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AN INVESTIGATION OF SHEET-STIFFENER PANELS SUBJECTED TO
COMPRESSION LOADS WITH PARTICULAR REFERENCE
TO TORSIONALLY WEAK STIFFENERS

By Louis G. Dunn
SUMMARY

A total of 183 panel specimens of 24ST aluminum alloy
wilithuaneminal bthicknegses of 0:020, 0:0256, and 0040, inch
with extruded bulb—angle sections of 12 shapes spaced 4
and 5 inches as stiffeners were tested to obtain the bdbuck-
ling stress and the amplitude of the maximum wave when
buckled. Bulb angles from 3 to 273 inches:long were test-
ed as pin-end columns. The experimental data are presented
as stress—-strain and column curves and in tabular form.
Some comparisons with theoretical results are presented.

Analytical methods are developed that make it possibdle
for the designer to predict with reasonable accuracy the
buckling stress and the maximum-wave amplitude of the sheet
in,stiffened~panel combinations. The scope of the tests
was insufficient to formulate general design criteria bdbut
the results are presented as a guide for design and an in-
dication of the type of theoretical and experimental work
needed.

INTRODUCTION

This report presents the results of an investigation
on the behavior of sheet-stiffener panels sudbjected to end
compression,

In vart I methods are developed for calculating:

(1) The buckling stress of a plate in which the edges
parallel to the applied end load are elastically supported
and the other two sides are simply supported. The elastic
edge support corresponds to the restraining moments in-
duced by the stiffener on the buckling of the sheet.
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(2) The maximum-wave amplitude of the bduckled sheet
as a function of the stiffener stress and the duckling
stress of the sheet.

A short discussion is also given in appendix A of the
preliminary work done on- the theoretical calculation of
the stiffener stresses. TFurther necessary refinements in
the theory are pointed out.

Part II consists of the exnerimental results obtained
by testing a large number of panels in which the stiffen-
ers were bulb angles of the type commonly used in aircraft

construction. The effective width as & function of the
stiffener stress was determined for pancls with stiffen-
ers of various cross sections and torsional rigidities.

The effect of panel length on the failing stress of the
stiffeners, the type of failure, and the panel deformations
were also determined.

A method of determining the buckling stress of the
sheet between stiffeners, by measuring the maximum-wave
amplitude, is given in appendix B.

The author wishes to express his thanks to the National
Advisory Committee for Aeronautics for the grant under which
this project was carried out.

He also wishes to acknowledge his sincere anpreciation
for bhe sdvyice given by Drs Th. won Kdrmidn and Dr. E. B,
Sechler during the carrying out of the research program
and to thank Mr., Hsue-Shin Tsien for numerous helpful sug-
gestions, Mr. Walter B. Powell for his assistance in re-
ducing test data, and the other members of the teaching
staff for many excellent suggestions.

The stiffener sections used in the tests were provided
through the courtesy of the Douglas Aircraft Company. The
North American Aviation Company assisted by constructing
the test panels.
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I, THEORETICAL DISCUSSION OF THE PROBLEM

The stability of torsionally weak columns subjected
to a compression load has been investigated by many sci-
entists and the results are published in references 1 to 5.
It is pointed out in reference 4 that the buckling of cen-—
trally loaded open-section columns will, in general, be
accompanied by twisting of the cross section, The criti-
cal stresses and the axes of rotation, which are functions
of the geometry of the column cross section, are discussed
in detail., 1It,is further shown that, as the slenderness
ratio L/p of the column increases, the effect of twisting
tends to be neutralized until finally the buckling is free
from twisting and failure occurs by dbuckling as an Euler
column.

The type of failure that occurs whén an open—-section
column acting as a stiffener is attached to a thin sheet
is esgentially of the same type. It differs only in the re-
spect that failure is not necessarily a stability phenom-
enon, even for lengths in which the column alone would fail
owing to instability. A careful investigation of the
twisting phenomenon in stiffened panels indicates that a
gradual twisting of the stiffener occurs with increasing
load until near the failing load, when the duckling rapidly
increases and causes failure of the panel, The degree of
twisting of the stiffener during loading of the panel de-
pends on the torsional rigidity of the stiffener and on
the thickness of the sheet to which the stiffener is at-
tached,

The effect of the sheet on the stiffener may be sum-
marized as follows:

(1) When the sheet buckles, the stiffener exerts a
restraining moment on the sheet or, conversely, the sheet
imparts to the stiffener a twisting moment that is propor-
tional to the curvature of the sheet. In the analysis of
isolated columns, this interaction of stiffener and sheet
changes the homogeneous problem of torsional stability to
a nonhomogeneous problem of gradual twisting for the case
of open-section stiffeners attached to sheet. For torsion-
ally weak stiffeners, it is important that the interaction
of sheet and stiffener be taken into consideration.

(2) A column that fails by twisting will generally
twist about an axis through its shear center., Owing to
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the rigidity of the sheet in its own plane, however, the
axis about which the column twists when attached to the
sheet will not necessarily be the shear center of the col-
umn . If the column were to twist about some axis outside
the plane of the sheet, a geometrical consideration shows
that not only must the sheet move out of its owr plane
but the point of attachment must have a component of dis-—
placement parallel to the sheet, which is physically im-
possible. It seems logical to assume that the sheet will

| tend to-ghift the axis of twist toward the point of a%-
tachment of column and sheet. Althouzh the point of attach-

‘ ment is Zeometrically the most natural position for the
axig of twist, it cannot be concluded that the axis of twist

‘ wall be at thig'pointy No simple ceriterion:can be gZiwven

‘ for the position of the axis of twist. Each different type
of column, when attached to the sheet, must be considered

‘ as an individual problem. An extensive discussion regard-

ing the axis of twist is given in reference 1.

‘ (3) In certain cases, the axig of least radius of

‘ gyration of the stiffener will either be perpendicular to
or be inclined to the plane of the sheet. In such cases, X
the sheet, owing to the rigidity in its own plane, will

‘ prevent column failure for lengths in which the stiffener

‘ alone would fail as an Euler column.

‘ The Mutual Effects of Sheet and Stiffener

a theoretical treatment of the critical stresses in &

stiffened panel, the following factors should be investi-
‘ gated:

From the previous discussion it is evident that, for

(1) The influence of the
‘ stability of the sheet::the typ
led sheety and, as a consequenc
‘ i the wsheets

tiffener on the elastic
oe of wave form of the bdbuck-
e, the stress distridbution

3»|m

‘(2) The influence of the buckled sheet on the stiffen-
‘ eny espeeialily neavytbe shabil ity limit ef sthie stif fenlomi

‘ From a consideration of a cross section of the panel
with the sheet buckled, as shown in.figure 1(b), it can
be seen that, if the sheet is to assume the wave form as
| indicated, the stiffener must twist. I¢ the stiffener :
makes a line rather than an area contact with the sheet,
however, the sheet may assume the wave form as indicated
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without appreciable twisting of the stiffener. It may
therefore be concluded that, for the case in which the
sheet is riveted at reasonably close intervals to a stif-
fener of the type shown in figure 1, the torsional rigid-
ity of the stiffener will determine the amount of edge
support of the sheet.

Stability of the Sheet between Stiffeners

The stability of a rectangular plate with elastic sup-—
ports of finite torsional rigidity along two edges and
with an axially applied load will be investigated under
the following explicit "simplifying assumptions:

(1) The sheet reaches its stabdility limit before any
bending of the stiffener takes place. This assumption
is reasonable for the typé of stiffened panels used in
aircraft construction.

