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DENmETY

In thig repert of work am ihe wliimaie stropgih
ef thin sheet meial panels, the gemsral Tormulas for the
desien of such penels has been develepsd. Tvo imggg%agg-'
eouations heve been obisined by theoretical reasonlng,
namely thst the tetal lead carried in compreasion by any
unstiffened, simply supported pasnel cenm be given by

P:= CyEct™
sod that the comstant € is given by

C-f0,0): F(JEL JEER)
wvhere B # the Young's meduvlinsg of ithe m&@@xi&;

T % the stress st the svpparied edges

t # the thickness of ibe material

b ® the width ef the pancl

R 7 the 2&&3&& of curvasburz of the pansl

This tweaﬁ@@nﬁ has then been exisnded to ihe caso
of stiffeoned ?&ﬁ@l&;Ab@tﬂ fiat snd curved, and the predice-
ted leads nﬁw@ heen found te givs‘a geod check with the

leads obtained by meiual failure tesis ef sueh panels,

Dopign curves ers glven te facilitaie caleule-
tione and vomplete crlculations of pevilievlsy cages are

garrvied out in the sppendlees,
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1. IntToductlion

The gubjeet of the stability of thiam plates
firet became of practical importance in the figlds of
"paval erchitectuvre and civil engineering. In naval archi-
tecture, the designer wes interesied in the failure of the
side plates of 2 ship vhen they were subjected o normal
end shearing ferces in the plene of the plates, In this
cese, Lhe problem waRE laso complicatef for ceritalin paris
of the structure by the asddition of the waier pressure
acting normal to the plane of the plete., The civil engin-
goyr facsd o similsry probliem vwhen fesigoing lsrge plate
girders in which other dimensions of the web mere very large
in comparison to the thickness of ihe materisl uvsed, Thesa
beams were subjected to iéa&a which csused tension, compres-
sion, and shear lecads wvhich acted in the plane of the web,
aud it ==s the ﬁ@aégn@rga preblem 9 S0 consSiTuct his beam
that ﬁmckliﬂg of the web did not take plsce,

In both of the above casegs, feilure e consldered
to have oceurred when ihe plate suffered any apprecisble
defarmatiaﬁ in a dirvection perpendieuvlsy te its plane;: since
any loading sbove this "eritical load®™ caused =z rapid in-
grease in the defermation ip g direction persllel to the
plane of the sheet. This lerge defermation, if aceumulated
over & large structure such as 2 ship or bridge, would
gause total displacements which eouléd pect be telersied in
the desing of such sz structurs.,

When flet and curved sheet wses first used in
gireraft construction, the tendency was to design the sheetis

on the same basis as thal used previously, i.e. on the
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basis of the stsbility limit or the criticsl buckling load.
this buckling lead, however, wee very lew Tor the thip mai-
erigls that were used in sircraft comstvuciion and this
critical load induvced stresses in the materisl vhich were
far helow the stresses that would a&mﬁe.p&rmanem% deforma~
tion in the sheet.

1t was also noticed that if sweh thin sheet metal
panels were loasded above the giability limit they centinved
to carry a ceriain gmount ef incressed leoad without suffering
any permasnént deformaiion, Conseguently there arose the
second problem, that of déstermining the mazimus permissible
losd before the sheeit suffered a permanent deformetion, eor
before the stresses reached the elastiec limit of the mater-
ial at sny peint.

Because ef he losding cmzﬁitigém of sirplane
structures, such conditions as indicated sbove are guite
permissible, The normel flying or landing leoads on an aire
pliane are usually guite low compared to ihé loads which may
be applied under extreme comditicons for shert periocds of
time. Consequently it may be peossible o design the stressed
sheet of such a structure so that it is in the unbuckled
state for mermeal lead conditions end ¢sn ecaryy considerable
larger loade in the buckled steie vhen subjected to extreme
conditions. In other words, the vitimslte design load showvld
be bosed on the ulitimste lead carryisg cansciiy of the
shé@t rether than wvpon the losé at vhich ithe sheet reaches
the stability limit,

The determinstion of the €lasitic stability limit
of flat sheet members has been made theerctically and
chegcked sxperimenially by & number of au%hgf$g The first
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theoretical ireatmeni was maode by Bryan (Refsrensce 1) apd
his methed, arlgthex methods giving the ssme resulis, gre
given in & number of texts and papers en the theorsiical
trestment of elasticity. [Befsremges 2, 3, 4, ond §, and
cthere}, One method of treatment and the resulit obieined
ig given ir Part I of this paper.

The ireatment of the uliimste lozd heyond the
stability limit is gquite recemi, It had besp obizined ex-
perimentally = number of times but wes Tirst copsiderad
seriously in s publication of Hewell's (Reference 6) and
in H.A .0.A., Report Fo. 356 [Refersuse 7) on work dome at
the Bureau of Standsrds. These auinors made ne atiempt
ﬁg.gi?@ a2 theeretical treatment of the subjecl but omly
gave the éxg@wimaatﬁl data in ithe hope that these results
would be a guide Lo designers,

The first snalyitical atbtempt on this problen was
made by vorn Earmen, and it is this treziment and iits ex-
pousion whieh forme the basic part of this poaper. A& somi-
theeretical itreatment has been pade for flat sheesis wnder
edge compressien iz the plenms of the shesi, znd this theery
has been checked by & large nimber of exporiments, This
hes then been extended o cover the csses of flat shests
acting in conngchion wiin sitiffeners and of curved sheets
with and witheut stiffenerg, Fert of the experimentsd
work has been dome persomslly by the suthor, part of it
taken Trom reporte of wark perfoarmed at other institutions,
and pari of it was performed at (.1.T. by graduasite students
in perenaviics. INention ef awvthors and publications will

e made as their work lg discussed.
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iI, The Stebility Limit

in giving this discussion on the stsbility limit,
only enme st of boundary conditieous wlll be comsidered in
srder to give a background for future work. The method is
guite genersl, however, snd different boundsyy conditions
can be wsed in the geneysl differentisl sgustion for sther
special eases.

Mﬂaaasﬂer & plang plate lying in the XV-plane, of
thickness ®L® and dimensions *& and "b* perallel He¢ the
. X smé Y @irections respeciively.,
Thig sgheet is apbjected 1o 2 compres-
sion legd parallel Lo the Y-axis
vhich gives ¢ wiform stress G dis-
tributed aleng the edges y =~ 0, and
¥ # b, See Fig. 1. All edges of
the sheet will ke consideyed to be

simply supporied. Then, if the

-axis is perpendicular to the sheet,

the geperal differeniial equation

isg
-~ t'E e % Az .
- d2 L : 1
end, sipnee Oy = Twy= Gy =-T
e 2
P Apz e—a2E | (2)
(=) Sy*

vhich gives the differential eoustion for this partiecular

stress state am:

g [d% J2 d“z;} G . .
\1(| 7"‘1) 3 x + J}f.uchs\-*' éu'ﬁ.— ( }

For the case of simply supporied edges, "z" gan

be given by an eguation of the form:

=Y



Z=Fo me o e =L (4)

where “m® and "n¥ are positive integers. Eouwstion (4}

satisfies the boundsry conditions

- J° _
i',o) rji:o at K=0 , G.

