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ABSTRACT

The material presented herein is the result of & study
of the buckling behaviour of stiffened flat panels, excluding
the case of plate buckling. The test procedure is described
and the values obtained, consisting of ultimate stress,
eritical buckling stress, stress at an arbitrary lack of
smoothness, pin-end length of the principal buckle, and type
of instability, are tabulated for each panel. These data
are intended for uSe as a more comprehensive approach to the
development of design charts than has been avallable in the
past.

In addition, evidence is submitted from which the

following conclusions are drawn.

loccocoo Conventional methods of loading with parallel
platens cannot provide uniform stress distribution in

test panels.

Bocooosoe Three separete regimes of buckling exist within

the range of panels tested.

B....... Initiasl instability wes always in the form of

plate buckling.




CHAPTER I

INTRODUCTION

The successful structural design of a modern aircraft
involves not only the provision of adequate strength and
stiffness, but also demands that these be obtained with a
minimum weight of material. In addition, aerodynamic
efficiency at high speeds requires exceptional smoothness
of all external surfaces. |

of partiéular importance is freedom from waviness in
laminar flow wing construction. In present day stressed-
skin design pﬁe compression loads resulting from bending of"
the wing are carried by the wing cover, which must be
adequately stiffened to avoid buckling. Wing panels are
normally stiffened by longitudinal stringers of suitable
cross=section, riveted in place between transverse ribs
spaced at intervals sufficiently small to prevent column
buckling of the panel as a unit. The problem of designing
structurally efficient skin~-stiffener panels is a complex
ohe, both because of the extremely large variation in loading
conditions encountered with different aircréft, and because
there are many panel proportions which meet the design condi-

tions for almost any particular application reasonably well,l

1 Norris F. Dow, Design Charts for Longitudinally

Stiffened Wing Compression Panels, 1948,




Design methods. There have been many attempts to
develop methods for predicting the strength of such’ panels.

Of particular interest is the effective width concept of von

Karman which has been widely used.,2

The purely theoretical approach has been used by a few
investigators. Generally speaking, however, theories suffi-
ciently comprehensive to include more than narrowly restricted

ranges of panel proportions and types of failure have not yvet

been evolvede3

The experimental, or possibly semi-empirical, approach

has been far more extensively employed than presently

available theory. Vast numbers of flat stiffened panels have

been tested Covering such a wide rangé of proportions, mate-
rials, and stiffener shapes, that it has been possible to

produce design charts directly from experimental results.

The work of Dow and Hickman at Langley Field has been

phenomenal in this accomplishment, From these charts the

most efficient panel Proportions may be selected to carry a

given load intensity over a given panel length with a given
skin thickness,

2 Th, von Karman, E., E, Sechler and L. H. Do
Transactions, American Socie

Volume 5%, page 53, 1932,

nnell,
ty of Mechanical Engineers,

. 3 George L. Gallaher and Rolla B. Bo
A Method of Calculating

ugham, NAGA-TN 1482,
Stiffened

the Compressive Strength of Z

Panels that DeVelop Local instability, November 1947,
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Limitations of present design data. Unfortunately it

is becoming increasingly apparent that most of the work of
Dow and Hickman and others falls somewhat short of providing
the designer with sufficient information. Practically all

of the desigﬁ charts now available are based on loads at
failure of the panels. Little information is available on
the specific type of failure or the amplitude and wave form
of the buckled sheet prior to ultimate failure. 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 important from the standpoint of adequate
strength, may seriouslv affect the aerodvnamic chen:‘".elcter‘*i:s-==
tics of the wine. For this reason the critical buckling
stress would seem to be assuming a position of greater
importance than the actual failing load. Work on this phase
of the problem is in progress at the National Research
Council, Ottawa; and at Vickers-Armstrongs Ltd., (Weybridge
Works), Messrs. Short Brothers and Harland, and Flight .
Refuelling Ltd. under contract to the'Ministry of Supply, in
England. It also forms a principal/part of the investigation
onkwhich this thesis is based.

