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BENDINGANDBUCHJ1.VGOFRECTANGULAR

ByN.J.Hoff.

SmwmH’PLATES

.

Differentialequationsendboundaryconditionssrederivedforthe
bendingandbucklingofsandwichplates.Thebucklingloadiscalculated
fora simplysupportedplate~ jettedtoedgewisecompression.-The
formulasobtainedareevaluatednumericallyaudtheresultssreplotted ‘
ina diagram.Thetheoryisinsatisfactoryagreementwithresultsof
testscarriedoutattheForestProductsLaboratory.

13Wl!RODUCTION

Theeqression“ssndwkhplate”designatesa compositeplatecon-
sistingoftwothinfacesanda thickcore.Inairplaneconstruction
thefacesareusuaKLyofsluminumalloyandthecoreisofsomelight-
weightmaterialswihasanexpsndedplasticorbalsawood.

.
fithelatter

‘casethefibersofthewoodareingeneralarrangedperpendicularlyto
theplaneoftheplate.Sincethusthemodulusofelasticityofthecore ,
intheplaneoftheplateisoftheorderofmagnitudeofone-thousandth
ofthatorthefaces,thenormalstressesinthecoreareoflittle
importanceinresistingbendingnmmentseventhoughtheusualratioof
facethicknesstocorethicknessisbetweenone-tenthandone-hundredth.
Ontheotherhandthecoreperfomisa taskintransmittingshearforces
andundergoesconsiderableshearingdeformationsbecauseitsmodulusof
ihearislow.Henceshearingdeformationsmustnotbedikregsrdedin
theanalysisofs&dtichplates.

Inanearlierpaper(reference1)thedifferentialequationsof
bendingwerederivedbymeansoftheprincipleofv5rtualdisplacements
forsandwichbesmssubjetted.totransverseandaxialloads.@tegration
oftheequationsyieldedformulasforbucklingloadanddeflectionwhich
warefoundtobeingoodagreementwithtestresults.Forthisrea60n
inthepresentpaperthebendhgandthebucklingofsandwichplatesare
snalyzedontheba&isofthesameassumptionsasthoseunderlyingthe—
earlierinvestigateion.

Saudwichplateshavealreadybeendiscussedbyvarious
1942,LeggettandHopkins(reference2)gavea rigorousand

--

authors.Iu
anapproximate
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2 NACATN2225

solutionoftheproblemofthebucklingofsandtichplatessimply
supportedalongthefouredges~ In1943,Vanderl?eti(reference3)
carriedouta rigorousanalysisofthessmeprc”olem.~ 1945$Msrch
endSmith(reference4)presentedapproximatestrain-energysolutions
forvariousedgeconditions.In1946, Bijlaard(reference5) proposed
a simpleprocedurewhichgivesrigorousresultsforsimplysupportedI
platesandapproxhateonesforotheredgeconditions.m 1940>
Reissner(reference6) developed’a large-deflectiontheoryforsandwich
platesandinthesameyearLiboveandBatdorf(reference7) presented
a newsmall-deflectiontheory.

b spiteofthisabundanceoftheoreticeJ-workh thefield,the
developmentofthepresenttheoryis-justifiedintheauthor’soptiion
becauseitiss5m@eenoughtopermitthesolutionoftheproblemof
thebucklingofrectsmgulerssndwichplateshav5ngvariousedgecon-
ditions.Thesolutionbymeansoftherigoroustheoriescitedpresents
greatWficultiesincaseswhenanyoftheedgesisnotAmplysup~rted.
.Atthe-ssmethe thepresenttheoryismorereliablethanthosewhichhave
alreadybeenusedtoobtainresultsfortheless-stipleedgeconditions.

Thisreportcontainsthedevelopmentofthetheoryenda solution
ofthebucklingproblemforthe.casewhenallthefouredgesares5mply
supported.Itishopedthatthegraphcontainingthenumerical.results
wiU befoundconvenienttouseintheindustry.