Vaking the reguired aifferemiistions, snd putting the valuves
into eguation (3) we get, after dividing through by

O

the equation

+E Y&ﬂﬂzf{?ﬁlf%ﬂq—ﬁ(%§YH9 (5)
izt~ 1) * -
vhich can be solved for O yielding ,
B+ by ey fmegt
e B (] @

> . . >
This velue is olwiounsly & minimum when n & 1, slthough this

is not trus of "m¥. Peiting iIr =2 31, we finally gst
“—"LE.f.L b (_!_ (_"‘f_"‘;l Z
O ™ i &, b
L
wEt: [}?;_f *Ls:}
= ‘m by o L

TrE+t

RYTES P (7)

whers

K

1%
E - LA j (82
L2~
A plot of K againat the b/a ratioc is given in
Fig. 2. This family of curves indicates that the eritical
“huekling stress is a minimum when the sheet has a length

which is an even multiple of the width. Also, sinee m?

{os



gives the number of

hel{ wares in ths

¥ diveetion, ithese

guyves ipdicete thab
the buckling tends

to give nodsl lines

forming squares.

The wave forz in

e 3 g |
s the X direction is

Fed ene halfewave sined

imue waulne for bhe styess.
The ewvelope of minima is given in Fig. 3, aud

this is the curve of

X sagaiunst the bie | \ _ Gy e |

ratic vhiek is used 8

for design. For sll 6

K o : i
AL S

b/a raties greater.

than 1,0 1% is uspally
oz

suffigiently sccurabe

te comsider that o i z e Y
%
Fia, 3

¥ # constant % 4.0.
af esleulating the alloweble load oy sheet msterisl proved
very satisfaotory for plates of ithe thickuness used in neval
ang eivil epngipeering a8 it was possible te obiasin siressses
reasagab;e close te ithe elesstic limit of the materisil wiith
gpite largs plates. For exsmple, s sheet of siructursl

steel £% thick could be used up io 30" wide and of any length
withowt having the buekling siress»fali below the elastic

foy



limit {30,000 1bs./sg.in.) of the material,

It will be moticed, the buskling

stress fzllis off properiional af the thickuess
and thet the slleowsble widih for 2 given siress deersases
directly ss the thickmeos of the melerisl. For this resson,
difficuliy wae sncountered mhen the methed wos applied to the
design of eircrafl sirpeiures where the thicdknesses of the
materisl used lie in a range of from 0,012 te 0,120 inches,
end may, for ithe case of stainless steels go down teo 2 few
thowsandtns of an inch,

Toke, for au exswmple, z simply supperted panel
of duralwnin with & thickness of 00,0407 under s compressive
load, To get the buckling strese vy to the elastic limit,

say 40,000 1lbs./sc.in.. the widith of ihe papel should not

QRLE > Y TERw R PO PR
6= B T SRR - S PV
.‘gaz‘.é',n-m.’-&ﬁ' 1z {.&1) 46 00G

for any b/a ratio equal to, or greater than 1.0, This ob-

axcead

viously means thal numerous stiffenmers must be used in order
to break up the sheei into e large nomber of very marrow
panels., This leads to ap expensive and difficuli coanstrue-
tion which wounld not be used merely ifrom sun £conomic stand-
point,

If g panel of the same material is made 4% wide,

the buckling siress falls ofi io

Hﬁlana'axgml . .
G = = 3610 Ibsfsqiay .
{z2r.8) 2 L&

which ig much teoo low for ecouomicasl design. If the loaz
on this panel is increased after buckling tskes place, an

g

average stress of over 7,000 1lbs./sc.ip. csn be reasched
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befere sny permsuent deformation tskes plree, Although

this last strege is still fer belewy the elesstic lixit of

{11)



113, Flat Shost Panels Beyond the Stability

Iimit, PFiret Approximste Theory,

Upon ap investigstion of the sxzperimental work
perfermed by the Buresu of Standards on flat shect in come~
pression {References 6 end 7}, two yrathor striking facts
were moted, The First étaﬁ of importonces wse thzt the loazds
obtained gave siresscs consgiderably above the eriticel
buckling stress hefere ony permanent deformation tesk place,

snd second, the valve of the failur

r!ﬁ

: load wes ¥very neavly
independent of the width of the specimen, when the specimen

wos wider than sboub fewr ivches. Toe fallure load seemingly

depended enly wpen the elasbic af the materisl

o
e
9
fey
&
o
o
b
?

and thne sguare of the thickeess of the sheei,

ghyzieal anslysin

prehlww it seemed reasenable

; ;‘ﬁg assvme thet perhaps mest
 § ef, avr 211 »f the lead was

. J M,W;;,m;;fmmwafl}i‘§¢;¢, earried by that part of the
' ff/g%ff j_ fri :vf ‘fv\f\!§;'$h$ag near the edges vwhich
\ . ”:&b?'v  ¢; t”">: was supporied and that the

genter of the sheet vas eapr-

. rying little or ne lead in

'(g) the buckled state, In ether

o words, an sifectiive widih
Fig. 4

of the sheot on eaeh side
was sssumed to be carrving =11 of the load, in o menmer Sime
ilar to the assumpiion of an effective width for the design
of T~beams with wide, thin flanges. This assumptien was

(22}



%h@&yatieﬁilyvig & vecent paver (Referemncse a}’in the follow-
ing manner

After the erliiecal buekling load has besn rezched,
the sheet deforms in ene halfe-wave i the direciion perpep=
dicular to the applied load, as shown previcusly in Fart ii.
ség‘gigﬂ 4a. After the deformatiocn had eccurred, it was

assumed by von Karman that an effectiws widih "= at the

%'5%'5:5
‘ g i
Ll
) LYvtyy
e e o P
b e
L
, 1
€
' L

e300 Bae
gides of the gheet csrried ihe entirve lezd and kot the
centar of the sheet droppred cut of action, Ige Fige 5, Iin
order to eimplifly caleuwlstiong, thers are twoe possible as-
sumphions thet ecar be mads regovding the shope of the gheet
in the region "w¥, 7The Tirst of these, used by von Zarman,
assumes thaet in this regicn the plate deforws se that the

tengents et the end of the two effective widlhs are parallel.

See Fig. 4b, Thue, the center of the sheet cen be elimin-
{13}



gted and the problem reselves itsell ipite the failing stress
of o plene sheet, with width 2w, lengih L, scted wpen by
¢ compressive stresse 0 , Then, if we use the zmeihed of
Part II, the equatien ef the stress stele corresponds Lo

egpatien {3}

€Tz ' é..‘ﬁ
ooy Lo + ?"é,xlc}(.‘ ] “+ U‘ {3}

and egquatiocn (4) becomes

T Y ,
%2 By Ao P g o)

formation, The walue ¢f "n" in egusiien (4} is taken as
unity cince 3% was previounsly fomnd that this gives ihe
jmipn valne of the eritis=sl sivese. Puiiing (9} into (3}

we obbtain:
L WL S ﬁg_._?f’*
V2 —p } fow 10% 2

ox

L z—
. wets T A Jﬁ {10)

G—.—‘ \2—(\7#«»"'} L%W ,@
To fipd the minimum of G~ ., the criticsl siress,
we Gifferentiaie with rsgp@ﬁg to L ane aguate te zZeye.
This gives,