The results presented herein are those which have been
 J[  ~obtained in connection with an assisted research project

sponsored by the National Research Council at the University




b

an attempt was made

of Manitoba. In obtaining these results,

to record as many details as possible concerning the buckling

behaviour of the panels tested. More than ordinary care was

exercised to secure accuracy, with the thought in mind that

the results might be used at some future date as the basis
for theoretical design.,



CHAPTER II

STATEMENT OF PROBLEM

Behaviour of stiffened panels under load. On

cémpression loading of a stiffened flat panel along two
  opposite edges, the load being parallel to the stiffeners
as in Figure 1, a state of simple compression exists until
a certain critical load is reached. At this point the sheet
’buckies, and further loading, by increasing the amplitude of
_ the buckle, will fesult in decreased stiffness of the panel -
as a whole. The axial stiffness of the panel now changes
continually with the load and an increasingly greater share
kof the total load is carried by the stiffeners. As the

_ deflection of the sheet becomes comparable with its thickness
~_both bending and membrane stresses of significant magnitude
‘:kare developed in it., These stresses acting in both longi-
tu&inal and transverse difections, in general result in
_compound curvature of the sheet, flexural loading of the
stiffener at its points of contact with the sheet, and
‘ §wisting of the stiffener. Final failure occurs when one
  or more stiffeners fail by some form'of‘instébility, Four
'.types of failure of stiffened panels are sketched in Figure

‘2 and may be described as follows:l

1 Norris F, Dow, Design Charts for Longitudinally

Y

§§;§fened Wing Compression Panels.
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A. Column bending, involving translation of the entire
cross-section perpendicular to the plane of the.sﬁeete

B, Local buckling, causing distortion of the cross-
section without translation of the corners of the plate
elements.

C., Stiffener twist, resulting in translation of the
outstanding flange of the stiffener. This is primarily due
to column failure of the stiffener in a plane parallel to
that of the sheet, but, because of restraint of one flange
at the sheet, thebstiffener twists and "rolls over",. ’

D. Rivet or inter-rivet failure, involving separation of
sheet and stiffeners.

In addition to the above the buckling behaviour of
the sheet alone may assume any of several modes. For
example, the sheet may remain in full contact with the
stiffeners but buckle in several waves between them. This
is actually a case of plate buckling, but is more compli-
cated than simple plate buckling because of the associated
deformation of the stiffener. If the buckling pattern in
adjacent bays is symmetrical with réspect to the stiffener,
bending of the stiffener will ensué@ If anti-symmetrical, a
torsional moment will be introduced into the stiffener. The
latter case is well illustrated by the photo-grid picture of
Panel 18 on page 111, In either case, the critical load for

the stiffener alone is altered from its normal value by the




addition of either lateral loads or twist, due to buckling
of the sheet.

A second form of buckling which may occur at large
rivet pitches involves buckling of the sheet as a fixed
Euler column of length equal to the rivet pitch.

A third form involves buckling of the sheet between
rivets, in such a manner that the deflection of "the sheet is
alternately towards and away from the stringer in consecutive

rivet spaces.

A fourth mode seems to consist of a series of buckles

pitch, . This type of instability appears to be analogous to
buckling of a sheet supported on an elastic foundation,

With the exception of the first case of plate buckling
all of these forms may be termed inter-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 Was concerned with inter-
rivet buckling only, it should be pointed out that it is
seldom, if ever, that one form of inétability occurs to the
exclusion of all others. On the cohtrary, it is in fact
difficult to ascertain in many cases which type of instabili-
ty initiates failure,

The problem investigated and herein presented under
the heading of "Inter-Rivet Buckling" may best be described

as a study of the buckling behaviour of stiffened flat

predominantly along the stiffener, but not a function of rivet



panels, excluding the case of plate buckling,

Variables of the problem. The main variables

reguiring investigation are:

a. 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 rivet pitch and sheet
thickness. Some indication of the importance of the variables
c, d, e, éﬁd'f; may be seen in the following paragfaphe