ThecalculationspresentedherewerecarriedoutatthePolfiechnic
~stituteofBrooklynunderthesponsorshipandwiththefinancial
assistanceoftheNationalAdvisoryCommitteeforAeronautics.The
authorIsindebtedtoMr.Kuo-TaiYenwhocheckedthederivationsand. computedthenmericalvaluesforthediagram.

SYMBOLS .

B integrationconstant

c corethickness,inches

c multiplierh buckling-stressexpression;integration
constant

D bendingrigidityof
perinch

*. bendingrigidityof
squaredperinch

plate,pouhd-tithessquered

twohxlependentfaces,pouud-inches

. .
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Do

E

F

G

K.

Lx>%

n

Pm

Pf

PO

Px

Py

~

R

s

t

u

u

v

v

w

bendingrigidity
oftidependent
perinch ●

young‘Smodulus,

formfactor

ofSaudwidlpanel,
facesandofcore,

psi

neglectingrigidity
pound-inchessquared

shearmodulus,psi

side ratioofbulge.

edgelengths ofsandtichpenel,inches
/

●

numberofMM wavesindirectionofload

bucklingload,poundsperinch

one-quarter
perinch

one+yarter
pertich

, compressive

compressive

distributed

bucklingloadcorrespondingto Df,pounds

bucklingloadcorrespondingto Do,wunds

edgeloadjnx-direction,poundsperinch

edgeloadiny-dtrection,poundsperinch

tman6v=seload,psi

integrationconstant;referstosurfaceaxeaduring
integration .

facethickness,tithes .

x-displacement,inoppositedirectionsinthetwofaces,
fiches

strainenergy,inch-pounds

Y-*~~t~ ~ oppositedirectionsinthetwofaces,
inches

potentialofexternelIOed
.

t, iuchesZ-displacemen

3
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x rectangularcoordinateinplaneoffaces,inches

Y rectangularcoordinateh planeoffaces;inches

z redagular coor~te perpendiculartoplaneoffaces,

6

a

%r,f

T

Smscripts:

b

c

f

B

inches

shesrstrah ,

variationsign

Ls@aceoperatir

normalstrab

Poisson’sratio

normalstress,ysi

bucklingstressof

‘Ducklingstressof

shesrstress,psi

bending

core

face -

transverse16ad
.

shear

Saudwichpanel,

twoindependent

psi

faces,psi

.

.

.

-ATION OFDIFFEWNTIALEQUATIONS

Thedifferentialequationsoftheproblemarederivedbymeansof
theprincipleofvirtualdisplacementsfromtheessentialparts0$the
strainenergystoredinthesandwichplate.Thestrain-energyquantities
consideredasessentialarethosecausedh thefacesbyextensionsin

,(

thex-andy-directions(seefigs.1 and2 forthenotation)audby
sheartithe~-plane;thestrtienergyofbendinginthefaces;and .

,

.
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NACATN2225 5

thestrainepergyofshearcausedin
XZ-audyz-plenes.Consequentlythe

thecoreby
stressesin

angular changes
thexy-plsnein

coreareassumedtocontributeonlynegligibleemountstothetotal
strainenergy.ThisassumptionisjustifiablewhenthemoduliE
and G ofthecoresreameXlascomparedwiththoseofthefaces.
Moreover,normelstrtisinthecoreinthez-tiection=e disregarded.
Theearlierinvestigationsofthessndwichbesmprovedthisproceduie
tobe satisfactory.Finally,thestrdnenergystoredinthefaces
becauseofshesrperpendiculartothefacesisneglected.Thisid
permissiblejust* theshearstrtienergystoredinabeammibjected
tobendingcanbedisregardedprovidedthebeamislongenough.Tnthe
caseofthessndwichplatetheratioofthelengthorwidthoftheplate
tothethicknessofa faceisalwayslsrge.

