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A fi3T13RMINATIONOF STRHN ENSXY D@imB~ON
AKD TINESTRE.%%SIN THE PLASTICRANGE

IN PLATE5WITR OPENINGS

I. AB3TRKT

The rasea?chreportedharaimis .spart of the 5nvaatiga-

tion of weldedreinforcementof openingsin structuralsteelmem-

bers. A pre~O~s rePortldescribedthe testsof l/4-in.plates

witfiand withoutweldedreinforcement.The purpoeeof the tests

covei-edby thiereportwas to determinethe unit strainenergyand

the true stressdistributionin the plasticrangeof the material

in a flat platewith a centrallylocatadopening,whichwas square

with roundedcorners. Two suchplatesmmde from plain-carbon

semi-killedstructuralsteelwere testedin tension,one-atroom

temperaturea%dthe otherat a temperatureof -20 Deg. F.

The octahedralt.heor#was used to determinethe unit strain

energydistribution,whilethe true stresseswere computedby a

methoddevelopedfn the courseof the investigation.Both types

of analysesutilizedthe experimentaldata of the testsas the

basis of the computations.It was impassibleto checkthe unit

lD. Vasarhelyiand R. A. Hechtman,FirstProgressReport,’Welded
Reinforcementof Gpeaingsin StructuralSteelMembers,Ship
StructureCommittee,ReportSSC-39,Dec. 15, 1951
2A. Nadai,Ener~ of DistortionAbsorbedby PlasticDeformation
of Thin SteelPlates,ResearchReportSR-182,Westinghouse
ResearchLaboratories,April,19L3.

A. Nadai,Theoryof Flow and Fractureof Solids.,McGraw-Hill,1950
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stralnenergyand truestresstistributionadirectly,but when

thesewere integratedin a specifiedramer, the totalener~
.

absorptionand the loa~’“onc@&SeCiiok of’the pltiewere ob-

tained. These,when co~red “withthe expe~ntelly determined

valuesof totalener~ absorptionat mfferent loedsend with the

testingnachineload at the ultimatelo~d gavereasonablygood

checks. .,,
...,.

II. OBJECTANKJSCOPE OF INVESTIGATION“

The objectof the investigationwas to determinethe applica-
:.,

bilityof the o,ctshedraltheor# and a new method”for obtaining

true streiseein a notchedplatewhichsuetainedlargeplastic

strainsover

methodswere

which failed

the entirearea,of the test section. Thesetwo
.,,,,

applied tO two. identicalplatespecimens,one of

with a cornple>ely,shearfrsctureand the otherwtth
,.

a fisctureal.most entirely.,c.leawge.,,, ,

III. ~T STRAINENSR~ DISTRIBUTIONIN TRE PLASTIC‘RANGE
.,. OF T& ljATERIl&DE’lllRIIIITl~BY THF.OUfAREI@.1+TR30RY

.,,,.....,
The octahedraltheory,whose’‘applicationto t+e:problemof

.

plasticdistortion“wa’s‘s’&ges<ed @ A. Ikidai,2 utilizesthe con-
.,,.

venientrelationsbetweerithe‘octi”%dra~8hearstress,:and the octe-

hedralshearstmin in e~”res;~ngthe “Stregs-strainconditionat a
,.

point in a multi-axialstressfield”‘ti”dfrom theseq~ntities

developsthe-unit.e~er~ absorptionat”the point.”A pyevioue

;,..

21bid,page 1.
,., ,.

,,. ,.
.,
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W@icatid Of thismethodto the plasticdistortionof two struc-

turalsteelplateswith a severestress-raiseryieldedresultswhich

checkedwell withmeasuredvalues.

Only a briefdiscuesionof the methodwill be presentedhere.

By the equilibriumof forcesand the geoinetry of the strains,the

equationsfor the octahedral+ear stress;the octahedralshear

strain,and the uqit strainener~ at a.point“inthe stressedbody

becomeas follows:

For the conditionof uniaxialstress,

y= E L.

For the conditionof triaxialstr~s,

,.:.

(1)

(2)

(3)

(4)

(5)

The symbols“intheseequationsare definedin Sec. X of this report.

Becauseof the largedeformationsoccurringin the plasticrange,

it is necessaryto use true stressesand naturalstrainsat all

timesin the applicationof theseequations.
,:

3S. 1. Liu ad s. T. Carpenter,A Studyof PlasticDeformationand Frac-
turingby StrainEnergyDistribution,SerialNo. SSC-38,Ship Structure
Committee,12-2C-50.



Theseequationsare based

1. Isotropic.behaviorof

plasticrange.

2. The direction of the

-4-

on the followingnecessazyassumptions:

the smtarialoccursthroughoutthe
,,,~:.:::..!“;.,,,!..

principalstreesesand of the principal

strainscoincideat all times.
,.