It is reasonable to assume that the stress at which
the plate buckles between the rivets is a function of the
ratio of rivet pitch to sheet thickness. Considering a
narrow element of sheet between rivets, one would expect it
to buckle as a fixed ended strut having a length slightly less
than the rivet pitch, because of the clamping action of the
rivet heads. (Figure 3). Three factors tend to reduce the
stress attainablevunder this assumption. Firstly, it depends
upon the ability of the stiffener to keep the rivetvheads 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. Finaily, the clamping
effect of the rivet depends upon the size and shape of its

heade
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Limitation of present investigation. Because of the
large number of variables involved, it was decidea to limit
the investigation to one stringer size and form, a section
of which is illustrated in Figure 4 on the previous page.
All rivets used were 100° countersunk one~eighth inch
diameter Al7S~T rivets of one-guarter inch length, specified
as AN-4f26=AD=L4~L by the aircraft industry. The sheets were
of 248-T Alclad material, all but a few being of .08l inch
nominal thickness. The length of all sheets used in the-
panels tested wés.thirteen and one-half inches. The width
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 coincide
closely with those used in other investigations so as to
permit of easier comparison of test results. Test results

for fifty-five panels are presented herein.




CHAPTER III
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 theory. Referring to Figure 5, a

thin plate having deflections, w, normal to its plane, of
magnitude much less than the thickness, t, of the plate, and
subjected to a force per unit width, Nx, applied in its

plane; will be in equilibrium if the following relation is

satisfied:
2 1
VLQ'W = E.}S e a w (l)
D axz
- Et3 . . .
where D = the flexural rigidity. This relation is
2(172) ErEEHY

derived from the conditions of equilibrium of any element of
the plate.

The axial load at which bucklihg of the plate occurs
will be the smallest value of Nx which satisfies equation
(1). The deflection, w, may be found directly as a solution
of this equation and the critical value of Nx deduced. The
deflection; w, must cf course satisfy the boundary conditions
at the edges of the plate. Energy, or variational methods

may also be used to approximate the critical load. By any
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one of these methods the critical load has been derived in

the form
2
12(1=Y2)

wherey = Polsson's ratio and b is the width of the plate.

NXCI‘ = Klt

Or we may write this in the form
& op = KB (£/D)% | (2)
where 0., is the critical buckling stress.
At the edges of the plate, restraint against bending and
torsion is provided by the stiffeners. The imposed condi-

tions to be satisfied by the deflection, w, are of the form

D} ‘“Z +y Pw . ¢ Buw

for torsional restraint (3)2

Ax’ oz Ixy
33 Ay ] 3 2w by 3
d D{=E + (2-¥) == | = A0y &= = EI —
S = R R - e “

for restraint against bending along the unloaded edge. In
this expressionUx is the edge stress in the sheet, I the
moment of inertia of the stiffener and C the torsional
rigidity of the stiffener. Methods of calculating C for
éonventional stiffeners attached to plates are given by
Lundguist and Stowell.* Solutions of equation (1) in the
form (2) for the boundary conditions (3) and (4) have been

found for several particular cases. It is common practice

1 S. Timoshenko, Theorz of Elastic Stability, page 337a
2 S Tlmoshenko, _B° Cit., page 343,

3 S. Timoshenko, Op. Cit., page 346,

4 E. E. Lundguist and Stowell, Restraint Provided a
Flat Rectangular Plate by a Sturdy Stlffener Along an Edve

of the Plate. NACA TR Number 735, 1942.
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to assume that the deflection w = O along all edges, but it
is apparent that this procedure may introduce large errors
on the unsafe side. Most theoretical and semi-empirical
methods of design are based on solutions to these equations.,
As such they do not include the case of inter-rivet buckling
~since there is an implicit assumption that the plate remains
in contact with, and fastened to, the stiffener continuously

along its length.

Large deflection theory. Above the critical load

equation (1) is not valid because it neglects membrane stress-
es which are not negligible when the deflection, w, is of the
same order as the thickness, t.