Thedeformationsaredescribedbymeansofthreefunctionsu, V,
and w ofthecoorMnatesx and y (seefigs.3 and4). The
functionu representsa displacementinthepositivex-directionfi
theupperfaceanda simultaneous‘Misplacementofequalmagnitudein
thenegativex-direction,inthe10H face.The&fWtion ofthe
v-displacementsisobtainedfromtheprecedingonethroughreplacingx
by y. Duriugtheu-andv-displacementsthefaces,andtheentire
sandwichplate,remainplane.Theplatebecomescurvedduringthe
w-displacementswhichtakeplaceinthez-tiectionthroughshearhg
thecore.Thew-displacementsdohotcauseforceresultants(corre-
spondingtomembranestresses)inthex-andy-directionsintheindi-
vidualfacesbuttheygiverisetobendiugandtwistingmomeptsinthems becauseofthenonvanishingbendingandtorsionalrigidityofeachface.
With

.

thestrainenergystoredinoneface

_ du dv
‘~ dy+z

“
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6 NACATN2225
P

becomes

u,= W2)~t/(1 - .’]] [%’ + ‘Wxv,+ v#) + “
.

1(1/’) (1-d (Uy+ %)2 W m (1).

wherethesubscriptsx end y denotedifferentiationwithrespect
to x and y,respectively.

Thestrainenergyofben&inginonefaceplatecanbecalculated
fromthelmownformula(see,forinstance,eqyation(48)onp.~ of
reference8)

J1’Ub= (D/2) e
-1

s

whereD isthe

L( 2,+‘o - dwwyxW (2)W=2 + ‘lsw=w~+ Wyy

bendingrigidityOYtheplate.b thecaseofa face

D= /[Et3 12(1 - P’]

Thesnglesofshearh thecoreare

Y= = [+1/(c+ t)]-Wx

7~ = [a/(c+ tg - Wy

Hen-cethestrsdnenergyofshearstoredinthecoreis
.

where.= is the shearmodulusofthecore.

Thepotentielofthedistributedtransverseload q is

(2a)

(4)

.

1.

(3)

.

,.

—.. .. ——~ .. . . . .. ______
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.

whilethepotentialofthedistributedcompressiveloadsPx and Py is

v.= - @#)J-J’/’,..2~&- (Pyp)j-j”.;~w (5)

Accordingtotheprticipleofvirtualdisplacements

5(U+ v)= 25uf+ 25~ + 5ufJ+ Wq + WC = o (6)

Substitutionsyield

c/(5(U+V)= Et 1.

.

(1/12) [i’i3/(1-#)Jj---[’2 W=bw= + llwnbwn + Ilw@w= +

s

(2V )(2bv—-
)1

—-8WY dxdy-
C+t ‘Y c+t

.

J qt5waxdy-Px
J

WX8WXdxdy-Py
J #@wY~@=os s,

(7) -

.
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Thederivativesofthevariationsoftheunknownfunctionsu, V,
.snd w csnbeelinhatedifuseismadeofGauss1theorem.Inthecase

.

ofthetermUX5UXdxdy ofequation(7)the trsnsformationsare:.

wherethelineiutegralis“extendedaroundtheenttreboundary.Iua
&MMr msnneroneobtains

Dv~dxay=
f $ Jdvu@- ,V Udxdy.

/

Ju#ydxdy=- +Upv ax -JJ*V axay
.

J + J‘?vYti *=-‘Pti- ‘Ywv&~

J f JUp.@d.y=- u@dx - u.#uaxdY

JWJ5WXaxdy =$WX5Way“-JW=6W axdy

,.

. .

I.

“

.
.. .. . . . --., . , .-. .<7 -- —— .-.., —,-- --.—------. -
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#

Ih thecaseofthetermsmul.tip~edbyEt3[’&?(l- p2)],Gauss’
theoremhastobeusedtwiceinsuccession.Thusforthe
termW=5WX dx@ thetransformationsare:

= $w~wx (3.Y- ][(wddx-’wd+x ay

In a similarmanner

Finallythelineintegral

# .

.

9

.
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becomesafterintegrationsbyprts:

f
Tr*&f+w&wdy

.

Substitutionsinequation(7)yield

#

.

.

I
.