3. The entirestrainenergya~ ‘cllstOrtiofil“&n&rff,that is,

the volumeof the deformedbody remainscons~ant;

The secondassumptionis“i~ffic~t ‘toveri~ eiiper~mentally,but the

valldity‘ofthe retiiningtwo assunlp%ionsmy be fo~d fromthe experi-

mentaldata of the test. The thirdassumptionneglectsthe elastic

portionof the distortionwhich is almostalwaysinsignificantin

problemsof plasticity.The thirdassuu@ion providesa simplification

of the experimentalprocedureand makegeasierthe applicationof these

equationsto experimentalproblemsin plasticity.

A

stress

stress

stress

,.
givenquantityof distortionelenergyIn a bi@al or triaxial

fieldmay be producedby an”,infinitenumberof combinationsof

and strain. In a uniaxialstressfieldonly one valueof the

and one valueof the strainis<<~kent fo~a’gidn value“of :

the energy. Therefore,the unit ener~ absorptioncorrespondingb

measurablevalueaof both the principalstressesand the principal

strainsund~runiaxialstressmay lieappliedt.othe multi-axialstress

field,whereonly the principalstraim may be mess~ed. Experimentally,,.,

the procedu+-e:consistsof two steps;f-s ~ the,determinatiOnof the.

enero absorptionper tit volumein a unis@c+lY st?e?s~dsPecime!,., ,:

such ss a tensileor compressi:p,apeci~n.fOr,.VSriOUS,values.of the

..-
,.. ,.. ,. ,,

,.,!..., ,.’
,,
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,.
octahedralshear“atteln;and, second,the determinationof the values

of the octahedralshearstrainat different~ints in the specimen
,>’.,,., “:..

with the complex,e.tressfieldand.the assignmentat each of these

pointsof a valueof energyabsorptionfo~d in the,.,uniaxially
.:,’~,

stiessedspecimenfor an equalvalueof the octahedralsheerstrain.

The two specimens.mu+tM ra~e from the samepieceof uaterial. A

more deta$leddescriptionof thisproceduremill be givenin a sub-

sequentsectionof this report.

In the epplicattonof the octahedral

problem,two simplifyingassumptionswere

theoryto the”prekent

made whichbrought”a:8mall

degreeof approximationinto the test results:

1. The platewith’an”openingwas consideredas a planestress

problem,in thatthe stressin the directionof the thick-

ness of the platewas neg~ected.
~,..,,..{~,,

an approximation‘onlyii i small
.. ...

;Otcfi.

This assumptioninvolved
,..,. ,, ,,

regionadjacentto the .., . .,

,. .:,.,1.,.,..,..,,,.,,
‘2.” The principalstressesalwayslay in the x- and y-directions

.,, ’,,,,,,
of”th6 coordinatesystem. This assumptionis believedto

;; ,t,,.
resfitin ~ry smallerrorsin the computedvsluea‘ofthe
.. ...$.’
e’nergabsorptionin all ragionsof the specimenexcept

thosecloseto the notch,where the erro~ in the ener~
....!:,”

valueswere largerbut not excessimly so.
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1V. EXPERIMiN1’ALDETERMINATIONOF TRUE STRESSES~
~E OF TSNSILETEST DATA

An experimentalprocedurehas beeri’devisedfor applyingthe

true stress-strainrelationin the simpletensionor compressiontes~

to planestressproblem in plastici~. A typicaltrUe StreSS-5train

curvefor a simpletensiontestof a structuralsteelis shownin

Fig. 1. The tangentto the curveat a pointhavingthe ordinates

~ and <- is denotedthe“tingent~dulus of ET, and the inter-

cept of this tangenton the naturalstrainaxis

The followingtwo equationsmay be ~itten

streinsat a point in a planestressproblem:

is called @ .

to expressthe

(6)

(7)

Definitions,of,the sypbpls,used.,in these’__equetionsmay be foundin

Sec. x. T@e equationsassumethat the $an&entmodu@ ET re~~s

constantin the regionof the stress-straincurvein.whichthe compu-

tationis beingmade - an.assumptionthatdoes no+ intro~-. much

approximationin this.psrticularpro~era,since.the true:stress-strain

curve,for structora~steelapproacheslinearityin the regiOn~~een

the end of the.loweryieldpointrangeand thepOint Wherenecking

begins. ,..

,,.,..

t
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The simultaneoussolutionof Eqe. 6 and 7 givestheseexpressions

Equations8 and 9 may k rearrangedas followe:

(8)

(9)

(10)

(11)

The quantitiesin the two bracketsin each equationare simplythe

true stressesin the uniaxialtrue stress-straincurve,~and r=,

which correspondto the apparentnaturalstrainvalues,<x and

~y , measuredon the specimen. Equations10 and 11 meY then be

rewrittenas,

(12)
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Theselast two equationsmsy be applied’&“i%d,~ to the compu-

tation of true atreasesin a planestressproblemIn‘plast.lcity.”The

aPPrent nat~al Straina,<x, and ~ ~, a~ meaq~d O. the speci-

men. From the truestraas-strainOUrWS for the ~terial testedh the

x- and y-directions,the valuesof the truestrees,~and ~ , cor-

respondingto theseapparentnaturalstrainsare fohd. When thesetrue

stressvslueaare substitutedin Eqs. 12 and l?,,,the true stres.aes,
,.:,

~ and ~ , in the specimenare determined.