(2) In order to eliminate secondary phenomena of in=-
stability in the stiffener region, it will be assumed that
the center of twlst of the stiffener is at the edge of the
sheet and, furthermore, that the stiffener is concentrated
at the edge of the sheet

(3) The material is homoSeneous, isotropic, and obeys
Hooke's law of deformation.

The general case, in which bending of the stiffener
is considered, has been investigated by E., Chwalla (refer-
ence 6). The boundary conditions are, of necessity, rather
complicated and the final solution is consequently too in-
volwed for general practical applicaftion.

The boundary conditions for the simplified case under
congideration, with dimensions and loading as indicated in
figure 2, are as follows?

ER N = QLT B g

W =10 (1)
2 2
Q-g ¢ by 2oy (2)
ox oy~

The boundary conditions are satisfied if the deflection
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surface is represented by the expression:

w = f(y) sin %? (3)

where f(y) is a funection of y only, and A corresponds
to a half-wave length, i.e., a/m.

AS 3 = @%9p
w =0 : (4)

A second boundary condition at the stiffener can be obd-
tained as follows (reference 7, p. 343 ) The bending mo-
ments that appear along the stiffener during bduckling are
proportional at each point to the angle of rotation of the
edge, The angle of rotation of the stiffener during bdbuck-
ling of the skin is egual to 2aw/dy and the rate of change
of this angle is 022%w/dy2. The twisting moment at any
ecross section of the stiffener in a direction of the x-~axis
igiithens

2
o= iLE

3y @
where &G is. the torgsional ricidity of the stiffener.
The rate of change of the twisting moment is numeri-

cally equal to the bending moment per unit length of the
sheet alone the stiffeners, or:

=2 2 3
D <?_¥ + B §_z> - _§:__ at v = b/2 (5a)
oy*“ dx° 0x 0y
2 2 3
2 (_;a_-l; ) _@_g) = C ~~a-§¥-w— at ¥ = =b/2 (5b)
v ox dx“dy
The beoundary conditions at y = b/2 are not indenendent
of those at y = -b/2. In equations (5a) and (5d),
] 0 1
D is the bending stiffness of the sheet LlE(l p UQ)J

and P is Poissonls ratioe.
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Using the relation for w as’'given by equation (%), one
obtainsg:

2 2
0 Bz @ fix)
oy? X gy
2
—g;—z = - I;\-—g f(y) sin -T-;-\?-C
. RS BT
3x %y A8 A oy

Substitution in equation (5a) gives:

bos 20ly]  wut. ooy JhedBE ol b Bl oy siBeatld
D [sln y - T f(y) sin A c F sin 3T 53

since w =0 at y = b/2. The foregoing equation can be
written in the form:

2 2

o w T ow
5 2.2 ¢ & Dl L (6)
oy ® A2 Oy
y=b/2 y=b/2
which ig the second boundary condition at y = b/?.

It has been shown (reference 7, p. 338) that, if a
rectangular sheet is elastically supported along the two
edges y = =*b/2, a general solution of the differential
equation for the deflected sheet can be represented in
the form:

—~ay ay

£(y) = C, e + 0, e + 0, cos By + O, sin By
where
a = I_Ti e I,rz_gi).
A8 A D
_,,”2 TTE'O‘t
= i oo
4 o /Sl

and 0 is the unit axial compressive stress in the sheet
of thickness .
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If a condition of symmetry is assumed along the
the boundary conditions (4) and (8) can be satisfied
taking f(y) as an even function of y, or:

f(y) = A cosh ay + B cos By

and

w = (A cosh ay + B cos By) sin %%

ggal g,
by

(7)

From the boundary conditions (4) and (8), the following

two equations are obtained:

-

A cosh a g + B cog B g =20 (9)
) ) Io) 'I’|'8 . b
A (Dm cosh o 5 + C %] alisbalby o §> &
B 5 kg el MET sai @ 3) = 0 (10)
}\2‘ 2 0 2 = \. J
A limit o0 = 0o of the elastic stability is reached when

computations (9) and. (10) yield for A and B a solution
different from zero or when, in other words, the deternmi-
nant of the coefficients of the system vanishes, i.e.,

i &4 b . < b ; e
C X Bl gin B 5 cosh 5 DB ecos B 5 cosh o 5
2 b b 17 2 ; b b
=P e ‘cosh a = s - = ; h o — co - =0
s 5 cos B . 3B ¢ sinh a < ces B 5

R b b .
Di ¥l sions bye. cogh. o E cos B — gives!

(e

c ;g B tan B g oLl b o2 g %; @ tanh « g &
Combining terms and simplifying,
. D & b 2AD ot .
= .. e A o Gl
B tan B 5 v tanh « 5 s 2 0

Now

(11)
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B 2
0.tDb
Let -;9\- TTE = eg and _.9_]_)_._ < Wa
Then ‘ab = v/eé + gy and Pb = N/GW g

Equation (12) can then be written in the form:

Jov - 6 tan 3 Jov - 65+ Jo° + ou tann 3 /o7 + gy +

|
+EZ\.2}‘_{ = 0 (13)
G
Now 2AD, 5, BD A =) D %

b =~ 0 Th g

Putting 7? = p, equation (13) becomes:

oy - 0° tan 3 /fov - 82 + f0° + ou tamh 3 /B2 + oy +

The parameters involved may also be defined in physi-
cal ©werms as follows:

Jkg, ratio of critical stress at buckling to duck-
4m ling stress in a long plate with simply sup-

rorted edges.

m/§, aspect ratio of buckled lobe (length in direc—
tion of loading divided by stiffener spacing).

Mo, ratio of flexural rigidity of sheet panel be-
tween stiffeners to torsional rigidity of
stiffener.

The parameter p gives the-influence of the ratio of the
bending stiffness of the sheet to the torsional rigidity
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of the stiffener on the critical buckling stress of the
sheet,

It can be shown that equation (14) is identical with
a special case of the general solution given in reference
6y for which it i's. assumed that Elgey = Ast = o and O
is finite, where Elq¢ is the bending stiffness of the

stiffener and Agt 1ig the area of the stiffener,

Since Y, or in turan Ogs 1s given by the transcen-

dental equation (11) as a function of § and V¥, it
would be desirable to present the solution in graphical
form, which would greatly facilitate the application to
practical problems.,

The zraphical solution can be obtained in the follow-
ing manner:

(1) Assume a coanstant value Vv and obtain the corre-—
sponding value of W for various values of 8.

(2) Plot a family of curves with WK as a function of
6, V¥ Ybeing constant for each curve.

Since B is a function of the dimensions of the sheet,

a cross plot of V¥ against a/d can be odbtained for con-
stant values of W. From these cross plots, the wvalue of
Oc, the buckling stress of the sheet, can be obtained if
the value of C is known, because all other quantities

will consist of the known dimensions and vproperties of the
sheet,

The torsional stiffness C of the sti“fener can be
experimentally determined or can be calculated dy the meth=
od given on page 257 of reference 8.

The graphical solution in which VY is plotted as a
function of a/b for constant values of B is shown in
filcmrer 3a

The theory has been developed for a plate elastically
supported along two edges., If a continuous sheet and stif-
fener panel is congidered, the sheet on each side of the
stiffener will transmit bending moments to the stiffener.
It can e shown that, for symmetrical buckling, these mo-
ments will have the same sense., From these considerations
it is evident that, for a continuous sheet, the effective

TR Ll
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torsional rigidity will be one-half of that used in the
graphical solution as given in figure 3, This fact must
be kept in-mind in the calculation of W.

