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ABSTRÄCT

The materiaL presented. herein Ís the result of L study

of the bucklÍng behaviour of stlffeneð flat panels, exeludlng

the case of plate buckling" The test proced'ure is described.

and. the values obtainecle eonsisting of ultlmate stress,

eritieal buckling stress, stress at aD arbitrary laek of

smoothnesse pln-end. length of the principal buckleu and. type

of instabilitye are tabulated. for each panel" fhese data

are lntend.ed. for use as a nore comp¡'ehensive e'pproach to the

d,eve3-opment of d.esign charts than has been evallabLe in the

past. ''

In add.itlon, evi.denee is submitted. from which the

followlng eonclusions are d'rat¡ßI'

1. , " . " " " Conventional nethod.S Of lOad ing wlth paralLel

platens cannot provlile unifor-m stress distrlbution ln

test panels"

8"o.",", Three separate regimes of buekllng exlst WithÍn

the range of ps.ne1s tested.'

õ. u n o ",, Initial lnstablllty was aLways in the fo¡6 of

plate buckling,



--

.ì:

aì.::

ii,,..ì'

CHAPTER ]

INTRODUCT]ON

The successful- structuraf deslgn of a modern aircraft

involves not only the provision of adequate strengbh and

stiffness, but also demands that these be obtained r¡rith a

mi-nimum weight of material-. In addibion, aerodynamic

efficiency at high speeds requires exceptional srnoothness

of all external surfaces"

Of particul-ar importance is freedom from waviness in
lami-nar fl-ow r,rr'ing construetion, fn present clay stressed-

skin design the compression load.s resulting from bending of
the wing are carri ed by the wing cover, which must be

adequately stiffened to avoid buckì-ing. ì,riing panels are

normally stiffened by longitudinal stringers of suitable
cross-sectionu riveted in place between transverse ribs

spaced at interval-s sufficiently small to prevent column

buckling of the panel as a uni-t. The problem of designi-ng

structurally efficient skin-stiffener' panels is a complex

one, both because of the extremely large variation in loading

conditions encountered with different aircraft " a-nd because

there are many panel proportions which meet th" design condi-

tions for alnost any particular application reasonably well.f

I Norris_F" Dorr, Design Charts for Longitudinallll
Stiff enSSL liling Compressi@ñ
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. Design- methods" There have been many attempts to
develop methods for predicting the strength of such,panels"
0f particuLar interest is the effective width concept of von
Karman which has been widely used,2

The purery theoreticar approach has been used. by a few
investigators. Generalry speakingo however, theories suffi_
ciently comprehensive to incr-ude more than narrowly restricted
ranges of panel proportions and types of failure have not yet
been evolved,3

The experimentar-r of possibly semi-empiricalu approacrr
has been far more extensÍveJ-y empl0yed than presently
availabLe theory" vast numbers of frat stiffened panels have
Þeen tesüed covering such a wide range of proportions, mare:
rials, and stiffene¡" shapes, that it has been possible to
produce desi-gn charts directly from experimental resur_rs.
The work of Dow and Hickman at Langrey lrier-d has been
pnenonenal in this accomplishmenb, ¿"rom these charts the
most efficient panel proportions may be selected to carry a
given load intensity over a given panel length with a siven
skin thickness"

2 Th' von Karmano E' E' sechr-er and L" H" Donnell,#ffi- r"g-ãielx 
¿i lur;;h";tð,i-p"Å:.ããä"",

NAOA-TN 1482offi'
ffivãmber IgLr.T ,

3 George L_" Gal_Iaher and Rolla B. Bousham"Ë.ffi." '
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Limitations of present design dgle" Unfortunately it