While the derivationpresentedhere is not rigorouslyexactin

a theoreticalsense,it involveslittleapproximationwhen appliedto

commonstructuralme~ls.

v. TFSTSPECIMEIEAWIJTEST MSTHOOS

1. ChemicalAnalysisand MechanicalPropertiesof Steel.
.,,

All the specimensdescribedin thisreportwere radefrom the
:.. :

same heat of plain-carbonsemi-killedsteelwhichmet ASTM Designation

A-7-49Tand was used in the as-rolledcondition. The them.ioalanalysis.,

of this steel,whichwas calledSteelU, was as follows:

c Mn P s Si

0.23 0.50 0.053 O.ofl 0.07

The tensilepropertiesin the directionof rollingas foundfrom

the averageresultsof two testsof“4S~“ standardflat tensilespecim-

ens from eachplatewere as follows:

Plate UpperYield Ultimate Elongationin Reductionof
1?0. Point-psi Strength-psi 8 In.+er cent Area-percent

26 36,9Qo 61,800 34.9 61.6

4 34,900 60,200 32.2 @.7
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The transitiontemperaturewas de~rudned by the Navy teem test

for PlateNO. 4 and foti to be 40 Deg.F. The plate ePecimene~,

NOS, 3g ~d 3&, w~ch were testedat the lowertemperatureswere

cut mom thieplate,whileSpec. No. 37 camefrom PIeteNo. 26..

CalibrationTensileSpecimens.2.

A sketchof the tensiles~cimn used,to obtainthe relation,be-

tweenthe unit energyabsorptionunder,un~ial stressand the oc@.

hedralshearstrainie shownin Fig. 2.. The blanks,for theseSpeCi-

mene were sawedfrom the parentplateand macl+ed.to width. SPSC.I-.

mens cut in direction both parallelend .tra,ns~rseto the rolling

directionwere tested. ,.

Whilea 12-in,gage lengthwas usedfor the calibration.tests,

a shorter8-in.gage lengthwas also protided. An extensometersensi-

tive to a movementas smellas 0.0002irI.was Wed tq measuz%?+e

elongationin 12 in. The laterialcOn@’acti.o?.Of the sl?e$imenWSS.

measuredwith a micro-meterCaliper.

For thesetesteat a tempent~e of,.-20Deg. F., thermocouples.,,: ,,

were locatedon the specimenas shownin FiE. 2, and the specimenwas

jacketedwith coolingtankewell,beyondthe gage lengthtO iww~ sn

almostuniformtemperatureover the test section.

3. PlateswithSauare Oueningwith RgxndedCorners.

‘Thr6eidenticalspecimens’Of the type shownin Fig. 3 “were
,.

,.. .
teste& the first;Sp4c.%. 37;”at room temperature”;”the second,

Spec. No; 38A, at:a tempe~ture”of zero’Deg. F. to determinethe
. . . . .. .

load-averageelongationcurveand the kind of fractureto,be expec+=d.
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at thistempkratufe;and the third,“’Spee. No. 38, at”a temperature

of -20 Deg. 1’. The unitknkrw distributionover the”surfaceof the
,.

plateand the true stresses‘oncross-sectionsof t~ platewere invas-

tig.atedin ths firstand thirdtesta.

Theselargeplateswere fabricatedand testedwith pinnedend

connectionsin tensionin a 2,400,000-lb.testingmachinein the manner

describedin the FirstProgressRepat.1 For the low-temperatUI’etes~ j

the specimenand the pulling”headswere enclosedin a well-insulated

chamberas shownin Fig. 4, throughwhichcoldair was circulated.

A mechanicalrefrigeratorchilledthe air end could?Econtrolledwit,hin

+ 2 Deg.F. The greatestdifferencein tehiperaturebetweenthe center

of”the specimenand the end of the 36-in.longgagedsectionwas about

15 Deg.

SP&. No. j8Awas gagedwith slide-wireresistancegageson 18-in.

and j6-in.gagelengths“andSR-4 ‘gages.

A rectangulargridsystbmof horizontaland verticalelide-wire

resistancegagessensitiveto a movementof about0.002in. was mounted

on both facesof Specs.No. 37 and 38. Thesegagesconsistedof high-

resistancewire strungthroughcontactpbintsmountedon the s~fa ce of

the specimen. The movementof the contactpointsresultedin a change

In the ge.gelength,apd,therefore,a changein resistanceof the gage.

By the measurementof this changein thesecalibratedgages,the elonga-

tionwas determinedover the,surfaceof the plate. This grid system

coveredone side of the Specimenas shownin Fig. 5. In the area.,

1 Ibid
.,.

.$ Pge 1.
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Immedfatelya~ye the openingwhere buck”~g of the #atee occurred

duringtesting,a similar@d was usedon the otharfaoe of the plate.