The validity of the solution was éxperimentally ,
checked with a test panel ‘designed to have a value of u =
4,80, The buckling load was obtained by measuring the
maximum amplitudes for various increments of load. The
amplitude was plotted as a function of the applied load .
and the buckling stress of the sheet was obtained by the
method illustrated in appendix B. The theoretically calcu-
lated buckling load was 11 percent lower than the experi-
mental value, A similar check was made on panels with
0.040-inch sheet and buld angle 10265 as stiffeners. The
theoretical value in this case was 7 percent lower than
the experimental value., A detailed discussion of the pan-
el properties is given in appendix B, '

~Influence of the Sheet on the Stiffener

The problem treated in the previous section of this
report is of the classical type of stability problems.
The influence of the sheet on the stability of the gtif-
fener is a much more complex problem. Since, in general,
the sheet buckles much sooner than the stiffener, it is
necegsary to consider the stress distribution of the sheet
in the buckled state. Thig distribution cannot be deter=-
mined without taking into account finite deformations.

It is evident from equation (5) that increments of
torsional moments proportional to the curvature of the
sheet are induced on the stiffener by the sheet. The mag-
nitude of these torsional moments will depend upon the d4i=
mensions and the physical properties of the sheet, which,
in general, will be known quantities, and on the wave form
and the amplitude of the waves, In order to determine the
magnitude of the torsional moments, the amplitude and the
wave form must be known.

The author and the members of the group for structural
research at GALCIT (Guggenheim Aeronautics Laboratory of
the California Institute of Technology) are working on a
theory suggested by the experimental work of this repor?t
that presumably will result in the determination of the
wave form as a function of the load. In the present re-
port, the problem is treated under the following simplify-
ing assumptions:
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(1) After buckling, the average stress in the sheet
at the median fiber along the line y = 0 (fig. 2) is as-

«

sumed to remain constant and equal to Opas the buckling

stress of the sheet. ‘It should be clearly understood that
the assumption of constant stress is used only in those
subsequent calculations involving the axial deformation of
a sheet element, at y = 0, due to the external load.

The local stress, at the median webe e will“getually be “a
variable over the length of the panel because buckling of
the sheet causes induced stresses. The magnitude of these
induced stresses will devend upon the boundary conditions
of the problem. The change in the averacge stres along
the line y =0 after buckling will, in general, be small
compared with the change in the edge s RlelgieP I e St ST b T e
b/2. According to equation (17) (civen later), the maxi-

mum agmplitude is a funection of V/ESt adhe X where Ext

is the averagZe unit strain along the lines y = t/2 and
is the average unit strain along the line Fe=l O I A comss
parison between calculations based on the exverimental ob-
servations given in figures 20 and 21 of reference 9 and

those based on the assumption that €, = constant 1s shown

in figure 4, in which yESy g is plotted as a func-

€

c
tion, i©:f Egt e The average strain along the line Ve =180

was obtained from figure 21 of reference 9 and the average
strain along y = b/2 from figure 20 of reference 9. The
unit strain at buckling was estimated from the experimental

observations to be 2.2 % 10~%, The results shown in flig—
ure 4 indicate that, assuming no experimental error, the
maximum error invelved in the amplitude calculation based
on the assumption that €, = constant 1is of the order of
5 percent,

(2) As a first approximation, it will be assumed that
the wave form after buckling is the same as that at the
staibll ity A Imat .

Before the interaction between the buckled sheet and
the stiffener is calculated, the maximum deflections of
the sheet are calculated according to assumptions (1) and
(2) and compared with the experimental evidence.

For the case of symmetry, the maximum amplitude will
occur at the point y = 0, x = A/2 and will be calculated
according to the foregoing assumptions. An element of thin
sheet subdbjected to an axial compressive load will deform
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direction an amount

ouckling takes place.

in the axial
untd 1

provortional to oL/E

Beyond the buckling load,

the deformation will be a function of the axial compres-—

give stress in the
sion waves.

sheet and the magnitude of the compres-—

Let gT be the total deformation in the x-direction.

£+ deformation due to

axial compressive stress.

ty» Adeformation due to wave formation.

Then fgumd Eondts (15)
Ge@
where g —
By
Ifirdg . is the d8negth of an elew
ment of bduckled sheet and the
[ ¢ corresponding element of chord
7 :%;'T? is dx, then the displacement

s

d¢ = ds-dx

due ‘to bending is?

= JadxP+dw,® -dx

from which

| 2
_}L_‘ ’ 2]
a dx% ds <dwl\
d = 1 + (— - dx
T: is ax /
== Wl
‘l Assuming dwl/dx small and ex-
| panding gives:
_._Sgé. g'— fs)
e S 1 /dwy
2 = d:
| 958 iy ) 0
il dw
g F [
For the case in which the stiffener is not buckled gT =
st

Egt

. Substituting in equation (15):
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O..8 gyl sale ) wi
st et L 5 , _.‘_Y.I.'..> ax (16)
Egt Es “=/
where Ou is buckling stress in sheet.

Oy » axial compressive stress in stiffener.
Esy Young's modulus for sheet.
Egy» Young's modulus for stiffener,

According to the stated assumptions, along the line y = O,
the deflected surface is given by:

mX

where f, 1is the amplitude at y = 0, x = A2, fron
which

a a

il y /dwl\g 0 WTRC . TX g 3
= et dx = £,° ——5 cog® — dx = F—

0 o
Substituting in equation (16) and solving for fo/k gives:

0 c e e
A 1 Bgy Bg

The preceding equation may be written in the form:

232 2 Rt =
. i &
A = by » %5 (17)

where €gy 1s the unit deformation of the stiffener
(0g4/Bgt) and ¢ is the unit deformation of the sheet

at buckling (0y/E;).. Bevond the proportional limit, the
value of €y should be determined from the stress-strain
cgurve of the stiffenerhs. The wvalue of Og is| obtained
Iromsghe®euryes of figure 3. Values of fo/k for stiffen-

er stresses up to 27,000 pounds per square inch have been
obtained by experimental methods. The curve of fo/k
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against ogt - 0 in figure 5, obtained from equation

(17), indicates a remarkably good agreement with the ex-—
perimental results,

II, EXPERIMENTAL TECHENIQUE AND RESULTS

The extensive use of extruded sections as reinforcing
membersg in metal-aircraft construction makes it desiradle
to investigate the behavior under load of such sections
when attached to thin sheet. A systematic study of the
behavior of bulb angles under load, as columns and as re-—
inforcing members in thin sheet-metal construction, was
undertaken at the California Institute of Technology dur-
ing bthe school year 19%6=8%7. Durlng the first year, a
series of tests was conducted to determine the ultimate
strength of different buld angles as pin-end columns and
of panels in which one of these bulb angles (10282) was
used as a stiffener. Thig part of the investigation was
carried out by Lieutenant (J.G,) Joseph N. Murphy, U,8.We,
and Captain Joe N. Smith, U.5.M.C. The investigation has
been continued by the author.

The analytical investigation carried on as a part
of the study indicated the desirability of a more thorough
testing procedure. Consequently, in addition to determin-
ing the ultimate load of the panel, stiffener deformatioas
were measured at intermediate loads and records were made
of the wave pattern of the buckled sheet. Knowing the
stiffener deformation for a given load, a curve of average
gtrees as a function of stiffegner strain could be plotitede
It was then possible, with the aid of the stress~strain
diagram of the stiffener alone, to determine that portion
of the total load carried by either the stiffeners or the
sheet throughout the entire range of load. From these
data, the effective width of the sheet acting with the
stiffeners at any stiffener stress could be calculated and
plotted.