A
> éi
g =

from which

WiE 1T .
G::r'fh'm.!" 121~ t)w™ {11)

solving this for the effeetive widih we gst
LS
W= Tl o Y e

and the toitzl lead sa&rimi by the sheet 12 sgusl ie

Prot= Lwito =

(12)

ma T, fEo {13)
{1453



2

The maximem load poseible before peymanent defporme
a—

ation tzkes place is determined when O 2Oy ® the yleld point

of the meterisl, Thus

27 | '.L )
'Pma,gz ij) JETG;.(; T {14)

= C,g N Eﬁ’.g 4" {15}

wheyre

. 9 |
N v (152

Tt might slso be assumed that the effective width

scts as e sheet simply swpporbed om thres sidss with the

fourth side free (Fig. 4e), This sscumption has been car-

ried out by Domaell (Refersnce 8} snd he arrives at an eguation

far~tha"maxim§m total load of the sswe fovm sz (18). Don-

nell®s equation is

.. = G {Eq T (18)

o

Z_‘
(;_an:' \g ilﬁ@}

e

The sbove methods indicated that the ﬁ@?ﬂ@ﬁi‘yfﬁw
cequre was being followed since they geve the ulbimsie losd
as a function of the elastic preperties of the materisl, the
sguare of the thickness of the masterisl, snd iundicated thsi
the load was independent of the width of the specimen. TJon-
ﬁiﬁering‘ﬂhe value of 4 for normal aivcraft materisl (metal)
to be equal to 0.3, egwaitions {15} and (16} give us

Pray = 461 {EG +*
L. iy J\Em%‘il

LTS S

respectively, and one would expscet to find that the exper-

{151



imental values wopld lie scomevhare belwosn these values

sinee they =re obviously the limiting seases, The oxperi-

: L inches ’

. Fia. 7

mental values of (p, calculated Froem the gzpeTimenisl losds

fé@a@ in Reference 7 ere shown plolted in Fig., ¥, end it is

geen that nearly 211 (83Z) of the expsrimental wvaluss for

Cp do lie w¥ithin ihe range indicated by the above calcoulabtiens,
In grder to mere closely check the theoveticel work

an experimental program wes sitarted at the Califoernia Institute

of Technolegy in the Guggenheim Aersnauiticeal laboratery. It

vez felt that esrisin faulis ef the tesliing sguipment used

previously invalideted some of the srxperizents} resulits and

{18}
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i

consgguently on efforl wen made €

az muth 25 possible in the besting
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IV, Experimentsl Apperatus spd Besulis of First

Bxperimental Tests.

The testing machine uvsed is shown Y two sketehes

viﬁ ?iga; 8 ané é, and Eig. 10 shows & pholegraph of the machins

in use, The upper head of the testing machine consists of a

- | ten inch I-besm fastened to twe.

| ppright fen inch channels, and
the lower, meving head of the

' machine is s sgimilar ien inch

I-beam pivoted on ball bearings,

with a lever arm of seven feet.

This tyoe of desigp was nsed so
gs Lo eliminate any friction
vhich might be intreduced from

vertical guvides., The hsavy woper

and lower beams were wsed in

; Fig. 10
order %o elgginate any deflegtion of ihe testing hesds vpuder

(18)



l@a@w which wounld tend te distort ithe lesd distribution over
the edges of the gpeclimen. The herizental motion of the
lower beam, bsing approximstely (.01 inch for every inch
of vertical motion, eould be neglected, for the vertical
motione obbtained im the experimentsg were in genersl less
than 8 guerier of an inmch.

The load was applied by means of & Beven and one-~

half ton hydraulic jack and the values o the londs were

| determined by means of

2 high~vange and a low~
TENEZEe Dressure gauge.

Seg Fig, 11. The low~

raunge gsug2 read from
 G-2000 pounds and the

bigh~range gauge read

- "% from 0-20,000 pounds.
Fig, 11 These gauges wWere pere
ipdically callbrated against s siandard type testing mschine.
The surfaces of ihe I-beams next to the specimens
were faced with a strip of

heavy colderolled ateel

having a 120° V-groove

running lengthwise down the
center of the beam, These
two V-grooves counld be scr

curately mligned, cne above

the eother, by mesng of ad-
Justments on the testing ¥Fig. 12
machine, The sides of the specimeus were alse supporied in

V-grooves, in this case 30°, which could be adjusted for any
1ol



width of sheet desired and which cowld glsc bhe adjnsted so

that they were in the plane of the t@p and bottom greoves.

4 Pholograph ¢f the edge supperis firsi wsed is shown in
Fig., 12. 1In this manner, ithe specimen vas as nearly as pes-~
sible simply supporited em &ll four cdges with & compression
load on the upper and lowsy edges acting in the plane of the
sheet.

The first series of tests was yun on specimens
which were 211 12¢ long and vhich varied in width from 1
te 12 inchesB, Haterials used were, 173T Iwresl,. soft steel
sheet, aluvminum, snd brass, with s thickness remge of {rom

G.012 to 0,087 inchea. Since the Kaiv

mn enslysis (Part 11X)
indicated that the total lpad earrisd wes & Twnetion of the
Young's meodulus, the yield peint, and the thickmess of the
materisl, a wide raange of these velues waps desired in order
ia c¢heck the eguation, even though soms of ihe materials
tested were not praciical from the stendpoint of asirplane
strucinrsl materizls. T¢ woe alse ezpscted thet for very
large and very amell valvez of the lengih-breadth ratie this
gouation would bresk down, €6 & wide rangs @f'wid%ns was used
in order to estmpblish the limits of usmelfulpness of the equation.
The material was ordered eraied and shipped flat
when purchased end was used s received, rejeciing hewever,
any specimens which showed sny aporeciable curvature or de-
fects, The ends were sheared sguare and the leaded edges of
the specimens vere made semi~-ciFeular as there was a tendency
for ﬁl&ttségeﬁ e ride on one side of ihe vpper and lower
V-grooves, ihereby putting a shock load opn thgvapegimem and
cansing il to fail prematurely. A number of scattercd one

inch wide specimens were taken close to the larger compression
{20)



specimens and theee were used as tension speecimens for the
determination of the elastic prepevities of the material.
?he.elaatin properties were dsteve
mined in a 300C pownd Reihle
tension machine, elongstions be-
ing measured with balanced Huggso-
berger tenmsicmeters. See Pig. 13,
The comypressien tesis

were run on each specimen and ths

walue of the vliimale lead in
compression was labulated, From

this, using equation (15), the

value ¢f Cp could be determined,
sinee & and 6% were given by th Pig. 13
stress-sirain ewrve of the meterisl and L% could be measured.
For the determination of the ezperimental veluee of Cf, &, was
teken as the point on the siress-sirsin curve of the material
at whieh the curve firvst departed from e straight line, This
definition of G was later mgéifiaﬁ; but gt this time it was
considered suitable to check ihe eqguziion.

Table I. columns 1-2,. shew the reselis of this
first set of experimental tests, Ii may be motised that the
values of Cf in this table are not widely different, conaider-
ing the wide range of the sxpﬁrimeﬁta; Fariables, however
there seemed to be enough difference to justify a further
analysis in order to determine whether oF not thisg difference
was dus itc experimental inaccuracies or whether Cs was some
function of the experimental varisbles. Conseguenily a cleser

investigation of the probable stress distribution was cerried

(21)



cut and 8 seceond spproximstion to the probasble vliimate load

carried by such & specimen was made.