i s becomi-ng increa,singly apparent that most of the work of

Dow and ilickman and others falls somewhat short of providing

the designer with sufficÍent information. Practically all

of the design charts now available are based on loads at

failure of the panels" Little inforrnation is available on

the specific type of failure or the arnplitude and wave form

of the buckled sheet prior to ultimate fail-ltf€s At airspeeds

close to or above the velocity of sound, the accuracy of wing

profile contour becomes of great importance" A slight wavi*

ness resulting from buckling in its initial stages, which

would. not'be irnportant from the standpoint of adeouate

str.ength¡ üâT seriouslv affect the aerodvnamic characteris-

tics of the l,rinE. For this reason the critical buckling

stress \^fould seem to be assuming a posÍtion o-f greater

i.mportance than the actual failing load" Work on this phase

of the problem is in progress at the Natlonal fÙesearch

Council, Ottaiua; and at Vickers-Armstrongs Ltd., (laeybridge

Works), Messrs. Short Brothers and Harlanrì, and Flight

Refuelling Ltd. under contract to the lvünistry of Supply, in
England" It also forms a principal part of the investigation

on which this thesis is based"

'Ihe results presented herein are those which have been

obtained in connection with an assisted research project

sponsored by the National Research Gouncil at the Uni-versi-ty
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of ir,ianitoba." rn obtaining these results, an attempt was made
to record as many debairs as possibre concerning the buckling
behaviour of bhe panels tested, IÍore than ordinary care was
exercised to secure accuracy, with the thought in mind that
the results might be used at some future date a.s t,he basis
for theoretical design"



CHAPTER I]

STAIEI,TENT OF PROBLE}4

Behaviour of stiffened panels under foad" 0n

eompression loading of a stiffened flat panel along two

opposite edgeso the load being parallel to the stiffeners

as in Figure I, a state of simple compression eiists until-

a certain critical Load is reached. At this point the sheet

buekles, and further loading, by increasing the amplitude of

the buckl-eu will resul-t in decreased stlffness of the panel -

å.s a r¡¡hol-e" The axÍal stiffness of the panel now changes

eontinually with the load and an increasingly greater share

of the total load is carried by the stiffeners. As the

deflection of the sheet becomes comparable l^rith its thickness

both bending and membrane stresses of significant ma.gnitude

are developed 1n it, These stresses acting in both longi-
tudinal and transverse directions, irr general result in
iompound curvature of the sheet, fl-exural loa.ding of the
sfiffener at its points of contact with the sheet, and

tvristing of the stiffener. Finat fa.ilure oecurs rvhen one

or more stiffeners fail by some form of instability" Four

types of failure of stiffened panels are sketched in Figure
2 and may be d.escribed as follows:f

t tt'torris 1¡' Dowu Design_charts for Longitudinall-y
Stj.ffened Wins Compressiãã
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A, column bending, involving transla,tion of bhe entire

cross-section perpendicular to the plane of the sheet"

B. Local buckling, causing distortion of the cross-

section r,riithout translation oí Nhe corners of the plabe

e lement s "

C, Stiffener trvist, resulting in transl-ation of the

outstanding flange of the stiffener" lhis is primarily due

to col-umn faÍlure of the stiffener in a. plane parallel to

tha.t of the sheetu but, because of restraint of one flange

at the sheet, the stiffener twists and nroll-g ovêrrr.

D" Rivet or inter-rivet fail-ureu involvi-ng separation of

sheet and stiffeners "

In additÍon to the above the buckling behaviour of

the sheet alone may assume any of several modes' For

exampleu the sheet may remain i-n full contact with the

stiffeners but buckle in several waves between them" This

is actually a case of plate bucklingu but is more compli-

cated than simple plate buckting because of the assocÍabed

deformation of the stiffener. If the buckling pattern in

adjacent bays is symmetrical- with respect to the stiffener,

bending of Lhe stiffener will ensue. If anti-symmetrical, a

torsional moment will be introduced into the stiffener, Ihe

latter case is well illustrated by the photo-grid picture of

Panel 1B on page lIL" In either caseu the critical l-oad for

the stiffener alone is altered from its normal value by the



addition of either lateral loads or tr¡¡ist, due to buckling

of the sheet "

A second form of buckling urhich may occur at la.rge

rivet pitches involves buckling of the sheet as a fixed

Euler column of length equal to the rivet piteh,

A third form involves buckling of the sheet between

rivets, in such a manner that the deflectíon of the sheet is

alter.nately tovrards and a.way from the stringer in consecutive

riveb spaces

A fourth mode seems to consist of a series of buckles

pred.ominant,ly along the stif f ener, but not a function of rivet

gritch". This type of instability a.ppears to be analogous to

buckling of a sheet supported on an elastic foundati-on.