!{ [(* 2 ~ + flvy)8udy- 2(Ty + 11’u&$vax + (1 - P)(.y + VX)(*ay-5Udx)]+

~ j{

-~3

6(1 - ~2)[‘YYY+@-
‘}

~)”=il+‘4=-‘Y‘ ‘Y”, ‘“W -

!{Et3
[—%X+(26(1-~2) ‘1-+)W=I+‘CC(*’- WX+PXW.~Ww.

?
c

.. . ___ ___ ....—. ..- ,.-., ~---- ..,.. . . ..”. ..- . . —, - .—.- --:-7 .--— - -
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. .

wherethemesningsoftheoperatorsare

A’=(~2hx2),(~2tb2) 1(8a)

f# = (Wax’)+ 2(a4/ax%y’)+ (,’18J) -

Sticeequation(8)mustbe satisfiedidenticallyformy arbitrary
variationofthedisplacementfuuctionsu, v, and-W> the following
threedifferentialequationsmusthold:

- -+pm+(1-kl)v=+ (1 + d%]+
l-y

%[(’):’-J‘0(%,
%pdv-wi’l=o

(9)

Et3
6(1 - ~2)

A4W+GCC~~)~W+Vy) -A2~ - q+pxw~+pyWm=o

(9C)

Thelineintegmlsin equation(8)furnishtheboundaryconditions.
When&Elthefouredgesaresimplysupportedtheconditionsprevailing.
alongtheedgescm berepresentedbytheequations

w= o, 8W= o, and 8Wy = O when x = “A

Henceequation(8)issatisfiedidenticallyif*

Ux+wvy=o when x = O,LX (lOa)

Vy+lll+po when y = “+ (lob)

~+vx=o when x =O,i& sndwhen y= 0’% (1OC)

,

\
. ..- .-—” -----------.... . . ~.- -_ .:__ ______ , ——- .-—--- ___________ .. _,.. .. . .,. .. -.,.. ,.’ . . . . . .
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w~+~wyy=o when

‘m +~w==o when“

w= o when

WCA TN2225
*

x= o,~ (1.Od)
u

y = 0’% , (lOe)

x= “~ ‘d ‘en y = 0’% (lof)

Equations(lOa)&d (lob)reqyirethatnomomentsbetekenbythe
sandwichplatealongthesimplysupportededgesk theformoftension
intheupperfaceandcompressionin”thelowerfme, orficeversa.
Accordingtoequations-(10d)=d (lOe),theexs ofWe ~~vid~ faces
mustalsobefreeofbenddngmoments.Inequation(lOc)theexpres-
sionUy+ vx representsa shearstrainintheupperfaceandeneqpal
sndoppositeshearstrainh thelowerface.Thetwoadduptoa couple
whichisthetorqueappliedtotheedgeoftheplate.Thismust’abo
vanishwhentheedgessresimplysupported.

whenall
tionsmustbe

the edges’sxe rigidly
addedtothoselisted

u= o 8U=0

when x= O,&, aud

v= o. fjv=o

g; y = 0’%” Hencewithrigidly

u= o when x

v= o when y

UY+.VX=O wh~ . x

w= o When x

Wx= o when x

clamped,thefollowingedgecondi- ‘
earlier:

Wx=o 5WX= o

I

‘Y=o ‘ 8wY=0 ,.,

clampededgestheboundaryconditions

= o,l&

= 0’%
=O,% &d when y = O,%

= O,& and“Wen y = O,%

= O,LX

‘Y=o when y =‘J%
~ msmypracticalapplicationstheseboundaryconditionscan

relaxedslightly.Itisusualtostfifentheedgesofa sandwich
bymeans‘ofarigidinsertreplacingthecoreM?thecoreisweak

,

(log)

(lOh)

(loi)

(1.oj)

(lOk)

(lo2)

be
panel
in

— . . .. ——— —.— -—. . . -—— .—. . — ,- .,.,. -- .. —- .,
,.. .. . ...”.” .“. -. ..’,.-..!. . ...’.’., .-. .-, ,.. . . .. .4. ,