{22)



¥. Second Approximate Theory

The first assumption made in determining the ule
%ima@e load that eould be earried by a thin sheei peanel in
compression was that the center of the sheet carried mo losd
and that the edge réginma supported the entire load carried
by the sgheet, Heowever, an investigation af the asction of &
sheet during loading shows that this asgssvapition needs to be
medified in order to mere closely appreach the actusl lead
‘di%tribmtion aver the loaded cdgen.

4% Tirst, the sheel remains in its original plane
form as the load is applied, At B esrtain load, the critical
buckling load, which can be determined by the equations de-
rived in Part 11, the sheet buckles in a wave-form which is
& Ifenetion o the dimensions of the sheet. .“és the loading
is continued, the edges remain restrained and continue io
carry incressing load. The center portions of the sheet,
being in the puckled @tate; esn carry little @r‘ma inerease
in load, howsver they still cerry the siress corresponding to
the critical buckling load on the g&neiﬂ The secend approze
imation to the uitimaie compressive load is based on the above
assumption, i.e, that the center portion of the sheet earries
& streas corresponding to the critical buckling siress ol the
given panel and that the edges of the sheet earry a siress
o distributed over the effective widih "w¥,

Consider a thin sheet panel of length 1., widih b,
and thickuess {, made of moterial with e Young's modulus E,
angd a yileld §ﬁ$ﬁ%-0§ ; Simply supperted op all £agx o zes
and subjected to s compression leoad on the upper and lower

edges, Assume a Lgaé distribution as in Fig, 14, in which the
(23)



regions over the effective widith "v" on each side carry a

vniformiy distributed stress

. e . ;iyggj‘ O and the center portiom of the
i sheet, of width (b - 2w}, carries
’_;ﬁii;;* o Iw il the criticzl buckling sitrvess of
 ;"7‘%”ﬁ;"‘b o o the sheet, gy . Using the
. R Karmen assumpiion, equation (12)
. e e _  gives the valwe of "¢ as
- Fia. 4 b T X[E
s : = - 2.
= ] | W }"2("}%1> CS"T il }
and the buckling formula, equation (7) gives
2 2.
b 1z{1 ~pe™) L=
Let
o= MO —2) : : (17}
then ‘
. Ti—h E . ..
W= St | (12a)
and
T+ Et (?&}

where K is the constant depending upon the L/b ratio given

in Fig. 3.
The total load carried by the ends is given by:

P 5 JEa T
and the total lead csiried by the centser sociion ig 3
kw? 3( lw\jE 'ﬁ:‘)
. A - = |E ¥ 1e
Pt (b-2w)ta, = RS Et\\- wEs | (29)

By sdding the two, we get the toisl lozeé carvied by the

combination as:
= JEo 1 “Q“W'L._mk"lﬁ knd E4* ]
¢%n: P+P= Bo ¥4 ot ! 2ot C?b#% o b

ftoay

(20}



Letting

E +
A = a:.-g (31;
wi get
2 2
P o S - ]G a0a)
wners . ~
G2 e - N 1 O0r) 2)

B8 pelfere, the maximum load vhich can be carried
by such a sheet is found when Créiﬁ% . %&hgté%&%&ﬁg this
walue in eguation {20a) we cbiain:

R T e e R GRRE e
in whigh .
. é@‘% £ (25)
'?ﬁisﬁaa*S‘rat;a@}u‘$ can be taken as & constant
with the valme 0,30 and this then laavés €f as a function of
A and X, Fig. 3 indicstes thet E = 4.0 is & good constant
value Lo use whenever the L/b ratic is greater than unity
and that it is conservative to use this value for K for all
values of L/b. Tsking then, K ® 4,0 and p = 0,30, whieh

gives s value of & = 3,29, we gel for Cg:

Cp= [ht+3.e8n- TN (24)

‘which i8 shown as Curve I in Fig., 15. This curve shcald
hold uvp teo the time vhen the two effective widths would
join, or when (b ~ 2w} ® 0, From this poiut on, the failure
would be purely s yield point failure znd the total losad
carried would be egual 49

P= bro= CYEc t (25)

(25)



where, in this case,

' bte _ |o b iR
2 — = |2 B , 26
< e IR =)

Thie ieg shouwn as Curve IT in Fig, 18

- Q‘[wﬂu _)_
f\) - i
: ii(\ﬁ/ . -
e 7 e e e

In eorder to show the theoretiesl increase in lead
ehieh san be carried af@@x elastic buskling takes place,
we will rewrite the buckling losd gguation in the ferm of
egquaiion {15}, The leoad earried at buckling is given by

P = h%crb: bflkz,,it] ﬁffg‘

and, putiing it inte the form

CL“ }J ECS‘_%HL

we get for ¥

Z., . .
N

for the region in- re»hiﬂh E 2 4.0 and oL 8 3,29, This gives
a siraight line as shown in Curvs III in Fig. 1B, The dif-
forgpee betwsen Curve I and Qurve 111 is grepﬂrtioh&l e the
amount of leoad carried after buckliung tskes place,
in & recent paper by Cox of Euglend {Refersuce 9}
(26)



2 slightly different method was wsed t¢ calculate the sllow-
able compressive strength of flat sheet, mnaing very nearly
the seme iritizl assumption as used in this second spprox-
imation and = formula was obtained which could be put into

the farmv
P= ¢ JET 1°
where
(= [rsz+ 0097 ] | (28)

and where ), is defined as in the above derivation. This
curve is shown as Curve IV in Fig. 15. Also, for reference,
the twe vaiuves of Cp fouud from the first spproximate thecry
are shewn as Cprves V¥ and Vi,

Fig. 16 shows the experimental values of C¢ frem

bt [ |

L, i L !

e E P ,

: Low 4

ol L R : Aot <l L
e L e s o R e i

Tebie I plotied asgeinst % » This plot shows thai there is g
definite relationship betwsen Cp sné A even though the
curve shewn, which is taken as the mesn curve through the
plotted poiuts, does not amgree with any of the theoretical

curven in Fig. 16,

{27)



This firsi set of experiments auswered two very
important guestions -- first thal the itoisl conmpression load
thet could be supporied by a flat pangl counld be given by
the eguation

P= C.g‘é Edhj t

and, second, that the ceefficient Cy was a funection of the

- 3

for a wide range of materials with different elasiic proper-

parameter

ties. Thére remained one variable that bad nci been inves-
tigated, the effect of the length of the specimen on the
vaelue of the flst sheet constsunit., Alsc, s more accurate
determination of the exact shape of the €z ¥8. A curve was
desired, For ihea@lxea33ﬁs & gecond sevies ef itesis were
made on flat sheet pamels, With the feet established that
the value of Cp could be plotied as = function of }, & much
larger series of penels were designed in order to beiter
determine this dependance,
| In erder to ckiain a nwmber of poinits over the
whole range of possible values of ) a series of specimens
were choseu from 0.064% and 0,032%F 1737 Dural end Irom
0,026 gud 00187 steel with widths chesen te cover the
rengs from A 20 e A=® 1,0, Since Table I had shown that
the value of O¢ was more dovbiful for smsll values of )\ the
congentraticn of e¢xperimentzl points wag made grectsr as
A decressed. This lesd to specimens ranging from 0.87
to 15.07 in width.