l,-/ith the exception of the first case of plate buckling

all of Nhese forms may be termed i-nter-rivet buckling" That

is, they involve buckling along the line of rivets as well as

in the plate between the stiffeners' Although the investi-

gation described in this thesis irtras concerned rnrith inter-

rivet buckling onlyl it shoutd be pointed out that it is

seldom, íf ever, that one form of instabitity occurs to the

exclusion of all others, On the contrary, it is in fact

difficult to ascertain j-n many cases which type of lnstabiti-

ty initiabes fa.ilure'

The problem investigated and herein presented under

the heading of ltfnter-Rivet Bucklingtt may best be described

as a stud.y of the buckling behaviour of stiffened flat
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panels, excluding the case of plate bu-ckling,

Variabl-es of tllg probl-eq. The main variabl-es

requiring investigation are:

âo Rivet pitch

b" Sheet thickness

c" Stiffener thickness

d" Stiffener form

€e Stiffener spacing

f, Rivet diameter and type

The major variables in the above list are ri-vet pi|ch and sheet

thickness. Sorne indication of the importance of the variables
c, d, e, and fu may be seen in bhe folLor^¡ing pa"ragraph.

It is reasonabl-e to assume that the stress at r,rhich

the plate buckles between the rive|s is a function of the

ratio of rivet pitch to sheet thiekness. considering a

narrow eLement of sheet between ri-vets, one would expect it
to buckle as a fixed ended strut having a length slightly l-ess

than the rÍvet pitch, because of the clamping actj-on of the

rivet heads" (Figure 3). Three factors tend. to reduce the

stress attainabl-e under this assumption, Firstly, it d.epend.s

upon the ability of the stiffener to keep the rivet head.s in
the initial plane of the sheet" secondly, strut failure of
the sheet midway. between the stringers may occur over a
length greater than the rivet pitch" Finaì-ly, the clamping

effect of the rivet depends upon the size and shape of its
head.
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Limitation of present inlrestiga'Þion, Because of the
large number of variabLes involvedu it .T,"/as decided to limit
the investigation to one stringer sj-ze and form, a seebion

of which is il-lustrated in Figure { on the previous page"

Al-1 rivets used vrere 1o0o countersunl< one-eighth inch
diameLer A17s-T rivets of one-o,uarter inch rength, specified
as AN-&26*ÃD*l+-l+ by the aircraft industry, The sheets were

of zbs-T Alcl-ad materlal, aÌl but a few being of ,oB1 inch
nominal thickness, The length of all sheets used in the
panels tested was thirteen and one-half inches" The rvidth
varied between fifteen and seventeen inches, The stringer
design was selected so as to conform with present design
charts, and its form was purposely chosen to coincÍde
closely iryith those used in other investigations so as to
permit of easier comparison of best results. Test results
for fifty-five panels are presented herei-n. '



CHAPTER TTT 
I

THEORETICAL CONSIDERATIONS

Although the approach to this problem was experimen-

tal with the principal aim of providing test results to be

used in the construction of design charts, the effects of
the variables may be better appreciated in the light of
general thin plate theory

Small- deflection tèeerÏ. Ref erring to Figure 5 u a

thin plate having deflections, v\r, normal to its planeu of
magnitude. much l-ess than the thickness, t, of the plate, and

subjected to a force per unit widtho Nxu applied in its
plane, will be in equilibriun if the follov¡ing relation is
satisfied;

V4w*Nxo
D

ð2w

a;z',
(1) 1

where ¡ = - i!-ry: the flexural- rigidity. This rel-ation is
12 (l-y ¿) --

derived from the conditÍons of equilibrium of any element of
the plate"