Column curves of the average stress at failure were
rlotted as a function of the effective slenderness ratio
of the panels. These curves indicated the effect of the
column length on the ultimate stresses. .

The wave-pattern records were used to check the theo-
retically calculated values of the buckling stress and the
maximum-waeve amplitude of the sheet. .
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The theoretical analysis also indicated that a knowl-
edgse of the torsional rigidity of the stiffeners was re-—
quired. The torsional rigidity of bdulb-angle sections
being rather difficult to calculate, this property was ex-
perimentally determined.

Materials

The extruded bdbulb-angle sections used in the tests
were fabricated from 24ST aluminum alloy. {Sele £lgn 64)
The sheet was also of 24ST alloy with a nominal thickness
of 0,020, 0,025, and 0.040 inch. The strength properties
of five of the bulb-angle sections are given in figure 7
and table I.

Test Specimens

The panel lengths were so chosen as to cover the com-
plete range of bulkhead spacings that might be encountered
in current aircraft design practice and were such as to
cover the normal short-column range and, in certain in-
stances, depending on the dimensions of the buld angle,
were such as to reach the long-column range.

The number of stiffeners was varied in order to ine-
vestigate the effect, if any, of the number of stiffen-
ersyon the ulbtimate gtiffener stresses.

A typical example of one of the 183 panel specimens
is shown in figures 8 and 9. The dimensions of the spec-—
imensg and the test data are given in tables II to VII.

For panels 148 to 183, the stiffener spacing was 4 inches.,
On all other panels, the spacing was 5 inches. The rivet
spacing, which was three-fourths inch in all cases, was
chosen so that premature bdbuckling of the sheet between
rivets would not occur for either the thin or the thick
sheet. On each panel, the sheet extended beyond the out-—

board stiffener a distance equal to half the stiffener
spacing.

In order to obtain square and parallel ends, all pan-
els were carefully milled in a milling machine, the ends
being kept parallel to within 1/1000 inch.

After completion of t e
check panels were tested to min
scatter,

sts of panels 130 to 138,
imize the exverimental
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Bulb angles from 3 to 274 inches in length were test-
ed as pin-end columns, this wvariation in length being suf-
ficient to cover both the short—-column and the long-column
ranges. OCross.sections of the test specimens are shown.in
figure 6., Stiffener columng 2% inches in length were
tested flat-ended to obtain a compression stress~strain
curve for each of the bulb-angle sections used in panels 1
to 130,. Specimens 15 to 20 inches in length of this last
group of stiffeners were also tested in torsion.

Owing to manufacturing tolerances, the dimensions of
the specimens varied considerably from the specifications.
In particular, the buld angles were subject to at least
an 8-percent variation in cross-sectional area. The di-
mensions shown in figure 6 are the nominal dimensions.

All specimens were checked with a micrometer caliper, and
the actual dimensions were used in reducing the test data.

Test Apparatus and Testing Procedure

All panel specimens were tested flat-ended in a stand-
ard 150,000-pound Olsen testing machine. (See fig. 10,)
The column tests were conducted in a 3,000~ and a 30,000~
pound Riehle testing machine, and the torsion tests in a
small torsion machine built by the Scientific Instrument
Company.

Two special face plates were made to insure an even
load distribution over the panel, Their surfaces were
kept parallel to within 1/1000 inch, The two face plates
were placed between the neads of the testing machine and
the test panel was mounted between them. A small load was
applied to hold the panel in place while Huggenberger ten-
siometers were mounted on each stiffener as shown in fig-
ure 10. The tensiometers were in all cases mounted as
near ss possible to the centroid of the dbuld angle.

The free edges of the panels were supported by slotted
steel tubes, Z/4~inch outside diameter by 0,093 inch, a
clearance of approximately 1/8 inch being allowed at each
end of the panel. It was felt that eclamping the tubes tao
the sheet would give too Z2reat a rigidity to the free
edges; hence, the edges were merely inserted in the slot,
which was such as to give a sliding fit over the sheet.
This. condition would probably closely approximate a condi-
tion of simple support, the effect of which can be calcu-
lated.
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When the load was applied, notwithstanding the care
exercised in milling the ends of the test panel and in
using the face plates, the load distribution over the
width of the panel was found to be uneven. This uneven-—
ness was due to nonparallel motion of the movable head of
the testing machine with reference to the fixed base and
necessitated shimming the face plates until the tensiome-
ter readings indicated an even load distribution.

A special machine consisting essentially of a car-—
riage that moved along a vertical column was designed to
trace and record the wave form of the buckled sheet. (See
fig. 11,) A rack with a roller on one end projects from
the carriage to the panel, so that the end of the rack can
follow the contour of the waves. This rack, through a
sulitadble amplifying gear train, overates a pen that traces

the profile of the wave on one face of an octagonal re-

cording drum. The Sear sizes are so chosen as to give a
1:5 amplification on the record, A light spring is used
to load the device and keep the roller on the first rack
always in contact with the sheet. The vertical column
can be moved transversely, permitting an axial trace of
the wave amplitude to be made at any place on the sheets

After the initial load had been applied and the tensi-
ometers placed on the stiffeners, the loading was increased
in 12 to 15 increments until failure occurred. Just be-
fore failure, the tensiometers were removed. Tensiometer
readings were taken for each increment of load, and trac-—
ings of the wave profile at various places on the panel
were made several times in the course of the test. A few
of the panels were tested without instruments, only the
failing load being recorded.

The ends of the stiffener specimens tested in torsion
alone were cast, by means of Wood's metal, into oversize
sockets that fitted into the torsion machine. This set-up
is shown in figure 12, It was thus possible to aline the

shear center of the bulbd angles with the axis of the ma-
chiney

Experimental Data

The effective width of a stiffened panel can be calculated
for any given load if the stiffener stress is known., The

stiffener stress up to the proportional limit can be direct-—

ly obtained from the tensiometer readings by means of the




e ABBOTTY

" TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

N.A.C.A. Technical Note No. 752 18
equation
Osy = k R E (18)
where Oat 1s the shiffener stress, poundg per ‘sguare
inech.

0& tensiometer constant.
R, tensiometer reading.
E, Young's modulus.

In order to obtain the stiffener stress beyond the
proportional limit, flat-end compression tests were con-
ducted on 24~inch specimens. The stress—strain curves for
five of the buld angles used as stiffeners are shown in
figure 7. Usging the strain reading for the panel, the
corresponding stress could be obtained from the stress-
strain curves. Where the stress—strain curves for the
check specimens deviated, an average value was used. A
tension stress—strain curve for specimen 8478 was plotted
on the same figure to give a comparison of the strength
properties of the specimen in tension and compression.

The load carried by the sheet is given by the equa-
tion:

P, = P - n Ay Oy (19)

and the effective width acting with each stiffener by:

- Po N P-n Ay Ogt (20)
s R o(n + k1)t Og¢
where 12 18 total applied loead;poundsi
We s effective width of sheet acting with each
stiffener (reference 10).
Ay, stiffener area, square inches.