NACATN2225 u

compressionperpendiculartothefaces.Withoutsuchaninsertthe
reactionforcesmightdamagetheedges.Whentheedgeisstiffenou@2
thetorquecorrespondingtotheshearstrainsrepresentedbyequa-
tions(1OC)end(lOi)canbereplacedbystaticallyequivalentcouples
consistingofshearstressesactingh thecoreperpendiculartotie
faces.Theseshearslargelycancelone=otherandthenoncance13ng I
part,correspondingtotherateofchangeofthetorgyealongtheedge,
csmbeequilibratedbydistributedreactionforcesalongtheedgesand
concentrateedreactionforcesatthefourcorners.Naturallyrigid
supportscane3.waysproducesuchreactions.Henceequations(lOc)
and(lOi)neednotbesatisfied.

Therephcementofthetorquebythereactionsispermissiblefrom
thestandpointofstaticeq@librium,butitcausesincompatibledefor-
mations.Consequentlythestateofstressandstrainmustchangeinthe
plate.Withsufficientlystiffedgesthesechangesarenegligiblysmalll
beyonda nsrrowbandadjacenttotheedges.Thismustbetruebyvtrtue
ofSaintVenant1s~principle.Whentheedgesareweak>thebandaffected
maybewideaudthusequations(1OC)and(loi)shouldnotbed,tiregsrded.‘
Itisofinteresttonotethatconsiderations’similartothosejust
presentedformanessentiell.partofclassicalplatetheorywherethey
wereintroducedbyKirchhoff.Theyaredescribedforinstance,on
pages47 =d 89 ofreference8.

Anotherargumentcanalsobeadvancedtifavorofomittingequa-
tions(1OC)end(lOi).Shple“supportsinthecaseofsandwichplates

. maybeconstruedtoconsistofindividualknifeedgesalongtheedges
ofeachfacewhichpermitthetranslationofthefacesina‘direction
perpendiculartotheedgeofthepanelbutpreventtranslationsalong
+~eedges.Consequentlyshearforcesmustbetransmittedalongthe
kutie-edgesupportswhichequilibratetheshearrepresentedbythe
termsUy+ Vx. Undersuchconditionsnov-displacementsarepossible -
alongtheedgespsralleltqthey-axisnoru-displacementsalongthe
edgesparalleltothex-axis.ConsequentlyW isnota virtualdis-
placementalongtheformeredgesand bu isnota virtualdisplacement
alongthelatter.Thetie integr~containtigUy+ Vx h equation(8)
vanishesthereforeautomaticallyeventhe@ we shearstressesare
finite.Iupracticaldesignthetwoindividualknifeedgescanbe
replacedbya singleoneandbya sttifeningins- replacingthecore
alongtheedgesofthesaudtichplatewitha consequentslightdis-
turbanceinthestatesofstressendstraininthenei~borhoodofthe
edges.

Inviewoftheseconsiderationsequations(1OC)aud(lOi)canbe
replacedbythereqtiementsofvenishingu-andv-displacementsalong “
theedgesparallelto-thex- andy-axesjrespectively.Thenumberof
boundary
.vsnishes

conditionsistherebynotaltered.IfitisobservedthatWx
alongtheedgesperelleltothex-axisand WW iszeroalong

.

-- - .- . . - ---- ---- -.. .-— - ------- e------- -------- —---— -. -— ----- -— -- —- -.. .
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we edgesparmd. tothey-axis,theproblemofthestiPly su~orted
platecanbestatedinthefollo~ altem.ativeform:

[Do~+ (l- 11)~+ (1+ V)v=]- 2GCCU+ 2GCC* Wx= o

D+*W+(l- K)V=+ (l+P)*].-2GCCV+2GCC*WY=0

DfA4W -I-GCC~(~ + VY) - GccA< - q+ PXWE+ pyWW = O

Ux+j.lvy=o when x= o>%1

vy+@,lpo Wlien y ‘“OJY
u= o when y = ‘~%

v= o when x=09%

.

(ha)

(Xlb)

(UC)

(12a)

(12b)

@2c)

(12d)

(12e)

(~f)

(1.2g)

Inequations(lI.)thesynibolsdenotingbendingrigiditiesaredefined
inthefollo~ msnner:

.