The axial load at which buckÌing of the plate occulis

will be the smaflest val-ue of liix which satisfies equation
( 1). The deflection, w¡ may be found directly as a sofutlon
of this eqr¡ation and the critical val-ue of lttrx deduced. The

defÌection, we must of course satisfy the bounda-ry conditions

ab the edges of the plate, Energyy or variational methods

may also be used to approximate the critical l-oad. By any
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one of these

the fornt

N*"t

methods the critical l-oad has been derived in

= Ktt T2n (t/u)z

1&

(z)

(lo )3

i..l

:1.ì

;itt

.rf'

.l

rz ( r-Yz )

where!s Poissonrs raLio and b is the width of the plate"

0r i^re mav write this in the form

f cr æ KE &/A)2

and t{# " (e-v)r*J - uo* # = Er

whereC"" is the critical buckling stress.

At the edges of the plate, restraint against bending and

torsion is provided by the stiffeners. The inposed condi-_

tions to be satisfied by the deflectionu w, àre of the form
r2 \2 r?t , 'a# "Y ffi = c 

ffi ror torsional restraint ß)z

)4w
à *J-

for restraint against bending along the unl-oaded edge" In
thls expressionú-x is the edge stress in the sheet, I the

moment of inertia of the stiffener and C the torsional
rigidity of the sti-ffener" Methods of calculating C for
conventional stiffeners attached to plates are given by

Lundquist and stowell.4 solutions of equati-on (l) Ín the

form (Z) for the boundary conditions (3) and '(4) have been

found for several particular cases. rt is common practice

1 S,, Timoshenko, Thp_AI:y of Elas_tic Stability-¡ page j37,
2 S.' Timoshenko, 0p, Cit,, page-783
3 S" Timoshenkoi E. ffi.;3 S" Timoshenko, Op. C-it.¡ page 3l+6"
/+ E. E" Lundquist and StoweLl" RestrRestraint Provided.a

by a Sturdy súiffier TToñãï-Eãsã
------

!-lat îìectangular Plate by a Sturdv Súif-ï@mrmffi*6ur71ffffi:
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to assurne that the defLection w e o aÌong al_l ed,ges, but it
is apparent that this procedure may introduce large errors
on the unsafe side, i{osb theoretical a.nd seni-empirieal
methods of design are ba.sed- on solutions to these equations,
As such the.y do not inelude the case of inter-rivet buckrlng
since there is an implicit assumption that the plate remains

in contact with, and fastened to, the stiffener continuousl-v

along its length"

Large- deflectiori theorv, Above the critica.l- load
equation (1) is not valid because it neglects membrane scress-
es which are not negligibl-e when the defrection, r^r, is of the
same order aS the thickness, t"

For large deflections of the above type the expression
v4w= ! (rvx#*2 Nxy#*Ny# ) (5)5

must be satisfied" Nx, Ny, and Nxy, are direct and shear

l-oads per lineal inch on elements of the sheet and d.epend not,

only on the external forces applied but also on the membrane

stresses,

These stresses may be found by use of the Airy stress
function" There is a function, F, 'such thata"*#

tv *,ffi
toy 

= = )21
Jxly

(6)

From the large defl-ection compatibility of sLra-ins with the

-% 5 S" Ti-moshenko. Theorv of Elastic Stability¡ page 321+.



above membrane stresses" it can be shown that
à?w ? Zvt ì
Tæ'æ)

1^

/Fr\u\{t

ì!

il

l

iìl

v4p=uIr*)'=
Funetions F and w which satisfy equations (5), (6) r and (T),

have been determined for only a few practical cases, such as

simply supported or cJ-amped square, circurar, and elriptical
prates" For inter-rivet buckling the probrem becomes non-

l-inear to a high degree and therefore hopelessly complicated,

rn addition, isotropÍc material has been.assumed in deriving
the above equations, whereas aluminum al]oys are definitely_
anisotropic¡ especiarly in the vicinity of the el-astic limit,