Dyl cnumbers of  stiffeneras,
t, sheet thickness.

ratio between load carried dy each effective
width of sheet and additional load carried

by outside sheet panels due to edge supports.
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Evaluation af ki;" The effect of the tube over the

free edge of the panel is to stiffen the sheet between the
stiffener and the tube; and, in effect, the panel width
is 2.5 inches rather than 5 inches, Because the panel
width is decreased, the critical buckling stress of the
sheet is increased and the sheet between the tube and the
stifener will be acting at a higher average stress than
the sheet between the two buld angles. The effective
width being proportional to the load carried by the sheet,
the ratio of the additional load carried by the sheet to
the load that would normally be carried if the panel were
continuous can be given by the equation:

War .= W
ky = -8 (21)
We

where Wep 1s the effective width between tube and stif=

fener, The effect of the edge suvports is illustrated in
figure 13. No theory that gives a correct calculation of
the effective width in a stiffened panel at present exists.
The equation Ziven on page 28 of reference 11 was consid-
ered to give the best approximation. Here Marguerre sug-
Zests the following equation (in the notation of the pres—

Oat,

enitpipapen)” flor walues of 1 < S = 75%
@
e B
T T J/Uc/gst (22)
where b is stiffener svacing, inches.

c+ critical dbuckling stress of sheet between
stiffeners, pounds ver square inch.

Assuming that the effective width due to the tube can be
calculated in the same manner, and if

UC’ is the critical buckling stress of sheet be-
tween stiffener and tube, pounds per square
inichy

b', spacing between stiffener and tube,

then
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i i (23)

Wep = D et e 7

Noting that in this case b/2 = b' and substituting equa-

tions (22) and (23) in (21) gives:

ky = % 0c'/0e - 1 (24)

<
It should be noted that, for all values of Ogt = Ogo»
RO TRee | gp = UV = g anll, for sll Waluss of
Ogt 4 Ocs k; = constant.

The dbuckling stress, Ocs can be computed by means
of the curves given in figure 3, if the torsional rigidity
of the stiffener is known. As a first approximation, Oc'!

was evaluated in the following manner:

(a) Calculate the buckling stress of the sheet, be-
tween the stiffener and the tube, assuming the conditions
of support at the tube to be the same as those at the stif-
fener.

(b) Calculate the buckling stress assuming gimple
support at both stiffener and tube.

The value of Oc! was then assumed to be the average
of the two calculated bdbuckling stresses.

A plot ef kqy as a function of stiffener stress, for

the various sheet and stiffener combinations, is shown in
Tisurer 145 © Knowling the wvalue of k, as a function of the

stiffener stress, the average effective width was calcu-
lated by means of equation (%), The stiffener area and
the skin thickness used in these calculations were comput-
ed from the measured dimensions of each stiffener. The
stiffener stress Ogt and the total load P can be ob-

tained from the curves (Pigg. 15 t0.2B) of average stress
plotted against stiffener strain, By average stress is
meant the applied load divided by the total cross—wsectional
area of the test panel., The gtrain against which the av-
erage stiffener stress is plotted is an averaze value of
the measured strains for each stiffener.

The experimental values of we/d as a function of
the stiffener stress are shown in fieures . 26wbo .88 8k 1 IH o=
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der to compare the experimental values with some of the
existing theoretical work (referencess 10 to 1%3), the av-
erage values of wg/b were plotted as a function of

Ust/dc and are shown in Ffigure 36,

Maximnum amplitude.- A record of the wave pattern was
made along a line midway between the stiffeners to deter-
mine the maximum amplitude of the buckled sheet for a given
load. - From this tracing, the half-wave length and the max-
imum ‘amplitude could then be determined. The points plot-

ted in fizure 5 correspond to the average value of fo/A

taken over the entire length of the panel. The stiffener:
stress corresponding to the particular load for which the
wave record was made was obtained from the measured stif-

Tener deformations. The duckling stress o, Wwas computed

by the curves given in figure 3 using the minimum value
oF . Al

Column curves.— Owing to the large stiffener deforma-
tions, the tensiometer readings became very irresgular near
the ultimate load. The readings near the failing load
were therefore felt to be insufficiently accurate to de-
fine the ultimate stress of the stiffeners. For this
reason, the average ultimate stress of the panels was used
in plotting the column curves of the test results. The
value of p, the effective radius of gyration of the sheet
stiffener combination at failure, could be approximated

by the following method.

Calculations were made to determine the wvalue of P
for the stiffener with various amounts of effective width.
The change in P for these combinations was found to be
quite small within the range of erfective width in which
failure was assumed to occur. It was possible to deter-
mine closely the values of L/p for the panels at fail-
ure, even though the corresponding value of stiffener
stress was quite uncertain. Column curves showing the av-
erage stress at failure ae¢ a function of L/p could then
be plotted for the various panels. The results are shown
T o et B i

were conducted on a number of the bulb-angle specimens
used as stiffeners. In order %o obtain a proper grip on
the test specimens, the ends were cast into oversize sock-
ets that fitted into the torsion machine. Care was taken
to obtain a proper alinement with the shear center of the
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buld angle and the axis of rotation of the test machine.
The ends were cast in Wood's metal and the tests therefore
eorresponded to torsion with end restraint.

The applied torsional moment of five stiffeners is
rlotted against the corresponding torsional deflection in

figure 38, The torsional rizgidity of the stiffener was
calculated from the equation

C = Mp/®
where Mmp ig the torsional moment, inch-vounds.
®,- torsional deflection, radians per inch,
Qoluﬁn curve of stiffeners alone.— The experimental

data of the stiffener tested as pin-end columns are given
s ivisibiliemiV I IT ;v ithie” eigtl tlevarper plodited 1a figurerison

Comparisons of the results with the "straizht-line
formula" and with the Johnson parabolic formula are indi-
eaitieds iy ficure 3947 For® valueshof 8Ok L/p 0] the
points scstter about the Buler curve; and, for wvaluesg of
L/p < 80, most of the test points scatter about the
straight-line formula. i

The test results of figures 37(c) and 39 were taken
from the work done by Lieutenant (J.G.) Joseph N. Murphy,
U.5.¥., and Captain Joe N, Smith, U.S.M.C.

Discussion of Experimental Results

effective width are plotted as a function of the dimension-
less parameter Gst/gc as shown in figure 36. These

curves indicate a marked increase in effective width with
an ilerease in the torgional riecidity of the stiffener.
In general, the buckling stress, o0,, of the sheet will
depennd on the torsional rigidity of the stiffener and the
method of attaching the sheet to the stiffener. The wvaluse
of O, Wwas computed for each sheet-stiffener combination
by the method illustrated in appendix B. In view of the
reasonably close experimental check of the method, it is
felt that the difference in the effective-width curves is
due not to an error in On  but rether btor a difference in
wave form,
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The restraining moment exerted by the stiffener on
the sheet will, in general, affect the wave form of the
buckled sheet. This restraining moment will vary with the
stiffener stress and the stiffener cross section for it
can be seen from equation (25) (appendix A) that the in-
clination of the stiffener 1s'a function of the bending
moment induced by the sheet, the stiffener stress, the tor-
sional rigidity, and the torsion-bending constant of the
stiffener,

The difference between the measured effective width
and that calculated from existing theory is largely due
to the fact that the influence of the stiffener on the
buckled sheet has in no case been correctly considered.
The edge effect of the stiffener has, in general, been as-
sumed to be equivalent to a simple support, that is, no
restraining moment along the stiffener. This assumption
is incompatible with the required conditions of continuity
of the sheet and stiffener inclination at the stiffener.