However,on the remainderof t~s latterface,a sagittagagewas em-

ployedto measure~he vary emall+w~ts of curvaturein theseregions

of.the plate. This procedurereducedthe nuder of gage lengthsto be,..

read to Zu, and the readingsfor one loadcouldbe takenin.about,,

fortyminutes. Post-yieldSR-4 gegeewere locatedon +.he.cirwm.ference

of the oneningon Spec.No. 37. The testwas run continuouslyand,

becauseof the many readingsrequired,extendedover aboutfifteen

hours.

Since the aagit~ readingson Spec.No. 37, whichwas @stealfirst,

indioatedthatbendingof the platebecauseof initialcupature ceased

by the timethe specimenreachedthe very earlystagesof,plasticflow,

thesereadingswere not takenon Spec. No. 38., Neitherwes any adjust-

ment made in the elongation readings+ken on Spec. No. 37. ,.

A more oompletedescriptionQf the,slide-v+w resistancegages

and theirapplicationwill be givenin a subsequentprogreesreport.

,,:.KC. CALIBRATIONTEIEIw TESTS
....... ,..

1. Procedurefor Computingthe UnitEnerzpAbsorption. ., ,

The fQllOWingprocedurewee used in obtainingthe relationbetween,,,.

the unit energyabsorptionin thecalibrationte~ile specimenof the

type,shownin Fig. 2 and the octahedralshearstraip.

a. D~inG.ttiecourseof the test,readings?f the e~ongatio,n

in 12 in. and,theinstantaneouswidthand thicknesswere

takenUp to tinemaximumload on the epecimen.
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‘b. ‘Thesedatawere reducedto the form of

curvesfor the platesin the direction

irFig. 6..

true stress-strain

of rolling‘as“shown

c. From tihedata in Step’b, theoctahedralshear-stress-

ootahedrelehearetrainc~ was der%vedby tha appliceti6n

of Eqs. 2 and 3.

“d. ”The relationin Fig. 7 E&n?eenth? unit energ.absorption

and the octahedralshearstre%nwas”computedfrom the data

in Step c by theuse of Eq. 1.

Two epecimenscut in the direotiono? rollingfrom eachplatewere

tested,two fromPlateNo. 26from Spec. No. 37 at a temperatureof

76 Deg.F. and the two fromPlateNo. ~ for Spec. lb. 38 at the tempera-

ture of -20 Deg. F. Becausethe true strese-straincurvesin the‘direc-

tionsparalleland transverseto the rollingdirectionwere for all prac-

ticalpurposesidentical,the“calibrationdata in the directionof rolling

was appliedto the strainsin the transversedirectionin the largeplates

with openings.

2. Determinationof PoissontsRatioand the TangentModulus

The valuesof Poisson!s’ratioin Figs. 8 and 9 in the directions

paralleland transverseto the rollingdirectionwere

computationof the true stresses. The data fromStep

valuesfor the specimensin the directionof rolling.

requiredfor the

a abevegave these

TWO additional

tensilespecimensof the type in Fig. 2 were cut from each plate

tram”verseto the directionof rollingand tested.
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The followingvaluesof Poiseontaratiowere foundexperimentallfi

Plate Testing‘fempere- PoiseonleRatio in Direction Use Values
No. ture--Deg.F. Parallelto Transverseto for Spec.

RollinF ROllinQ No.

26 76 , fa*48 0.46 37

.4 -20, ,.0.51 0.46 j8

Deviationsfrem the theo~tical value of 0.5 of the experimank+lly

determinedvelueocourredbecauseof.,,exparimentilerrorsend aniscitropy

of the materialreeultingfrom rolling.

VII. PILGTTESTAT L(3YlZMPERA’IWREOF PLATEWITH
SQUARE OPENINGWITH ROUNDEDCORNERS .,:.,:, ,<,,

While the transition“bmperatureof the l/2.in.plate,meteri@.had
,. .,.

bebn determinedby the Navy tear test,It was uaknownfor the lax,

plateswitha squareopeningwith rowded corners. Therefore,,a pilot

testws made on Spec.Ho. 38A at a temperatureof zeroDeg.F ~,and,
,’.

resulted.in a fraeturewhichwaa 87 per cent cleavage. A shear.”fracture

startedat the diagonallyOppQSitecornersof theopningj end after

progressinga shortdistence, changedto a aleavegkfracttie.“M”~‘

resultof this test,it was decidedthat the testing”temperat&”&

SpeJc.No. 38 shouldbe -20 Deg.F.
,..;;,..

,.

The load-averageelongationGurva for this apecixne’n‘is””khownIn
,,,

Fig. 11 and a photographafterfraoturein FXg..U?.b

VIII. TESTSOF 9N10.LARGEPLATESWITH SQU@
WITH ROUNDEDCCRNEFC3

1. Testsand TYPe of Fracture.
,,.

Spec. No. 37 was testedat a temper~ture

Spec. No, 38 at -2o Deg. The fractureof the former

~mJG ~~ : !