Do= Et(c+ t)2/2(1- 1.L2) (lsa)

(lsb)

whereDf isthebend3ngrigidityperinchofthefacesabouttheirown
centroidalaxes,calculatedforthetwofaces,and Do isthebending
rigidityofa l-inch-widesegmentofthessndtichpanel,calculated~out
,Iihecentroidalaxisofthemndtich,neglectingtiecontributionof‘the
coreaswellasthatrepresentedby Df.

,

.— .—.= —. -. . . ... . . .. —— .- ———. ——-------- ,,. . . :. .’,. . . . .. . . >.. :..
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Finallythecaseofa
Whenitisp3mX1.eltothe

freeunsupportededgeshouldbementioned.
x-as, the -boundary

vy+p~=o

Uy+vx=o

‘m +wy&=o

=3
[—wYYY+(2- (

p)w=”j + Gc=*
6(1 - IJ2)

conditionsare:

Whenthe free edge is parallelto they-axis,the
become:

~+pvy=o

~+vx=o

W=+pww=o
.

.

“

E@
[w=+(2- .(

2-U—-ll)wm]+ GCc~+ t
6(1- p2)

15

(lore)

(lOn)

(loo) “

)‘Y +‘YWY =0 (lop)

boundaryconditions

(X@

(l!k)

(los)

)‘x + I?xwx= o (lot)

b equations(lop)tid(lOt)thebracketedtermrepresentsthedis-
tributedshearinthetwofacesaugmentedbytheshesrcorrespon&Ingto
therateofchangeofthetorquealongtheedgesofthetwofaces.(See
P=~ ofrefer~ce8S) me ~~ t- iStheae~ c-d bytiecore,
sndthelasttermistheccmponentoftheedgeloadperpendiculartothe
deflectedsurfaceofthefaces.Theequationsrepresent,therefore,the
conditionthattheremiltsntshearforcemustvanishalonga freeedge.
Thephysicalinterpretationofthefirstthreeequationsofeachsetwas
discussedearlier.

Inadditionthecondition

must befulHlledateach

. . .----..______...—..,.—.-

X+w W=. o

mrneroftheplate.Whenthecorneris

.

L---- .— -- —— —— ———. —- -. -—-— . -- .-—-— — —.-— — .-..,.. ... ..” . .
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supported,thevsriatio-nofthedeflectionvanishes.Whenthecorner
isunsupported,thedeflectionfunctionmustsatisfytherequirement

.

BUCKLR?G

. ‘w=o (1OU)

1

OFA SIlil?LYSUPPORTEDSANDWICHPLATE

UNDEREDGEWISECOMPRESSION
.

Whenthecompressiveforceisactingonlyinthey-directionand
thetransverseloadingisabsent,Px= q = 0, thesolutionofthe
differentialequations<n) andboyndaryconditions(12)canbewritten
as

.

u =A COS~Sh= .
x Ly (Ma)

v= Bs3n~cos~ (lkb)
x Y

w =Csix+sin= (14C)
x ‘Y

S@stitutionofthesefunctionsinequations(11)yieldsthree
homogeneouslinearequationswhosedeterminantmustVanishwlienbuckling
occurs. Thedeterminantis:

Po~+(l-ll)Kq+2GCC (1+@?.
L)

.2Gcc~ A

(1+Il)KPo Po[a#+(l-JJ +2G&
LfF

C+t Z-2GCC~ —

-GCc
“-(LX)

2s
(J

-Gcc&~Kc+t— (~2~,(l+K42+Gcc(l+K9-P#J

(15)

.

. .

,- - .—-- -—. -.. , ,--:, -, ---- --:. .. :-- --- -, .-,.- .-
. . . . . .- 2.. ‘.. . .,,.. . .
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where

P.=
()

y(2~Do= #Et(c-1-t)p
2(1 - 1.L2)Q .

Pf=
()
* 2%-=

$~3 ~

6(1- V2)~2

%K=n —
% 1

.
.