The measured effective width indicates a considerable
drop near the ultimate stress of the stiffenexr. This drop
can probably be accounted for by the fact that, near the
failing load, the torsional deflection of the |[stiffener
and the maximum amplitude of the buckled sheet will rapid-
ly increase. The increase in amplitude is evident from
equation (17), since the term €44, which is the unit de-

formation of the stiffener, will be nonlinear beyond the
proportional 1limit of the stiffener. As the ultimate
stress 1s approached, the deviation from a linear varia-
tion rapidly increases. The variation of torsional de-
flection with stiffener stress is indicated in figure 40,

No consistent variation of effective width could be
detected with a change in panel length. The measured
values show, in general, a random scatter about a mean
curve,

Maximum amplitude.— For stiffener stresses up to
27,000 pounds per square inch, the measured maximum ampli-
tude indicates a good agreement with the theoretical val=-
ues calculated by equation (17), The curve shown in fig-
ure © 15 calenlated for.a linear variation of €53 hence,
beyond the proportional limit of the stiffener, the curve
will deviate from measured values.

Column curves.— Although the column curves shown in
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figure 37 are not indicative of the true ultimate stiffener
stress, the curves nevertheless do show the effect of panel
length on the ultimate stress. The column curves in the
range of 10< L/p< 80 indicate but a very small varia-
tion in stress, which is to be expected, since failure oc-
curred by twisting of the stiffeners. In the case of twist-
ing failure, the stiffener tends to rotate in the same di-
rection as the buckled sheet. . Thisg result means that a
section.of the stiffener corresponding to a half-wave length
of the buckled sheet tends to twist in one direction and an
adjacent section of the same length twists in the opposite
direction. This type of failure should not be affected to
any appreciable extent by the length of the panel, provided
that the length is such as to fall below the Euler range or
above the half-wave length of the twisted column,

Buldb angles 8477 and 10266 failed by combined twiste
ing, and bending in the 2l-inch and the 27~inch panels.
This type of failure is characterized by a gradual twist-
ing of the stiffener until a stress is reached at which

“ the column fails by bending. Owing to the distortion of

the stiffener by the twisting action, the section proper-—
ties may change in such a manner that the slenderness ratio
is effectively increased, A failure of this type may oc-
cur at a lower gstress 'than the value given by the Euler
Tormula, or for a pure twisting failure.

COWCLUSIONS

The primary purpose of the investigation was to ob-
tain a better understanding of the behavior of stiffened
panels such g8 are used in girecraft construectiens. The
scope of the tests is insufficient for general design cri-
teria, but the results should be of considerable value as
a guide in design work and in future theoretical work on
this problem,

Analytical methods that make it possidble for the de-
signer to predict with reasonable accuracy the buckling
stress and the maximum-wave amplitude of the sheet in
stiffened-panel combinations have been developed. It is
felt that a complete theoretical treatment of the problem,
although admittedly difficéult, is not entirely impossibdble,
Such an analysis would simplify the work of the designer
and eliminate the need for many costly tests.

Guggenheim Aeronautics Laboratory,
California Institute of Technology,
Pasadena, Calif,, April 1939,
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APPENDIX A

Discussion of Stiffener Stresses

By the use of equation (179 afra boundary condition
ath yaee Onand! thies boundary conddtion that dw (=@ | at
vy = %£%9/2, the constants A and B of equation (7) can
be evaluated. Under assumption (2), the moment trans-—
ferred from the sheet to the stiffener can then be evalu-
ated. TFrom a consideration of equilibrium of [the stiffen-
er, the following differential equation giving the form
of the strained column can be derived:

2
ao a o
E Cpp —% + (0. I ~0C) =—% =m_ =20 25)
THT 108 (0 Iy ) dg" v (
where E is Young's modulus.

Cpp, torsion bending constant (references 1 to 5).

o axial compressive stress in stiffener.

I,, polar moment of inertia about axis of twist.
C, torsional rigidity of stiffener,

m., moment transferred by buckled sheet to stif-
fener.

©, torsional deflection of stiffeners,

If the value of m, is known and the end effects are neg-
lected, the inclination ®© can be calculated| by means of
equation (25). This value of @@ can be compared with a

value of @ calculated from the assumptions that:
(1) After buckling, 0 = 0 = constant gt y = 0,
(2) The wave form does not change.

In order to simplify the calculations, it was assumed that
a stirfener =s shown in figure 40 is attached to a sheet
having a thicknesg of 0,040 inch, The stiffener spacing
was assumed to be § inches and the axis of twist to be at
the position indicated.

R s ]
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If the assumptions (1) and (2) are compatidle with the
stiffener properties, the two calculated slopes should co-
incide. TFrom an examination of figure 40, it can ‘be seen
that a fairly good agreement is obtained for stiffener
stresses up to 20,000 pounds per square inch. Beyond this
value of s the deviation increases rapidly with an in-
crease in Oy. It may therefore be concluded that either
assumption (1) or (2) or both are invalid, especially for
hizh stiffener stresses. In view of the good agreement
obtained for the theoretically calculated maximum ampli=
tude and the experimental values, it is felt that assump-
tion (2) is chiefly responsible for the discrepancy. A
further refinement in the analysis is thus necessary and
should be carried out.

It should be noted that equation (25) describes only
the case in which failure takes place by twisting of the
column., The experimental observations have indicated that,
for panel lengths near or in the Euler range, the stiffen-
er may fail by combined twisting and bending. This case
is an important one because the critical stress will, in
general, be lower than that given by either the Euler for-
mula or by a formula derived for a pure twisting failure.

A theory that describes this type of failure as well
as that for pure twisting should be of considerable impor-
tance in airplane design and therefore deserves an exten-
sive investigation.

APPENDIX B
Experimental Check of the Theoretical

Buckling Stress of the Sheet

It was desired to obtain an experimental verification
of the theoretical calculations of the buckling stress of
the sheet for different values of . Since p was rela-
tively small for all the buldb angles tested, it was nec-
essary to design a panel having a larger value of I; that
is, a value that more closely approached a simply support-—
ed edge condition. A stiffened panel was designed in
which the stiffeners consisted of bent—-up angle sections,
0.051 by 3/4 by 3/4 inch, riveted to an 0.064-inch sheet.
The panel was essentially of the same type as the bulbd-
angle panels with the exception that the angles were riv-
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eted on each side of the panel, i.e., back to.back. Three
check panels designated panels A, B, and C of this design
were tested and their dimensions and properties are given
in table IX. Figure 41 shows test specimen A.

In order to determine the buckling stress, wave rec—
ords were made midway between stiffeners at various load
increments.. From these wave records, it was possible to
obtain fo/k. A convenient method of determining the buck-
ling stress is to write the following functional relation-
ship for P, the applied load, and f,/A.

Since P 1is independent of the direction in which
the sheet buckles, write:

P = ewen function of fo/k
dihient, . by a Mavlorlis expansgion,

n 2 nn 4
o + g-; U™ * o E—F (ot & e S

Patiting
2
Pr 0 g
write

P=PO+A1U+B1U2+011

1f 1 'is plotted as a funetion of P,  the regulting
curve will be very close to a straight line for small val-~
ues of p, and Py, will correspond to the buckling load.

The generality of the foregoing di'scussion is unal-
tered if P is divided by the cross—sectional area A of
bhis"iparel. & plobt P (£4/N) as a function of P/A,
for the panels described and for panels of 0.040-inch sheet
with buld angle 10265, is shown in figure 42. The buck-—
ling stresses indicated by these curves are 8,000 and 3,900
vounds per square inch, respectively.

