestressofmaＧ
terial;B０isthefeaturethickness;andmisapaＧ
rameter．SubstitutingEqn．(４)intoEqn(３)and
Eqn(６)intoEqn(５),andreplacingKIinEqn(３)
withKP

IinEqn(５),Eqn(７)canbeobtained:
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Intermsoftheformula,therelationcurvebetween
loadP andcrackextensiondcanbederived,and
thepeakloadofthecurveistheestimatedvalueof
theultimatecarryingcapacityofspecimen．Asthe
crackＧinitiatedintensityfactork０isalmostequivaＧ
lenttoKe

IinTable１,itistakenask０＝５４MPa
m１/２．Thenϕ＝７６０MPa,m＝３５,andB０＝３０mm．
Throughcalculation,thevaluesoftheestimatedulＧ
timatecarryingcapacitiesofmanyspecimensarelisＧ
tedinTable３．Theerrorsbetweentheaveragevalue
fortestmaximumloadandthepeakvalueofcalcuＧ
latedbyEqn(７),arealsolistedinTable３．From
thistable,themaximumabsolutevalueoftherelaＧ
tiveerrorisseentobe９６１％,ielessthan１０％．
Theestimation methodforthemaximumcarrying
capacityofacomponentwithadefectbymeansof
fracturemechanicsisthereforefeasible．

６　Conclusions
　　１)IftheSIFisdefinedasthelimitingload
whentheelasticzonejustreachestheplasticzone
foraspecimen,thenitisamaterialparameterand
independentofthestructuresize．
　　２)ThefracturetoughnessarisingfromtheSIF
ofaspecimenatmaximumloadisaffectedbysize,
becauseitsvalueincreaseswithincreasingthickness
andligamentlength．
　　３)Whenaspecimenwithaprefabricatedcrack
isreloadedafterhavingreachedplasticstage,the
unloadinglawappliestoit．Inotherwords,when
thespecimenwithcrackisloadedintoplasticstate,
theunloadinglineofrelationbetweenloadingandits
displacementisparallelwiththeinitialelasticline．
　　４)WhenanuncrackedbendingbeamofrectanＧ
gularcrossＧsectionisloadedtotheelastoＧplastic
boundary,thevalueofthePoissonratiooftheplasＧ
ticzoneisabout０５．
　　５)Foracrackedcarbonsteelbendingbeam,
theultimateloadcapacitycanberoughlyestimated
bycombiningtheSIFofcrackresistanceandthe
doubleＧKfracturecriterion．
　　６)Althoughthefieldsofdeformationandthe
stressofthecrackfrontincarbonsteelarecompliＧ
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cated,theresultsofthedigitalＧopticaltestshow
thatitisinaccordwiththepredictionsofelastoＧ
plastictheory．
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