For the determingtion of the dependence of Cp on
the length of the panel, seven differsnit lengihs of specimens

fomy



wers chesen rauging from 3% to 21" in steps of 37, This geve
a totel of 105 specimewns which, with a few sdéitionsl ponels
teated, coversd the ranges of variables as indicated

% frem 0.01%2 %6 0.064 inches

b from 0.8 te 18,0 inches

I from 3 te 21 inches

L/t from 0.20 te 25,0

A frem 0 te 1.0

Fer this series of tests new V-grooves were designsd
wnich were much more Yigid ithan these used in the first grouvp
vf experiments,. support for the edges of the sheet being
orried into the lower snd goper Vegrooves by means of sux-
ilisry ground blocks., Thoe lewer blechs were made of thin
ghects which were compressed ns the lower head of the testing
machine moved uprards, The lead nscessary to compress the
sp&iﬂg leaves of these blocks wae negligible compared te ithe

totel lead carried by the pauels and sg was neglected,

|

D

: gxperimental resulis of theose tests are given

£

Sra
Th

[4

in Table II snd plotted in Fig, 18. It con be seen from
Fig. 18 theil there is ne greaet difference between the values
of Gz for i/b rTatios greaber than igﬁt For the L/b ratios
less tharn 1.0 therse seems te be &n increszse in the value of
Cr as L/b decresses ss shown by the dotied curves. This is
as wonpld be expectied as the stress earfieé by the center
regions of the panel inecresses as the L/b ratio deerezses
from 1.0, Tewever, for éesigy purposes, it is feli thet the
pse of the selid curve ip Fig. 18 for all values of L/b will
give good design values for the Fist shest ceefficient,

This curve has been repletted to a larger scale in Fig.

ey

=l

[

in Anpendix R.



In Teble II the value of T, was taken as that point
on the stressestrain curve of the meterial vwhich correspon-
ded to a Ggﬁﬁiyermaﬁﬁﬁt slongation of the materisl. This
was done, Tirst to agree with the gefinition of the yieid
point given in the Army design requirementis, anéd second
becsuse the vse gf'thiﬂ‘valua seemingly gave less sesiter
to the experimental points, This sestisr was pasriiculsrly
noticesble in materisls with a stress-strein curve which
depsried slewly from o straight line, failure seemingly being
retarded uwntil a2 stress had been reached @hich)waﬁ consider-
ably beyond tha'g?aggrﬁiamal limit of the materisl. 4 dis-
cussion of the shape of lhe éxyerimental GQEV@'faliaws in the

next seetion.,

fanh



¥I. Discussion of Resulis of Tests on Flat

Ponols,

Probably the most important resvli of 21l of the
exyeriments periermed on flat panels was the cenfirmation of

the egustions fer flet shest, egustions {185} and {21). This
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wag particularly fortunate since the whole theorstical dis-
cussion has been based on the assumption that the smél& dge
fléetigm theories hold beyond the stability limit, This
gassympiion has been made in the derivation of all of the
curves in Fig., 15. Obviously, after the sheet has geme into
ithe weve state, the oply theoretical irestment ithal would be
mound would be = trestment based on the theory sf lazrges de-

- flections in which the stresses

i oy P S ,.,'._‘;,'

\gi_ ' E/f[  introduced from bending were
| considered as well as the siresses
due to direct load., This ireat-
: : ment has been sterted by Donpsll
’fah&@kxffﬂewafﬂ’uNi but a8 yebt is mot in a form that
- Fua 7

- would meke it appliecable {¢ the

(31}



confirmation of experimenial resulis.

an investigation ef the experimental curve of Fig, 18
indigates thst it is beslew the theorstiesl curves of Fig. 15
for nearly =all ¥siues of A, From s puraly physical ressoniug
the leading over the effeetive widith “w® camnnel be wniferm
as shown in Fig. 34, but the stross must be s mazinmum at the
glges and 4roy off gradwally to the buekling stress in the
center as ﬁhﬂ&ﬁ in Fig. 39, This mesng that the toisl load
would be lower than that predicted by the second approxima-
tion. %ﬁg'paaitigg of the experimental curve ghows this teo
be gorrect except fer very small vwalues of ) .

The increase in the value of p al small velues of
A ie probably due to two effects, Small values of ) indiecate
thet either ¢ must be smesll eor that b mwst be large, If b
is lavge, giving 2 I./b ratie less then unity, the value of
the constant ¥ rises rapidly as shown in Fig. 3, and the
vaive of the siress eargied,hyAth@ center porticn of the sheet
inereasesg proporiionslly. That there is a2 itendency for Cp
to increase for decreasing values of L/b is shewm by the
dotted curves in Fig. 18, however, this effeect is so smsll
that fer design purpeses it is felt that the use of the solid
curve, mégisc@iﬂgrﬁhe smail effect of L/b is advissble,

There is apneother effect, howsver, which was first
noticed vhen testing wide specimens of thin brass., Owing
Lo the polished nature of this meterisl , swall wavres were
easily noticed and the buckling actiom was visible throughout
the loading. Takiug, for exsmple, a sheei 127 long, 147 wide,
and 0.016% thiek, corresponding to a value of X = 0.025, the
buckling Tirst started at a very low lead and was in the form

of oue half-wave, as would be expecied from the buckling
(32)



equation, This form continwed mnitil 2 load équal te anproz-
imately one~third of {the failwure lend was reached gnd then
the edges of the sheet buskled in the form of five half-vaves,
As the lead wse increased still further, ithese five half-
woves meved ouvt towards the center of the zheet and then
finslly & lasrge number of small woves {[fwslve half-veves on
one side and thirteen on the other} appesrad on the sdgss,
shortly after vhich the sheet fziled. The specimen shown in
Fig. 1% shows cleerly the multiple wove ferm shieh thin,
wide shects gé intg. This multiple wavre form ear also be
aotiged in 3 mmber of the wider specimens shown in the
rhetographs in Pig. 19,

The shove action was observed for all of the wider
panels tested snd the effeecl seemed to decrease asg the sheets
beceme parrewer, This would seem fo indicate that for the
wider sheets the distributicn of stiress on the losded edges
could nst be aceuralely expf@ssaﬁ e¥en by the second wethod
given sheve, The interpetion af the different acts ¢? wavres
probably gives e stiffening effect which is shown by the iae
crease in the value of Cp s the valme of } decrezses. 4
more careful investigetien of the actusl wave form of the
sheet under lead is being planned in order Lo see if it will
not give & beiier idees as to the actual sirsas distribution
across the loaded edges.

Pig. 19 shows 2 number of photographs of test
vanels taken after failure, in which the type of wave form
can be clesrly seen, Also, th@ more rvigid edge supports for

the edges of ihe sheet czn be seep in these pictures.