For large deflections of the above type the expression

b, 1 32y 2y pY 5
= 4 Nx —“+ 2 Nx 7
Vv ~w ( =5 " y+Ny__._‘/2‘,) (5)

must be satisfied. Nx, Ny, and Nxy, are direct and shear
_ Ioads per lineal inch on elements of the sheet and depend not
only on the externsl 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 that
- 32F

a ‘::aF '

Y= v (6)

- QEF

IXdy

large deflection compatibility of strains with the

5. Timoshenko, Theory of Elastic Stability, page 324.




above membrane stresses, it can be shown that

by _ d2w 2 _ 32y 22y «- 6
VF,E{(W)AT}%.E%I} (7)

Functions F and w which satisfy equations (5), (6), and (7),
have been determined for only a few practical cases, such as
simply supp&rted or clamped square, circular, and elliptical
plates. For inter-rivet buckling the problem becomes non-
linear to a high degree and therefore hopelessiy complicated.,
In addition, isotropic material has been assumed in deriving
the above equations, whereas aluminum alloys are definitely
anisotropic, especially in the vicinity of the elastic limit.
In applying any of the equations (1) to (7) to the
present'CESe one has to face the difficult problem of
mathematically expressing the boundary conditions imposed by
the rivets. For example, with inter-rivet buckling,in
alternate rivet spaces the sheet is in contact with the
stiffener over one inter-rivet space, but in adjacent 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 introduces a non-linear variation of
the effective column length of the sheet between rivets. In
some cases this has a pronounced effect on the buckling mode
of the sheet. For example, the sheet may initially develop

anti-symmetrical plate buckling. As the amplitude of the

6 S. Timoshenko, Theory of Plates and Shells, page 343.
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buckle increases the sheet may begin to buckle between
rivets. Hesulting membrane stresses modify the wave length
and rivet restraint modifies the form of the initial buckle,
which may eventually cause the plate buckling to be entirely
replaced by inter-rivet buckling. This is well illustrated
by Figures76 and 77 of Panel 18 on page 111,

The analytic solution of the inter-rivet buckling
problem is obviously not a simple one. An accurate knowledge
of the manner in which buckling takes place would undoubted-
ly give materiai assistance to any one proposing to work on
such a project. Data of this general néture have been
collected_for»the present series of tests and are, in part,

presented herein.




CHAPTER IV
LABORATORY TECHNIQUE

Construction of specimens. Material for all panels

tested was 245-T Alclad provided by MacDonald Brothers
Adrcraft Limited, Winnipeg. Sheet stock was inspected and
culled for waviness, after which it was sheared and the
stringers formed by the above company. One Strip of one
inch width was sheared from the stock adjacent to each panel
for determinatioh of physical constants. All panels and -~
strips were numbered at this time for future identification.
Sheets;and stringers were Jjig drilled for rivets and
a series of five-sixteenth inch holes was provided in each
end, for bond of the cerrobend caps. The rivet holes in the
sheet were countersunk to a depth such that the rivet heads
protruded about .005 inches from the sheet. Riveting of the
stiffeners to the sheets was accomplished by assembling the
unit under the head of the 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 in close conﬁact while they
were being riveﬁed. A load of 1,900 pounds per rivet was
found suigéble and was used in all cases. By this means
very uniform riveting was obtained leaving the sheet free
from initial deformations which might have occurred if the

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

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

-+

end of the panel using a pouring temperature of 200°F. In
order to reduce warping from thermal expansion, the panels
were clamped between wooden blocks. In spite of this, a
small amount cof curvature was invariably introduced, the
effect of which was probably negligible.

After capping, the panels were assemﬁled in a fixture
clamped to the table of a sixteen inch $haper and the ends
were machined fiat'and parallel to within ¥ .00l inches. -
Electrical resistance strain gauges were then
cemented«to,sﬁeet and stiffeners at desired locations using
Duco cement. The locationsused in most cases were the out-
standing flanges of both the extreme and central stiffeners
at mid-panel length, and at corresponding points on the outer
surface of the sheet. Additional gauges were used in scome
instances for specific purposes to be mentioned later. 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 was then spray-painted with white Duco, and the

rivets outlined with ink, making the panel complete and ready

for testing.

e

Test equipment. The paﬁels were tested in a 60,000

pound hydraulic testing machine accurate to within one-~half

of one per cent. To provide the necessary restraint against