(16)

ThesymbolK designatesthesideratioofthebulge,and P. and Pf
areproportionaltothebuclil.ingloadsofordinaryplateshatigbending
rigiditiesDo and Df,respectively.

Expansionofthedeterminantsndsolutionfor Py= P= yieldthe
bucklingload

(1+K2)
[

Gcc(1+ K2)P0
P= = (1+ K2)Pf+

K2 1Gcc+ (1+ K2)P0
(17)

TRANSFO@MTIONOFD~ IALEQUATIONS

IXe&tion (ha)isdifferentiatedwithrespectto x, andequa-
tion(llb)withrespectto y, andtheresultingequationsareadded,
One obtains ,’

(+”$’+’vy)‘~A2” (18)

Equation(llc)cannowbe solvedfor(~ + Vy)andthe

[
operator1 -
‘manipulations
isobtained:

(DO/GCC)A2]qpued to the residtingequations.After
thefollowln&sixth-orderpartialclifferentialequation

DfA6W- (D.+ Df)(GcC/D~”~= ~ - (Gcc/Dojj (q - %w~ - ‘yw~)

(19)

.

------- .- —... .. .. . ._. _ ____ .—.,.. . =-n-‘— -- -:-.--— “-——— — — —--—-—. — - ---. . .-. .,-. ..
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where . .

Assumptionof w intheformgivend equation(14-c)agdnyields
the~ressionintheright-hsndmemberofequation(17)forthebuckling
load.

.
Itisoftiteresttonotethatequation(19)reds.cestothediffer-

entialequationofthesandwichplategivenbyReissnerasequation(71.)
h reference6 if ~ isassumedtobezero. ,

EVALUATIONOFB~G FORMULA
.

For snysideratio L-#& thebucklingload Pcr canbe calculated
fromequation(17)if n isassumedassomepositiveinteger.Different
assumptionsyieldclifferentbucklingloads,andbucklingoccursaccording
tothepatternwhosebucklingload-isthesmallest.Figure5 showsthe
vsriationofthebuckkn loadwith ~1~ forseveralv&zesofthe
ratioc~t.Thesymbolh isdefinedas

Itcanbe seenfromthediagramthatthebucklingstressvaries
littlewiththesideratio~1~. For c/t= 25 and Q
K. 2Gct/Pf= Gc/ua,f= 131.7,thebucklingstressispractically
constsntforallvaluesof ~/& .greaterthen0.2.when c/t= 7.5 .

● and~= 131.7thelimitabovewhichthebucklingstressisconstant
iS 0.6. As amatteroffact,thelimitisalwayslessthan1 ‘except
whenthecoreisinfinitelyrigidinshear.Thenthelimitis1 in
~eementwiththin-platetheory.Forthisreasonthesideratiois
nota persmeterofmajorimportancemd theminimumbucklingstressof
allrectangularssndtichpanelscanbepresentedina singlediagrmn.

Thedashedlineneartheleftedgeofthediagrsmistheboundary
totherightofwhichthesideratiohasanegligibleeffectwon the -

.bucklingload.ThevaluesofthenumericalfactorX correspondingto
thebucklingloadofthese“long”platesareplottedasthedash-dotted
ltieneartherightedgeofthediagrsm.Theordinatesofthiscurve
arethevaluesof k, endtheabscissas.thecorrespondingvaluesofthe
thicknessratiocjt.

. :, ----~ ----- ----~—- ----==- .—------ ---- ..7.P— ._-. ..
....---- .. .,.. - .-.,. .. ‘.
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DataobtainedfromnwmysimilardiagrsmspreparedforvariouE
valuesof ~ arecollectedinfigure6. Theabscissaisthethickness
ratioc/t andtheordinateisa numericalfactorC defjnedas

.
/

(1/4)pcr (PO+‘f)
Thecriticalstresscsnbecalculated

~cr=CFuCr,f
whereaCr,f wouldbethebucklingstress

= c (a)

from theformula

(22)

ofthetwofacesiftheywere
notconnec%edwitheachotherbymesm ofthecore:

L,

.