.“

of“76“’Deg.F. and

waa entirelyshear,
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while for the latter it wes 91 @r. oemt cleavage. Photographs of

these platee after failure are shewn in Fig. X2. the load-amrage

elongation curves in Fig. 11 fi~cats tht.the.over-allbehavior

o? Speo.NO. 38 at a t,emperat~eof -20 Deg. and ‘ofSpc. No. 3&

at zeroDeg.~S essentiallyidenticaland thatboth underwentmoiw

%longationto ulti~te load an SpSti.No.’37 and almostas much

elongationto failure. ‘lb predominantlycleavagefracturein tk

two low-temperature tests was initiated.~ a skll pcmtioh of shear

fracture. The protableexplanat.icmlfor this,khavior,:,mayb that
,..

the stress-reieingeffeet of the 1-1/8b. radiusat the cornerof,..,,,

the openingwas not sufficientlysevereto initiatea cleavage,free-

ture at a te~erature of -20 Deg.,but the crackwhtchformedas

failurebeganwas.
.. .

2. Commutationof the UnitStrainEnerw Distributionby the Octahedral
-

.Abriefdescriptionof the octahedraltheoryfor computingthe

unit energyabsorptionin the plastic:rangeof the materialwas pre-

sentedin.a pretioussectionof thisreport. The elongationreadings

from the slide-wireresis~nce gageson Specs.No; ’37and 38 and the

unit ener~ absorption in the calibrationtensile’testewere”applied

in the followingmannerto determinethe unit energjebaorptionat

variouspointsin the largeplateswith openings:

1.

,.

From the elongationreadingson the sur$aceof Specs.No. 37

and 38, the naturalstrainvalues,

computedfor eachgage lengtlk ! ..
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3.

&

5.

. .
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Eqmtion 5 wes used to transform these natural E&sin values
;

into the form of octahedral shear etrelns.

For each valusof the octahedralsheerstrainfoundin

Step 2, the correspondingunit strainenergyabeorptlon
,,. ., .:.

was read from Fig. 7.
+,.

The valuesfromStep 3 wers plottedon the surfaoeof the

speoimensand unit strainener~ contoursdrswn.

Ths volumeunderthe surface
:.

enerq absorption at various

enerw absorption within the

representingthe unit strain

pointswas equalto the total

gagedarea and wae oompared ,.,

with the energyabsorptionfoundfor the eeme

the load-awrageelongationcorvein Fig. 11.

regionfrom

The unit strainenergycontourmaps for Speo. No.

loadsare shownin Figs. 13 to 1.6,inclusive,and for Spec. No. 38 in

,,

37 at different

Figs. 17 to 22, inclusive. The followingobservationsSBy be made con-

cerningthe contourplotsin theee figuree:

1. The patternof the unit energydistributionwhichdeveloped
......... .,

at the lowerloadsin the plasticrange,changedsomewhatae
.,,. . ..,

the ultimateloadwas approached.At the lowerloads,the
... ... .

highestunit energ absorptionwas foundat the cornereof
,..

the openingand in the two regionsextendingdiagonally&-
.,.,,,..,

wardsfrom the cornersof the openingto the outeredge of
.~ .....,.,,.-, .. .....

the platee. At the higheetloads,the largestunit ener~
.,, .,. .,, ...,,.,“. ,, .

absorptiontookplaceet the cornersend alongthe vertical

edgesof the openingend in the regionsimmediatelyto the
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2.

3.

4.

rightE@ ,tjwleft of the openingwhich

tranevereecenterlineof the plats.

At the ,lower@ade In the pla@C, rangej

are adjacent.@ the

the unit.energy

absorption,was highestin the regionswhere.elestic.stress

theorywouldpredictthe highestvaluesof,,the principal

tensile.strees. At the higherloads.,the ~t energyabsorp-

tionwas highestin the,regionof the lew?tc?Ss-sectiOn

area.

‘I’hehighest@t energyabsorptionwas foundat the tangeti

pointbetweenthe cornerarc eyi the verticalside of the

opening,the pointwhereelasticstresstheoryyouldpredict

the mximum elastic,principaltensilestress.:,.The ~mum

wlue at thispointwas 18,300in-lbper cu in for SpeO.NO. 37

and 20,000in-lbper cu in for Spec..No. 38. Thesemaximum

valuee shouldnot be tekenas the absolutemaximumfor

the specimens,becausethey representthe averagevalue~th-

in a one-inchgagelengthadjacentto the edge .“the opening.

Fracturebeganat the tangentpointwherethe maximumenergY

absorptionwas observed.

When the unit energyvalueson the conto~ maps in Figs..13 to

22, i.nclupive$were Integrated,the totalenergyabsorbedwitfin the geged

areayes determinedand comparedwith the total

from the load-ava~ge,elongationcurvesin.Fig.
t

tablegivesthe resultsOf this comparison:

energyabeorp$ioncomputed

11. The,.fol@@g
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Refer to Load Lb. TotslEnerm Absorptionin ln,Lb, ~~~
Fi~. No. From Octahedral From Laad-Averege

Theorv Elonzetion..Curve,

13

u

,...?5, ,

16

17

18

19

20

21,

22 ,,

$~ec..No.37 at Tenmeratumeof 76 De~. F. ~~ ‘.