The torsional rigidity of the angle section used in
pamelis W, B, awd U P, from fTiture 38,

G = MT/m = 250 pound-inches?
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Since the sheet was stiffened by two angles, the torsional
rigidity of the combination ig 500 pound-inches™,

Agsuming E = 10% pounds per square inch, v = 0,3,
then, for b = 5 inches and a/b = 3.2,
5

c Y¥OrE 4 p 0

el iha s heen, neointeds outs, wonly hel £ of, bhilsk wmalne of
C should be used for the case in which the sheet extends
on both sides of the vanel; hence, the effective value of
i ds 4 8,

From the curves of figure 3, the value of ¥ ' corre=-
SpomeEns Sto, W = 4.8 o 18 6587 . Henes ¢

Bt :
Oy = A =—= = 7,100 pounds per square inch

LT AR

Hor the 0,040-inch sheet and bulb angle 10265, the effec-—
fiive uvalue of b = 0,686, . the corresponding wailie sof

Y = 7.83, and the buckling stress = 3,620 pounds per
square inch.

It follows from the definition of W that the sbtiff-
ness of the stiffeners has increased the buckling stress
of the 0,064~inch sheet by 20 percent and the 0.040-inch
sheet by 55.5 percent since

&
o
<"‘El£':>' ) = 1020
4m2/
0.064
and
,<~—; — TS5 5)5
4m<

0.040

he ecaleulated buekline stresses are, in both cases,

lower than the g€iven measured values. The discrepancy can
be explained by the fact that, in the test panel, longitu-
dinal warping of the end cross section of the gtiffener is
prevented, resulting in a nonuniform twist. In the case of
nonuniform twisting, part of the torque is resisted by bend-
ing of the flanges and gives effectively a higher torsional
riglidity of the gtiffener.
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It is felt that, in the described torsion experiments,
longitudinal warping was only partly prevented. Hence, the

torsion constants obtained from these tests would be lower
than the values realized in the panel tests.
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TABLE 1 : %
Stiffener Properties |

(Nominal dimensions used in calculations; strength properties obtained from
2-1/2-inch specimens)

|
Bulb Area Ixx Iyy Young’s Torsional Ultimate
angle modulus rigidity strength in
inch - d compression
(eq.in.)| (in.%) | (in.%)|(xipe/eq.in.) ragiangiggch) (1b./sq.in.) ‘
10265 0.0800 0.0094 |0.00113 10380 919.6 39300
8478 . 1680 .0281 .00877 10000 2333 38800
8477 .2669 .0398 .01627 10000 6500 43400
8476 .1483 .0474 .00333 10080 2045 43100
1086 .0684 .00443| .00443 10480 350 30000
TABLE III

Panel Specimens with Bulb Angle 8477

|
l
|
]
\
|
|
|
|
|
|
|
|
Panel|length|thick-| angle area area |mate stress P L/p |
I
|
|
|
|
|
|
|
|
|
|

Panel |Sheet | Bulb Sheet Total | Ulti-| Average
ness area load Ta
(in.) | (in.)|(sq.in.)|(sq.im.)|(sq.in.)| (1b.)|(1b./eq.4in.)
3 stiffener panels; 0.025-inch sheet

48 3.88 |0.0242|0.7704 0.363 1.133 35250 31100 0.389| 9.98

49 3.94 .02491 .7749 . 373 1.148 35150 30630 2389|10.1

50 7.97 .0342| .7743 . 363 1.137 34100 30000 .389(20.5

51 7.97 .0343| .7695 . 364 1.134 34650 30550 .389(20.5

53 11.94 .0248 ] .7755 369 1.145 34535 30120 .389|30.7

53 11,97 .0249%| .7689 «B7S 1.148 33800 29600 .389(30.8

54 15.94 .0340| .7893 . 360 1.149 33625 29300 .389(41.0

55 15.94.| .0350| .7933 TS 1.167 34765 29800 .389|41.0

58 20.94 .0353| .7704. . 379 1.149 33135 28850 .389(53.8 |
57 30.97- | .02358(| .7735. . 384 1,157 33250 27900 .389|53.9 \
58 36.94- | .0255| .7719 .383 1.154 30175 26130 .389(66.7

59 26.94 .0350( .7746 375 1,150 30350 28380 .389]66.7 t

3 stiffener panels; 0.040-inch sheet

60 3.87 (0.0383|0.76835 0.575 1.339 38350 28650 0.388| 9.97 |
(pl 3.86 .0380| .7788 .570 1.349 39435 29230 .388| 9.95 ‘
63 9Y .0386| .7590 .579 1.338 38725 27500 .387|20.4

63 7 7. .0390 | .7596 «585 1.345 36900 27420 .387(20.6 |
64 11.91 .0388 | .7941 .582 1.376 40000 29100 .388|30.7 |
65 11,97 .0382| .7800 573 1.353 38735 38630 .388|30.8 ‘
66 15.94 .0398 | .7893 «597 1.386 38800 28000 .388141.1