#Et2
Ucr,f=

3(1 - A&z

snd F istheformfactor:

2
F

()
=1+31+:

.

(24)

SinceFDf isthetotalbendingrigidityofa sandwichpanelwhosecore
doesnotcarrybendingstressesbutisinfinitelyrigidh shear,Faa,f
isthebucklingstressofa sandwichp~elthat-isnotmibjecttoshearing
deformations,and C isa reductionfactorforthebucklfigstressofthe
actualsandwichpsnel.Thevalueof C dependsonthesandwichbuckl@
parameter

R= ‘&%f)

Infigure6> R is the parsmeterofthefsmily

.
(25)

.

ofcurves.

Figure7 presentsthe ssmehformationasfigure6
usedfor c/t islogarithmictofacilitatereadingthe
theregion0.5< X<1.5.

but thescale
valuesof c in

-.

“

.-— -.. ..-+ ------- -. ..+ — -. —— -- .- -- —.= ‘---- ., --- --e- . . . . . . -—. — -. ——.- ——. . . . _
.. . . “,. .-, . . . -..’ . . .
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NUMERICALEXAMPLE

mcA m 2225

As-anexampleoftheapplicationofthebucklingformulajust
derived,thebucklingstressofanalclad-balsasandwichplatewillnow.
be calculated.Theplateissquarewitha sidelengthof23.5tithes.
Otherperttimtdataare:

t = 0.021. inch C = 0.181 inch

Gc= 19,000 psi E = 9.5 x lo6 psi.
= 0.3lJ -

Accordingtoequation(24),

F

Fromequation(23),

Um,f=

= 1 + 3(1 + 8.62)2 = 278

YF9.5 x loqo.021)2
3 X 0.91 X 23.%

s 27.25 P3i ,
-

.

Consequently,

Fa~,f = 7560psi

~ equation(25))

R = 19,000/756 = 2.51

Thevalueof C cannowbefoundfromfigure7 for c/t= 8.62
and R= 2.51:

c = 0.955

The critical stress canbe computedfromequation(22):
.-

acr= 0.955x 7560 = 7220 psi

.

\
-... -;-:. ,. ..,.-,= --- ...-.. - -.. ” ;- . . .. . ..’ . :..’.., . . . ,,.. ”---- :.”‘..

,1
.
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.
Thecriticallaadperinchofthewidthofthepsnelistherefore

P= = 0.0+2X 7220 = 303 lb/in.

ThefoutspecimensofthistypetestedattheForestProducts
Laborato~andreportedintable3 ofreference9 failedunderloads ~
rangingtim 266 to300psi. This,aswellasothersimilarcomparisons,
indicatesthattherewasgoodagreementbetweenthetheoryofthepresent~
investigationandresultsoftestiscarriedoutattheForestProducts
Laboratory.

IfthebsJ.sacore
havinga she%modulus

theratioR becomes

isreplacedbya cellularcelluloseacetatecore

G== 2500psi

n

i,

.

R = 2~0/7560 = 0.331

andthusfigure7 yields

Hence

)

u= = 0.726 X 75ti = 5475 pSi

and

Pa = 0.042x5475= 230lb/in.
.

CONCLUDINGREMARKS

DifferentisJ.equationshavebeendevelopedforthecalculationof
thedeflectionsandthebuckldngloadofrectangularsandwichpanels
subjectedtotransverseloadsandedgewisecompression.Theequations
havebeensolvedforcsimplysupportedpanelscompressedparalleltoone
pairofedges.Theresultsofwe calculationsarepresentedina

.

---- . . . ,,.-.-,- -—.- —- —-, ,-— . ------- -.—. .; .. .. .... .. ..——--— ---—. ---—. —... . ... ...,. .
‘.. ‘. . . .... . .“ . .,-’,’.. -:.- .,
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diagramwhichpermitsa rapidcomputationofthebucklingloads.Good.
agreementwasobtainedwithresultsoftestscarriedoutattheFor@
ProductsLaboratory.

Polytednic~stituteofBrooklyn
Broo~yn,N.Y.,MSV27,1949

.
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