(33)
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Vil. Applicetion te Curved Sheet Panels

the method of Part V. will mow be expanded to cover

:
o
iy
¢§>
@
o

the preblem of the wliimate ceompressive sitrengt

sheet panel without stiffeners,

. widih b7, length
 "L¥, thickmess "7,
' fsuf?aé to a radius
CPR%, and igadeé
P {f§;with & compression
. load im the plane

Hx &f0f the sheet and

perallel to the
'  fa£i$ of the eylin~
::driﬁal surlace,
Sze Fig. 20, Ase

sume the Young's

> /N | modulus of the
. :Ufﬂa.ﬁbﬁ“}ffx}ffuj”fj' fmateriai te be B
B " 'aud the yield
point fe hetﬁ% « Bince the sides of the sheel arve simply
supperted, they will undergo a siress conditien similar to
that Tound for ihe flal sheel, i.e., at failure the stress
at the very edge will bs cﬁi apnd $thioc stroce will deorsage
as the center »f the sheel is approsched. FHowsver, foxr
gimplification, it will be assmmed that the regien very clase
to the edge will ect as & fiat sheed and will support a
stress O ever an effeciive width "w", where %w" is obtained

from the equation for flal shest:

{34}



C
w= -fj% T (29)

wheTs

G- +0)=§(EE) (50}

as given in Fige. B=l, Appendix B,
The total load carried by the twe side regions

will theu be
P=2wte= (glEe (32)

The experimental work of iessman ang Rebinson
{Bererenee 10} indicated thet the failing strsss of circuler
eylindrical specimens coplid be clesely approximsted by the
aguation

x :
Ge= 6AE & (32}

and & recent pzper by Redshaw in Engisnd {Reference 11)

has shewn theorebically that the ssme critiecsl buckling
stress should Lold for & simply supperted cwrved sheok yémal
ay for & ﬁgmglete civeular cylinder, The value of the
coefficient in eguation (32) slsc sgrees with the cempiled
gxperimdntel data givem in sn F,A.C. A, Report by Lundguist
{Reference 12).

' For the emse under Giscussiocnu il will be sasumed
that the center of the panel scts a8 & eylindrieal section
under comuression end will net corry eny sdéitionsl loaé
after it hos resched the stressGL : however, the feilure of
the psnel s¢ & whole will be vetarded by the suppert st ihe
sides which will enable the side regions to cerry additional
stress shove the eritical stress velue for the ceuter regions,

On the basis of the shove discussion, it iz zs-

Foemh



swned that the stresse distribution cver ¢ simply supperied
curved sheet penel ig as Tellews:
s}0ver 2 region of widih %" on each side, there is
acting & stress o .
blover the cenitrel region of widih {k - 2®) there is
seting & stress given by eauation (32}, See Fig., 20.
Phe load carried by the side regions is given by

equation (31} and the leoad carried by the center is given by
P= (b-2w)o_t= ba.+- 2wo.t

+* E 13 X
T.BVE%_.,’:;C% Eé-;‘é_ » (33}
The toial losd ig then given by
~ r“ 2 ~ Lt% Ed E -
?TGT: ?T@C"Cé E@‘l;‘? ‘@“03 E "E —— .3(.@."‘"" ’ ..é: (5‘2’.)
vhieh, if put into the form used in flat sheet ealculstions,
becomes |
> (ap ‘5’1 (358
Py = C 1B (35)
whers £+
- F b Et]
C=1¢ T.%E@-—-«a% S % (36)

which cap be put inte the form

C=TC: (-3 EL)+3 J%_%l = {C%(a‘.B&}v|3rﬁ

where

Et ' =&k

Ip this equatien for €, Op is & fumetiop of

EINEES

80 the ecustion wan be written as o fuuction of A and 7 alone,

3 given below

£
e

{36}



- E+ “%'J?: bF |
&2 e vic  aia=M (38)

C: ﬁi@iil-—-%%q) -ﬁ-.3q?% | (ze)

A

This value of € pleited &gainatykAaﬂé v] is given

in Fig. B-

AN

s

>, Appendix B. It will be ncticed in eguation {39)
that if the radius of the speeimen is infinite, i.@. & flat
plate, 4 ® £ 5 0, snd C » Gy, which gives the trueexperimental
value for the flat plate; since in eguation {392} and Fig, B-2
Cp is teken Trom the vaius ﬁf.ﬁf s & function ef A =s de-
termined experimentslly, Thus, in Fig, B~2, the curve for

W\ ® & corresponds fte sheeis with infinite radius er flat

sheet speciwens,

The curves for the value of € are zise limited
by their intersection with the curve giving the yield point
failure of the panel as a wholé, This is shown in Fig. Be2
and poinks to the right of this curve indiosste that the
stress in the center of the sheet as given by ecguetion (32)
ie hidher than the yield poiuvt stress of the materiel aud
thet the psnel would fail as s yield point failure at & value
of C given by the ilimiting curve,

Puring 1831-32 a large pumver af-axyariménts WS
made at E,I,.% by Hewell opd Gale on the streungih of curved
sheet panels {Refereuce 13), One series of experiments was
made on curved mustiffensd psnels azand ancther gseries vas made
with various sheet and stiffener comviuations., The unstif-
feuned panels weore simply suprorited in Vegrooves and were
loaded in compression under ccuditions which ﬁ193@13 EOUT 0L
imated the conditions sssumed in the'aﬁov@ caloulations,

These experiments have been used to ¢aleulate the valus of

{37}



C from the experimental value of the total load by the equation

C= ok (20)
=

in which it has been assuwmed that B = 107 and c% ® 36,000
lbs,/sq@ima The results of this csleculalbion are given in
Table 11l.

Brom Table TIT it can be séen that the above method
off caleulation gives g very goed check on the values of the
curved sheei constant as determined by experiment, and could
be used directly for the caleulstion of the maximum compression
lead that could be resisted by & curved sheei pansl without
stiffeners., IHowever, a closer inspection of the experimental
and thegretical values seems to indicate that there is o
consistent variation of the value of C with the lengih of
the specimen, the shorier speecimens giving higher, and longer
specimens giviﬁg lower, values than esre obiained by eguation
{39). Taking the average ratio between the theorstical value

of € and that obtaiﬁed by experiment for sach lengih, we

ebtain
For L = 6% Clexp) = 1.1 C{theory)
L = 12%  Clexp) = 1,0 G{theory)
L = la* C{exp) = 0.2 C{theory)

There are twe possible explanations of this var-
iation with length, the first being that the stressdl is a
fumction of the length of the specimen, since the lasst series
of tesis on flaﬁrahaet proved that there was no variajion
of importance in Cg¢ with veriations in length, This scurece
of error, howsver, does not seem important as the value of
e has been checked for a large range of leugths of specimens

and there has never been noticed any comsistent variation,

{zg)



The second pessibility of ervor lies in the methed
of edge support used for the panels, The sides of the sheet
were supporied iu V-grooves with aun zngle of 45° which is
toe large. These grooves ipitislly hold the sheetvin a
straight line, but if any bugkling %takes place iﬂ»thﬁ-ﬁﬁﬂfex
cf the sheet, the ecdges sre free to move out 5? the grooves,
This motion will allew the edge of the shest Lo deflect
perpendienlar to the plane of the plale and to sct as am
Buler column with & resiricted range of buckling. This would
tend to decrease the load carried by the edge region and this
buckling 19&@ would very likeiy be a Tunction of the length
of the coluvmn. An investigation of the stiffened sheet
papsle, discussed laiter, seems e indicate that the second
sgurce of error is ithe maat'prcbablﬁe

On the basis of the above discussion, and on the
results of the check ﬁi@h stiffened curved sheet panels, it
is felt that the value of C obitained from eguation (39) eor

Fig. B~2 ecan safely be used for design purpeses.

{391



¥iiI. Sheet Pamels with Stiffeners.