5W,000 ., 79,400 ~~,6%600 “! ‘

*o,mo 243,0W .27Q,CKK,: .,,.

‘720,000. 426,gOo ., 452,000 .,,:,, ,

.800,000 ..1,056,0w. 884;O@,::;.,,,.

Snec. No. 38 at Temperatureof-20 De#. F. ..... ... , ,:,

500,000 71$500 21,000~,.,’,,,;::

650,000 282,85o 225YOOQ ,..:

720,000 4.4.4,450 ,,,370,000.;.,,...:,:

800,000 683,W. ., 63$,00C, .,,,,,...~

,,, 8’70,,000 1,103,8CX) ,, ,1,021,0PP, .,.,,,::,,

, .915,000 ,.;,.le.4,50,150., , ,...:l,3q,QOL,1, ~~~,;

An exeminati:nof thpse,valuesindicatesthst the agreement,.b@yeen th~,,,,,

values of the.energyabsorptionwas betterat i@,erme.dia?*end ~gh Aoad6,:.,

thenat low.loads. At the lowestload of 500,QOQlb. qeny of t+e elo~a-,,...

tion readir,gswere of aboutthe samemagnitudeas the sensitivityof the

slide-wire’resistancegages.
.1 ‘ :.,j#

3. Rate of Increaseof UnitEnera Absorotlon. ,,,,..[.: ,:,,:.,,.

The ,mnner,in which the totalenergyabsOr@iOn i?Cre~SOd;aq..the ,, .: ;.;

appliedload increasedis givenb Fig. 23. At thqsame lead,the,,~otel ,;

energyabsorptionwas almostthe same for Specs.No.,37 and.38,although

the foqnerwas.teeted,at76 Deg.F. end the la$+r.at,.-20.Deg.F.. ,...
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However,the totalener~ to ultimateloadwaa greaterfor Spec. No. 38,

eipce It reachad a ,Jlgherultlmateload.

The plots of the unitstrainenerm contaimsfor S+”&. No. 37

and 38, as sh-” in Figs.13 to 22,”indioatedthat t% unit energgabsorp-

tion incre.acedmore rapidlyin some portionsof the specimenethan in

others,as the appliedloadwas increased.The mannerof thie increase

was analyzedto determinewhetherit followedany oonaistentpttern for

any one s?ecimenand whetherthe behaviorof the two plateswas in any way

eimilar.

The unit energyabsorption U ai eaohpointon tne specimenwas

plottedagainstthe appliedloadP. The upperdiagrams‘h Fig. 2$ show

typicalexampleaof the plotsmade at everyone of the “1.24pointso~ each

epecimenaz well as the plot of the averageunit energyabsorptionfor the

whole specimen. It wae foundthat th” relationbetweenthe logarithmof

the unit ener~ absorptionand the appliedioadcouldbe expressedmpiri-

callyin a linearmanneras shownin the lowerdia@ns of Fig. 24. The

generalequationof thesetieml-logarltbmicplotswas of the form,

(I-4)
whereA determinesthe interceptof the curveon the unit etrainenergy

axia,B expreeeee the rateat whioh the unitstrainener~ increases,and

P is the appliedload. it was observedin theseteststhattherewas an

insignificantvarfetion”of the valueof A ‘fnthe meny plotsand that the

exponentB largelydeterminedthe magnitudeof the unit energyvalue.

Accordingly,the rateat which the unit strainenergyincreasedat the



-’19-’

variouspointson the specimenwas analzedby cemputingthe valueof the

exponentB. .

Sincethe exponentB is the slopeof the semi-logarithmicplot,a

comparisonof the ratesof.jncrtiase‘Sf~~the unit strainenergyat the clifferent

points

strain

at any

strain

points.

was made by compiring thefieslopes. :fhenthe slopeof the averageunit

energyabsorptionfor the whole specimenwas termed%av armithe slope

point “n’ras i+, the ratio,kl~ilavexpreesedthe relativerate of unit

energyincrease. This“relativerate of increasewas computedfor all

Figs.’25and 26 show contourlinescomecting the pointsat which

the v%duesof the ratioBn/Bavwere equal..Wnere the rate of”increase was

equal to, or graater than the average value, the contours are ful.1.lines.

Xhere the rate waa smaller, the contours are dashed lines.

The unit etrainenergy“increasedmost rapidlyin the”trapezoidal-shaped

area on eitherside of the oping in the tiwospecimens,that is, in the region

of the leastcross-sectionarea. The unit strainenergy increaied 16ss rapidly

than the averagevaluefor the whole specimenin the regiona,povethe opening.
,.

The greatestrate of increase”was f&nd at the oornersof the openingend the

leastrateIn’the ai’eajustabovethe openingclose‘tothe verticalcenterline

of the spec”tien. ; -

Fig;~’23‘indicatest~t the tbtalenergyabsorptionwas almostthe eehe

at the eaMeloads’for Specs.No. 37 and

mens,the unit strainenergyabsorption

Therefore,“whenthe plot of the rate of

38. Sinee‘thesewere identicalspeci-

for the twbwas essentiallyequal.

increaseof unit etrsinenergyin Fig.