In applying any of the equations (t) to (7) to the
ñÉ^ô^h+Irr'eseftu Çase one has to face the difficult problem of
mathemat'ica.lly expressing the boundary cond.itions imposed b5r

the rivets. For example, with inter-rj-vet buckling,in
alternate rivet spaces the sheet is in contact with the

stiffener over one inter-rivet space, but in ad.jacent spaces

it buckles away from the stiffener at some short distance
from the rivet. This distance varies with the load on the
panel, and therefore introcluces a non.-linear variatlon of
the effectlve col-umn length of the gheet between rivets" rn
some cases bhis has a pronounced effect on the buckling mode

of the sheet" For example, the sheet may initially develop

anti-symmetrical plate buckring" As the amplitude of the

6 S, Timoshenko, Theory of Plat es and She]ls¡ page 3l+3"



L7

buckle increases the sheet ma"y begln to buckle between

rivets" Resulting membrane stresses modify the rn¡ave length

and rivet restraint rnodifies the form of the initial buckleu

which may eventually cause the plate buckling to be entirely
repl¿sed by'inter-rivet buckling. This is well itl-ustrated
by irigures/6 and77 of Panel- 18 on page 111"

'Ihe analytic sol-ution of the inter-rivet buckling
problem is obviousl-y not a simple one. An accurate knov.rledge

of the manner in which buckl-ing takes place v¡oul-d undoubted-

1v sive m:terial assistance ro any one proposlng to work oñÕ*' ' svt¿u vq¿¡gt

such a project " Data of this general nature have been

col-l-ected for the present series of test.s ancl Íìrê- in partu

presented herej-n"



CHAPTEiì IV

TABORATORY TECHiSIOUE

Co_nstruction of spec.imens, Ii[aterial for all panels

t esf ed was 24S-T Alcl-ad provided by Iv'IacDonald ilrothers

Aircraft Limited, l,iinnipeg" SheeN stock i¡ias inspected and

culled for waviness, after which it was sheared and the

stringers formed by the above company" One Étrip of one

inch width was sheared from the stock adjacent to each panel

for determination of physical constants" .[11 panels and

strips vüere numbered at this time for future identificaÈion"
Sheets. and sfringers were jig dritled for rivets and

a series of five-sixteenth inch hol-es was provided in each

endu for bond of the cerroirend caps" The rivet holes in the

sheet were countersunk to a depth euch that the rivet heads

protruded aboub .005 inches from the sheet, Riveting of the

stiffeners to the sheets was accomplished by assembling the

unit under the head of bhe testing machine and loading an

entire row of rivets simuLtaneously with a smooth steel bar"

Heavy flat springs were used between the bar and stiffener
to hold the stiffener and sheet 1n cLose contact while they

r/¡ere being riveted. A l-,oad of l-r900 pounds per rivet u¡as

f ound suiCable and was used in all cases. By this means

very uniforn ri-veting was obtained leaving the sheet free
from initial deformations v¡hich might have occurred if the

rivets had been hand driven one bv one.
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After riveLing, a cap three-quarters inch in thickness

of a low melting alloy known as uerrobend was cast at each

end of the panel using a pourÍ-ng Netnperature of 20Oo¡-. In

order to reduce warping from thermal- expansion, the panels

were clamped betlveen wooden bloeks" In spite of this, a

small amount cf curvature was invariably introduced, the

effect of iryhich was probably negligible"

After cappingu the panels \^Iere assembled in a fixture

clamped to the table of a sixteen inch shaper and the ends

were machined flat and parallel to r,vithin J ,OOl inches" -

Efectrical resistance strain gauges were then

cemented.to sheet and stiffeners at desired l-ocations usi-ng

Duco cement, The locatiors used in most cases were tl'le out-

standing flanges of both the extrerne and central stiffeners

aü mid-panel- length, and at corresponding poi-nts on the ouber

surface of the sheet " Additj-onal gauges were used in some

lnstances for specific purposes to be mentioned l-ater" The

gauges were wired- to a terminal block fastened to the cerro-

bend cap on the stiffener side of the panel, The outer sheet

surface v¡as then spray-painted w1th white Du-co, and the

rivets outlined with ink, making the pa.neÌ complete and ready

for testing,
:

Test ectui-pment" The panels \^iere tesied in a óOTOOO

pound hydraulic testing machine accurate to within one-half

of one per cent. To provide the necessary restraint against