Sheeil panels are never used in the construetion
of an sirplane simply supported as those of the experimental
tests we have jusl been discussing, but alwaye have siif=
fener shapes forming the boundaries of the panel, ¥Te are
particularly interested inen in delermining the lvad that
©an be earried by a thin sheet panel to which are attsched
stiffensers rgéniﬁg in the direction of the applied compression
load. ,

For this determination & method suggested by
Lundguist (Kefersnce 14) is used. The effective widin of
the sheet is sssumed Lo set with the sitiffener scction as
& c@lumm unﬁar compreasion. This colwmn will fail uvnder 2
- certain compressive stress Ox whieh will be & funection of
the type of stiffemer, the effective width of the shesti
acting with it, the léﬂg&h, and the degres of emd fixity of
the colvwen, For the determinastion of ihe effeetive width,

the egquation for Tlat sheets iz used '

_ C¢ ’E
w= 5 .-C_}:'T

in which T & Gy and Cp is o function of ) where

IR

= V&, b

it cawn readily be seen thait the delerminstion of the true
value of U4t cam only be obitained by & series of approxime-
ations. This ﬁaleulaﬁiaﬁ ig ezrried out in detail in Appen-~
dix A and consists in stariing with some arbitrary value of
Tzt ©-8. the value of the failing stress of the stiffener
with no sheet stiesched, eslculating the effeetive sidth "w¥

using this velpe, determining the radius of gyration of the

Y.



combined sheeil and stiffensr section, and from this obitaining
a second value of Oy » This procedure is carried out until
Ty and "w" are compatible, which uswally involves not more
than three approximations., Then, the total lead carried by

a stiffened sheet panel (flat) is given by the sum of the
Lnaﬁs carried by these sheet-pluse-stiffener colvmns, This

gives

P= Pon(a+a.) (41)

whers 4y is the area of the stiffener, Ag iz the area of
the sheet attached to the stiffener, and Oy is the Tiunal
a&lc&lateﬁ failiung stress of the combined aection.

In the ease of curved sheel panels with stiffeners,
the panels carry, in addition tc the abeove load carried by
hat part of the sheet next %o the stiffeners, a2 loaé inm the
center of the pangl given by the egusiion

P'= oy (b-zw)t (42}

where Ol is given by equation {32}, Therefore the total
load that can be carried by s stiffened curved sheet panel

is given by the eguation

P Toara) (b2t (43)

where the first term indicates the coniribution of the edges

of the sheeti wi%b the atitached stiffener sections and the

sesond term indieales the contribution of the center poriion

of the sheet, or the part dug Lo the curvature of the panel.
The calculation of the predicted load on ihe basis

of eguations (41) and (43) bhas beepn made for a number of

| sheet and stiifener combinations tested at ¥.I.T. and the

resulte are given in Tables IV end ¥V, Teble IV givea the

(41)



calculations for flast panels and Table ¥V gives the csleulated
loads for curved panels.

in Table ¥V it will be noticed that in scme cases
two values are given for the Qxa@i@t@d loséd. These are disge
cussed in detsil in Ssvpendix A snd it is only uscessary to
wention here that the specimens giving these valyves lie out-
gide of ithie ususl rauge of aircraflt monccogue design, inas-
much as they haeve a very small radius of curvature coupled
with & large sheet thickﬁesé, Dieregerding these values,
the remasinder of the tests show goed asgreement between ths
experimental - values of the load 2nd the leoad predicted by
the method just outlined, |

In the case of stiffened pasrelsg, there arises
anether variable which é&wy@t has not been discussed. This
is the type of attachment between sheet and stiffener gnd
the specing of the atiachment points. On the bssis of some
r&ceat& vapublished work at C.I.T. on the relstive sirength
of stiffeger and sheef attaehmém% metheds {Reference 15) it
has been found that spoi-welding, if well done, gives the
highest failwre loads, rivets are from 5-15% lower and
bolts will give failwre Joads which are considerably below
the loads csrried by the xivg%ad's@aci@anau Alsg, as would
be expected, the failure loads drop off as the spacing of
the attachment points is increased,

it will be noticed in Teble ¥V that there dozs not
geem Lo be any consistent varistion in the lozd carried by
the panels for differemi lengths of specimens, other than
that expected from a shortening of the columm, In other words,
the discrepancies between the predicted and actual loads are
not a function of the length of the specimen.
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One of the most probable sources of erroxr, and s
very likely sowvrge ¢f experimenisl scatter, fer boih the
stiffenad and mﬁﬁtiff&ﬁ&@ pancls vhich were lested &t ¥.1.T.
liss in the fact thal censtant values for £ and Gy have been
taken throughewt, owing to lask of more complete dats by the
suthor. The aeswnption of B = 167 1bs,/sg.in, is probsbly
correct te T B%; however, the assumplion of &% 36,000 lbs./
8g.4in. is much more doubdful, since this value varies within
comparatively wide limits for different sheeils of the same
thickness, different direscitions in the ssme sheet, amé fox
sheets of differemt thicknesses, It is expecited tha@’th@
experimental scatter could be zppreciably decreased if the
actuel values of E and Gy were to be used for each sepsrate
penel te@ﬁ@&k The valuegs assumed, however, are good mean
values, and the use of the truve values fozr esech pepwl wouwld
probably noet appreciably alier the aversge correlation hetween
gxperiment and thesry.

Another possible source cf scatlier for the siiffeped
panegls lies in the testing melhod used. The panels were
made up, the ends were machined parallel and were them tested
in & parasllel head iegsting machine as flat ended celumns,
This tends to give s very doubtful velue of the end fixity
as the effective end fixity will have a {endency to vary
with different thickuesses of sheet, the accuracy of the
machining operatien, the type of panel tested, eic.

For the above twoe reasons, i.e. that the actual
physieal properties of the materisls were not avaiiableg and
that the end fixity of the panels was somewhat dowbiful, it

appears to the author that the obitasined scatter between
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experimental and theoretical values is not excessive, and thst
the method used to calculste the predicted load on stiffened

panels is applicable to pracitical design.
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Conelusion

For the esse of flal and curved unstiffensd psnels
it ig thought that the combinstion of hhé aesspned theprebical
treatment a8 a specisl problem in smzll defleeiions znd the
vhysical enalysiz of a large mimber of experimental tesis
hag lead Lo whet are probably the $twe fvndomental eguations

fer sheeitsz under compressien, i.e,

P= CJET t*

C=%n)= '?{E% ’ E%}

and that experimentsl tests have deiermined empiriesl values
for ¢ 2% & function of A and ¥\ which are applicable te
design., In order ito eobiain 2 theoretical curve vhich would
correspond to that found smpirically, it will be necessary ie
ge to a more elaborate gnelysis of the problem. using the
methods of large deflsctions,

The application of ihe above apalysis to flat and
curved é%iffﬁﬂsd panels by the assumption of an effeective
width of sheet acting with the stiffensr section is justi-
fied by the sgreement belween experimenisl tests snd calcu-
lated tolsel loads, To mske this snalysis compleie, raowever,
there should be considered the type and spacing of the
attachnent between shest and stiffensrs,

Although the tests on eurved sheest have all been
made on durglvmin, it ig felt that the method used will
apply equelly well to other materials. The strength of the
supported sides of the psnel has been found to be given by
the abave eguations very satisfacisorily for any material asnd
the allewable stress in the center section is taken from

tests on complete eylinders which have covered quite 2 large



range of materislse. ‘

Appendix A gives in detail the methed of calcu~
lating s stiffened pamnsl snd Appendix B conlains the curves
ef ¢ and Cp as woll as several curves which simplify the

e¢zalculations of values needed in using this method,
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Appendix A

Type Celculztions foxr 3iiffened Penels,

The methed of calculasiing the ulitimate lozd that
can be supported by 2 stiliouned sheet pamel is begi illius~-
trated bylﬂxmmpl@ﬁ, It iwvelves, as mentioned previously,
Lhe eﬂmgﬁﬁaﬁiéﬁ ef zn&‘eﬁﬁeative width ol sheel which oan he
considered to be secting with the stiffener g = colvnn and
the failing siress of ilbhe combined column, vhich is a fufi~
ction of the rediuvs of gyraticn, the lenghh, and the eund
fixity. The ?Q@ﬁ%ﬁa?ﬁ is é$§eﬁtia11y the same a8 that pre-
poged by Lundquist (Reierence i4j.