25 is comparedwith thatof Fig. 26, the valuesin one dis~em may be considered

to be directlyrelntiveto thosein the other. A comparisonof the contoursin

thesetwo figuresrevealsthe fol.1.owingpointsof interest:
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The areaso,fhigh and low valueswerepore.epreadout in the

case of Spec.NO. 37 testedat 76 Deg. F. than in Spec:tio.,313,.

tested at -20 Deg.,,F.The area in whichthe valuesof the rate

of.increase were greater than unity was,,.+6 .wr ,::nt: O,fthe g,eg!,d

area.inthe for.mersRec@~ and 3,6per centin the,:+tt.Er. .

The.val.uesof the rateof increase,variedfrom 0.71 to 1.30fQr

the room-temperaturetestandfrom 0.59 to 1.27.for Me 1OW-

tem~ratura test. Wnilethe,maxbiumrate of increase,was ~ost.

equalfor the two tests,the,rangeof v@atiOn. was

low-temperaturespec$qen. Thq gradientof the rate

was steeperin the testat the lowertemperature.

greaterfor ~...... .

of increaqe.,,,.,,.

.’, .

It must be rememberedin comparingthe numericalvaluesof thecontours,-

Figs:Z5:and.26.$~at,tieyare exponentialvaluesand t~t the tiriation,,.

,,fromthe mj.nimumto:the max@m value,,represents,,.guj.tea largediff,e.~ence,....

....in.theenergy ab~rptiop,.,, ....,,, ,.,,;,

,., .. ,.
‘k. Computationof the TrueStressDistrib~ti’onon Transverse’‘CroS~ec~iOns

at the UltimateLoad..,,.:, ,... ,.,,.. , .,~~ .,. ... ,,.;,

The true,str,essesat ,ylti+a:e.10ad on th,e$Z?KW,foq,,t+?m?versecrOs?,-

sectionsof Specs.No. 37 and 38 were computedby the use Of Eqs. 12 and...
.. .

13 .inS@,ion IV @ .$la~.,repor,t.end the datao.$.the,t@I?:,.a~,r~.~a-s.train.,. .. .,

,.~. true,stress,,+ytributio.n.,c~,es:prepented,inFigs. 6*.8+.9,,Snd 10. .,

in },h~axial,:.or verticaldirectionof the Fge,c,imencqmput~d,.on~hese.fo~........ . ...

,CPS,S-s,~Ct$+a+,e,,shoy~nfor Spec.N.o.37 in .Flgs.27 .~O3O;,,in~l?,si~?l,.

The actualor true,

...:,.... .,.

,,... .,.

,:,

,J
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thicknessof the plateand the forceper linealInch of the actual
,’.

platewidthare givenin theeefiguresalso.

If thesestti’ssdistributionsare examinedin a,generalway, it

may be seen thattheirpatternwee similarto that,whichwould occur

underelasticstresses. The stresedistributionlp the.,regionof the

openingwas “non-uniformwith the highestvaluesof,the,tc+sionetress

near tii corner. on cross-sectionsmore remotefr?rn.:the,opening,the
,,,..,.,

stressdistributionbecamemore nearlyuniform,but was stillfar from

uniform. Low tensilestreseesorevan compressionstreqseswere

presentTn the area jtitabove t‘~ ope~g.” The petterx””cfthe stress

distributionin’Spece.No. 37 and.38 was much the same,but the

valuesof the true streseesin the latterwere higherthan in the

formerspscimenbecauseof the higherloadwhichwas,beingapplied.

The correctnessof the individualstressvaluescan be surmised

only intuitively.In the calibrationtensiletests,tineaveragetrue,..

stressat whichneckingbeganwas 75,500psi in the testsat 76 Deg. F.

and 81,600psi in the tests,at-20 Deg. F. The averagetrue stressat

fracturewas 1.22,500psi in the formertestsand 115,400psi in the

latter. The true etreesesplQttedin Figs. 27 to 3,4were of the same

orderof magnitudeas thesetrue stressesfound in‘“thecalibration

tensiletests. Theirmsgn~tydeswere also such as mightbe expected

in a notchedplateat its ultimatelead.

It is interestingthat the mxlmum valuesof the truetensile

streesoccurredin the regionewherethe greatestbit ener~ absorp-

tionwas found. ‘Me fracturein both specimenswas initiatedin the
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corner of the openingwherethe lzigheat

tion and the true streee~ppsered.

veluas of the energyabeorp

An indirectmethod& checkingtheeetruestresevaluesIs to

ay up ,thestreeseson differenttransversecross-80CtiOnSof the

specimento obtainthe tot,slappliedforce.,.A, comparison of $be .,:

valuesof:the totilload,found.by integrati~ the uppercurvein

Figs.27 to z, the @iagramwhichchowsthe.forceper linealinch of

platewidth,with the @wL testingmaobineloed at ultimateload is

as follows:. ..

Cross-Section (k$sDutedI’o.telLoad-1b.
,

Spec.no. 37 a,tTemperatureof 76 Deg. F.
Load of 800,000 lb.
,,.

a-a 894,000

b-b :..“:.:750,0CXI

c-c 784,000

d-d 720,0Q0

Spec. No. 38 at,Temperatureof -20 Deg. F..
Load of 915,000lb.

a-a 1,060,000
,. ~.’.:’

b-b
,., ,.

1,126;oo0

c-c 1,100,000

... ,.

,. ,.,’ .;..

.,

....,.....

,.

d-d l,032@O0
,..,

Reasonablygoodcorrelationw~s foundb%tkeenthe .WS1=So;’the total

load derivesfrom the computedvaluesof the true stresseeand the
,,.

actualtestingmachineload.
. . ... ..,;’ .,. , .. . . .’



-23-

Xx. SUMNARTAND CONGLLEIOIS
,.

Two methodsof analysisof plasticflow,the octahedraltheory

for computing@?: u@t energyabsorptionand a methoddevelopd in

the courseof thie investigationfor computing,true stresses,were

appliedin the case of two largeplat~swith squareopaningswith

roundedcorners. The firstfailed@th a completelyshearfracture

at a temperatureof 76 Deg. F. and the secondwith a fracture91

per cent cleavageat a temperatureof -20 Deg.3?. Both mstho~ of

analysisutilizedthe experimentalet~in date from these.,test+.

From the limitedapplication.ofthe octahedraltheorymade,<n

thie invastigatioqa,,itwas foundthatthismethod?f anSIYe?e..gs~,

unit ener~ distributions,which,when integrated,producedvalues~.

of the totalener~ absorptionwhichagreedfairlycloselywith the,.

energ absorptiondeterminedfrom the load-averageelongationcurve.

This methodpresentsa ,dependable,thoughlatyxio~ meansof studying

plasticflow and fract~e in structuralmembers. Theseco~clusiona

are essentiallythosewhichresultedfrom an earlierapplicationof

the method.3

The two specimensabsorbedapproximatelythe sameamountsof

ener~ at the sameloadaup to the ultimateload,althoughone

failedwith a completelyshearfractureand the otherwith a fracture

almostcompletelycleavage. However,the gradientof the rate of

increaseof the unit etrainenergywas eteeperin the latterthen in

3 Ibid,page 2
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the formerand the greaterpart of the totalenergywas absorbed

in a Stillerportionof the specimen.

The methodof camputirigtrue stressesin the plasticrergeof

‘-‘thematerial”was appliedfor the firsttime and gaveresults

which”correlatedreasonablywell with the observeddata.” ‘It

*as foundto be less IAboriousthan the procedure’reqiiir&for”

computingelasticitresses frem’observebelastic“strairk. tie,

methcdwouldnot work well M’ the sticalled‘Iflat!l‘“portion”of

the stress-stFatictie and, at stresseti’inthe rhge wtiere

neckingof the materialis occtiririg;!’&tidbe subjectt~ some

,,,.,. :
‘”“interpretation;“sincePoissonrs rat~o‘hisan anomolousmeaning,

if apjlied‘inthisrange. Further app~cations of the rnethcd“:

are required to test its reliability. ““ “”

.
‘The use of the sl~de-wireresiitankegages”“for”rneaadg

elongationspermittedthe”teatsto be kd~ continuouslyand;“in

a periodof’time shortenough‘toreduce‘strain-aging’‘o~the””

.,
spectiento a negligibleamotit. “”

,.

. .

..,.:,

.:

,..

;.
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x. sxluisoLs

u
-?2

)’-
x,y

,/%,,/+

e
?
,4

B

Unit strainenergy,in-lbs.per cu. in.

Ottahechalshearstress,psi.

Ottahedralsh~r strati.

Coordinateaxes,the relling,,a~ectionand the applied
tensileforceare parallelto‘thepads.

Coordinateaxis perpendicularto the plate.

True stresses,psi.

Naturalstrains.

True stresses“fromen experimentaltrue stress-strain
diagrsm,psi.

Natural strains from an experimental true st.ress-
strain diagram.

Tangentmodulias determinedfrom the true etress-
straindiagrsmin the x- and y-direction,psi.

Interceptsof the tangentto the true stress-strain
diagrsmon the n~turalstruin axis. .

Poissontsratioin this report.isinterpretedin
termsof naturaletrains.

Base of the naturallogarithm.

Appliedaxialforce,kips.

Intercepton the u-axieof a s~i-logarithmicplot of
u againetthe a~.>liedforceP.

,.

Slopeof a semi-logarithmicplot of u agtiinstthe
appliedforceP.

,.
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Fig. 2 . SketchofTensileCalibrationTestSpecimen.
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Fig. 3 . Plate with Square Opening with Rounded Corners.



Fig. 4 CoolingChamberEnclosingthe PlateSpecimen.
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Fig. 26. Contours of the Equal Rates of Energy Absorption. Spec. No. 38.
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