TIn exder te facilitate ealeuwlations, & curve showing
thée variation of the radivs of gyration with widith of sitsched

sheet is nensssary., By & very iugenious calenlsiion, 6. Thite

L}

of C,1I.¥, srrived at an eguation which gives this varistion
immediately iu terms of the kmown variables for eny section.
Bince the Teiling siress of a colwmn is direetly proportional

to the sguare of the radius of gyration, the eguation is

. 2 ﬁf‘
Giy; R L (] | (a-1)
7w T

written iz the Fform

whers

k1]

radius of gyration of the stiffener sloune

fo

-
L

saﬁiua of gyration of the stiffen®r plus the aitached
sheet. ‘
As B srea of stiffener zlone
8 = distance from the genter of the sheel te the neut;a;
axis of the stiffener.
t = thickness of ithe sheet

f = total width of sheet acting with the stiffener
{48)



The above eguation has been pul inte ewurve form end is given
in Fig. B~-3.
In the above egmgtisalg is tesken as the total

. =weeosas S , ; ' ?
= b e

relag

width of sheet acting ﬁith’th& stiffener (See Fimg, A-l).
In the case of a continuous struecture the value of £ would
obricusly be itwzdee the effective widih, or

f=2w
in the caze of & sﬁrastﬁfaf where there was s shest ?anél
enﬁingAié 2 stiffener segtion then '

ﬁ: w-ﬁd
where "34" is calculated as folliows:

For the sheet overhang beyond the atiffener sttach-
ment point, the sheet is considered bo be acting as 2 panel
aimply supporied om three sides with the fourth side free.
‘The buckling stress of such a pauel is given by an equation
which can be put into 2 form giving the effective widih of
\Sﬁﬁg algémal for a given siress, as

d= 673 \éﬂ t (a-2)

¥henever *d¥ zs found above is less tnan the sctusl overhang
distance, Itue celoulatod value ie used; when the sbove valuse
of #d% is grester than the overhang value, it is obviocus that

the aetual messured gdistance is used.

fam



Example l--Upnsider first the flst sheet panel,
Bo. 31, ¥sbie I¥. The known values sve
t= 015"
Qﬂz D5Th ﬁ?-*‘“'

2,7 Mboo" '
5 = 56+ Y= cress”
b= 5628°

G =22%00 "

E =G.5xt0® Hs"

From which we can celeuwlete, using elther their respective

squations or the curves in Appendiz B,

ta,= +3359 Sfe,= o35
Cemtetz (B0 B-1)
w= »35F v

G& 2‘@13@? = 21@5”
f= wtd =.623"

6. .5F (Fg B3)

T :
o= ztzo0 o'
Reperting the process, using this new valus of Ghwe get
: -A = o188
=1.€2
Ce )
ﬁ = 42—4@% “
0 - u(,@?—“f’@
4 _
@;’l@o: |Q%

Jo Cdesign T
and the totel arsa under thig stress iz

z2%00%a "’

fl=22.085b6+ 2x.01G 630 = AFTFT 8"

Then the load carried by ths two end stiffeners is

P, = 1372% 22300 =3060%
e
The e#ifeative width of sheest acting with the center
stiffeners is
: u
A=2w = e

{EnY



gnd, frem Fig. B8-3
=
Wﬁé’o’ .G o = 2reo =gy

The sseond approximstion gives
Y=ot
C@ = .82

= «3%‘5"

= .12%”
@bugt ¢ ﬁ]

, ) .
J.ngsﬁw, Z2100% (g w
The total sres uvnder this sbtress is

O = 22,264 X:01GT10566= ,070C 8"

[

ad the load earried by the center stiffemer is
- o = 1SS0
P, = 0705 % L0
Thie gives a foital lozd sarried by the nanel as

Ve Po + Pex 3660 41560 = 4620™

T =
For e stiffenad curved shesti pewnegl,. ihe procedure
is the smee exoent that there must be added the load corried
by the center portion ef the sheet of width (b - 2%}, which
is subjecisd to the siress G
P = (%-zw}%a

ealer
which is carried in sddition te the losd carried by the

This load is

gstiffener plus the sttasched sheet, This igs the method thet
has been fellowed in calaulaﬁiﬁ the valueg of Table ¥,

In Table ¥ there will be noticed z number af
‘specimens for which iwo enleulsted valuss have been shown,.
The first valuse listed is that obiained by the method sub-
lined above, in vhich the stiffeners tske & azrgggqg.émﬂ
Ost, respecltively, and center of the sheel tekes s siress
G o Consider, for example, the 127 long specimen with
three stiffeners, made of (¢,.052°% sheet and bent to a radius

of 5%, 1In this case



G ® 17700 1bs./ra.dn.
Cghm 14400 1bs.//sa.in.
Qe ® 3120C 1bs,/sg.in.
Calculated in thé exdéinary manner, the predicied
load is given by
P, =P <P, = 6310 +12060=19930%
which is 13% ebove the eciuel load obisined in test,
Since, in the above case, the failing stress éf
all of the stiffeners is far belew the allowable compressive
stress of the curved sheei, the stifferers very likely buckle
at their faziling stress and precipitate failure of the curved
sheet hetween them, long befors the sheet has reasched its
maximum aslleowable stress, For this reason, it is suggested
that for conservative design for thisz casg, the whole panel
be assumed Lo fail a8 soon as the stiffensr with the highest
value of Gy reaches its failing stress, and that the sheet
between stiffeners capn undergo no higher stresses ﬁham thig
value of dylmax), If this methed is wsed, then in the above

exsmple,
-,

' = & [
= 12060 = 1MM08/,,, .7 €540

and the total load earried by the pausl ig given by
Pooe = 6510 +6T40 = 137107
which is 18% below the valus cbizined by test.
it is cobvious from an inspection of the resulis
in Table ¥ that the higher criticzl siress values of the
sheet tend to retazyrd fazilure of the stiffeners, but cince
the amount of this effect is lavgely unknown it sesms pree-
ferable to ignore it altogether, sud design as indicated zbove
The abeve cases ceorréspond e pelols in Fig. 8=-2
to the right ef the limiting line, and we are assuming that

these peints can uever be reached. {52)



Appendis B

Tablez éﬁﬁ ﬁﬁr%a ﬁheaég
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