67 15.94. | .0398| .7893 « 597 1.386 38680 27900 .388{41.1

68 20.94 .0395| .7941 593 1,386 38100 27500 .387|54.1

69 20.94. .0395( .7980 .592 1.390 38350 27510 .388|54.0

70 26.91 .0392 | . 7704 .588 1.358 35550 26300 .385(69.9




- TECH

IVIDED BY THE

ABBOTY

NICAL LIBRARY

ABBOTTAEROSPACE.COM

|
f N.A.C.A. Technical Note No. 752 33
|
|
|
|
|
| TABLE II
Y Panel Specimens with Bulb Angle 10265
Panel |Sheet | Bulb Sheet Total |Ulti-| Average
Panel| length| thick- | angle area area |mate stress P L/p
- nesg | area load %a
(in.) |(in.) |(sq.in.)|(eq.in.)| (sq.in.)| (1b.)|(1b./8q.in.)
3 stiffener panels; 0.025-inch gheet
3l 3.75 |0.0355| 0.283 0.382 0.665 13830 20800 0.303 |11.32
2 3.78 .02353 .379 .378 .857 13560 20640 .302 |11.423
3 7.94 .0246 .3278 . 369 .647 12800 19780 .331 [24.0
4 7.94 .0345 .378 .368 .646 13760 19730 .331 [24.0
5 |11.97 .0244 . 280 .366 .6486 13000 20130 .331 |36.3
81, 111,97 .0241 .280 .362 .843 | 13350 19240 .331 |36.2
7 15.94 .0350 . 280 375 .655 12500 19090 .331 148.2
8 15.94 .0240 .375 . 360 .835 12140 19130 .331 |48.23
9 |20.94 .0250 .383 <375 .B858 12690 19280 .331 (63.3
10 [20.94 .0246 .381 . 369 .650 | 13100 188230 .331 [63.3
11 |26.94 .0250 vagl . 375 .856 | 11800 17990 .331 [81.5
12 |[26.94 .0356 .280 . 384 .664 12300 18370 .331 [81.5
2 stiffener panels; 0.040-inch sheet
13 3.91 |0.0385 | 0.189 0.385 0.574 12400 21600 0.325 |13.0
14 3.91 .0385 .189 .385 .574 13200 23000 .338 [11.92
3 15 3.94 .0386 . 188 . 386 <BTD 13220 21370 .335 |13.1
16 7.94 .0389 191 .389 .580 12030 20740 .323 (24.7
17 7.98 .0387 =191 . 387 .578 12275 21350 .324 [24.6
287 (410,97 .0390 .193 .390 .583 12235 21000 .333 |37.1
4 19 |13.0 .0330 .193 .390 .583 | 12635 21670 .336 |39.1
30 |15.97 .0380 . 194 . 380 574 12800 22310 .337 (48.8
31 |15.94 .0375 .194 .375 .569 13520 32020 .327 |[48.7
22 30.95 .0391 . 186 . 391 i 11150 19310 .319 |65.6
23 |20.94 .0385 .185 . 385 .570- | 107356 18820 .318 |65.8
24 [26.97 .0390 <187 .390 B77 1750 18620 .318 [B84.7
25 |[26.94 .0390 . 186 .390 .6
3 stiffener panels; 0.040 -inch sheet
26 3.73 |0.0383 | 0.2380 0.573 0.853 | 18995 33300 0.337 (11.4
a7 7.97 .0397 .282 .595 BT 176835 20100 .3268 |24.4
38 7.94 .0391 .379 .586 .867 17350 20000 .337 (24.3
29 [11Y.97 .0390 .282 .585 .867 16935 19520 .335 |36.8
30 |11.97 .0384 .381 «576 .857 17000 19830 .336 |36,7
31 115.97 .0395 .2374 .593 .866 | 17030 19670 .330 |48.4
33 |15.94 .0389 .276 .584 .860 16700 194230 .333 [48.4
33 |20.87 .0392 .379 .588 .867 15390 17750 .318 [65.6
34 |20.87 .0388 .284 .583 .866 17100 19760 .335 |64.2
35 |26.94 .0382 .280 «573 .853 15740 18460 .330 [84.1
36 [26.94 .0383 .a75 .5675 .850 16000 18830 .331 83,9
4 gtiffener panels; 0.040 -4nch sheet
37 3.94 |0.0370 | 0.377 0.740 1.117 | 34075 21590 0.323 12.323
38 787 .0372 . 383 . 744 1.1237 | 23435 20820 .336 [24.13
39 ?7.95 .0378 .378 <756 1.132 | 22820 30130 .3347(24.50
40 11.97 .0380 . 386 .760 1.146 | 22900 20530 .+333 |37.15
| 41 |11.90 .0381 . 387 .7682 1.149 | 23700 20640 .336 |[36.50
| 42 |15.94 .0388 .374 Sdid 1.150 |31875 19020 .3365(50.40
| 43 |15.94 .0383 .368 . 784 1.132 | 22000 19420 .32365 50,40
44 20.87 .0373 . 3693 .746 1.115 20930 18780 .3234 166,50
b 45 [20.91 .0371 .3716 .742 1.114 | 2308235 18700 .32336'64.80
| 46 |26.94 .0371 . 3728 .742 1.115 | 30535 18400 .3210(83.90
47 |26.94 .0378 .3724 <758 1.128 | 30000 17760 .3190(84.40
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TABLE IV b
Panel Specimens with Bulb Angle 8478 1
Panel |Sheet | Bulb Sheet Total | Ulti-| Aversge 1‘
Panel length| thick-| angle area area | mate stress e L/p
ness | area load Ta |
(in.) |(in.) |(sq.in.)| (eq.4n.)| (sq.in.)| (1b.)|(1b./eq.1in.) ‘
3 stiffener panels; 0.035-inch sheet \
71 ( 3.85 [0.0353( 0.4707 | 0,379 0.850 | 30680 34320 0.411 | 9.37 |
72 3.83 .0353 .4710 .379 .850 30590 34320 .411 9.30
73 7.94 .0352 . 4698 .378 .848 19710 23340 .412 | 19.3
74 | 7.94 | .0350| .4698 .375 .845 19300 233850 .41 | 19.3 |
75 | 11,984 .02345 . 4680 . 367 .835 18480 33130 .411 | 29.1 |
76 |11.94 | .0353| .5016 .378 .880 | 19010 21600 .411 | 29.1 |
77 115.81 | .0359 .5163 .388 .904 19800 21900 .411 | 38.8 |
78 | 15.91 | .0245 .5163 . 367 .883 19600 332300 .411 | 38.8 |
79 | 20.94 .0354 .5168 .381 . 898 18700 30810 .410 | 51.0 |
80 | 30.97 .0356| .5186 . 384 .900 | 17300 19110 .408 | 51.3 |
81 | 36.87 .0252 .5097 .378 .888 18700 21060 .410 | 65.5 |
83 [36.91 | .0249 .5109 .373 .884 | 18400 20810 .410 | 65.6 |
3 stiffener panels; 0.040-inch sheet C
83 3.75 10.0385| 0.486 0.577 1.063 24500 23020 = i
84 3.95 .0380 .484 .570 1.054 32090 30930 0.403 9.80 ‘
85 7.94 .0391 .491 . 586 1.077 23800 33120 .408 | 19.4 |
86 7.94 .0390 .484 .585 1.069 33900 23390 .409 | 19.4 |
87 | 11.85 .0380 . 487 .570 1.057 323590 31390 .405 | 39.3 |
88 | 11.94 .0388 . 480 .583 1.063 223430 31110 .404 | 39.6 ‘
89 |15.94 | .0375 .483 .5623 1.044 | 30950 30080 .400 | 39.8 |
90 |(15.87 . 0395 .503 .592 1.0956 33100 231100 .404 | 39.2
91 | 30.91 | .0390 .519 .585 1.104 | 33175 21000 .403 | 51.8 j
92 | 30.87 .0392:| .519 .588 1.107 30875 18690 .395 | 53.9 |
93 |26.94 .0382 .503 .573 1.078 21340 19750 .399 | 67.5 |
94 | 36.87 .0393 .476 .590 1.066 | 31540 302300 .401 | 67.0 |
|
\
TABIE VI |
|
Panel Specimens with Bulb Angle 10266 |
Panel |Sheet | Bulb Sheet | Total |Ulti-| Average 5 |
Panel| length|thick- | angle area area |mate stress P P |
ness | ares load g ‘
(in.) | (in.)|(eq.in.)|(sq.in.)| (sq.in.)| (1b.) |(1b./sq.in.) }
2 stiffener panels; 0.020-inch sheet ;
130 | 3.94 |0.030 [ 0.23418 | 0.20 0.442 | 10570 33920 0.365 | 8,06 \
131 5.38 .020 .2418 .20 .442 10325 23400 .365 | 14.76 |
132 [11.0 .020 .3418 .20 .443 10000 32660 .365 | 30.3 |
133 |16.33 | .020 .2418 .20 .442 | 10400 33550 .365 | 44.8 |
134 |23.38 .020 .3418 .30 . 443 9985 22600 .365 | 61.4 |
135 |37.5 .020 .2418 .20 .443 8535 19300 2365 | 75.4 |
3 stiffener panels; 0.020 -inch sheet :
136 2.88 |0.020 0.3637 0.300 0.663 151230 23840 0.365 7.90 |
137 5.38 .020 . 3637 . 300 .663 15700 23700 .365 | 14.48
138 |11.0 .020 . 3637 . 300 .663 | 14900 33500 .365 | 30.3 |
139 |16.38 .020 . 3637 . 300 .663 15730 23740 .365 | 44.9 \
140 [23.38 .030 . 3637 .300 .663 13710 20700 .365 | 61.4 |
141 (27.63 .020 . 3637 . 300 .663 13300 18410 .365 | 75.8 |
4 stiffener panele; 0.020-inch sheet )
143 2.88 (0.020 0.4838 0.400 0.884 21300 24100 0,365 7.90 |
143 | 5.35 .020 .4836 .400 .884 | 20035 232650 .365 | 14.867 |
144 [(11.34 .020 .48356 .400 .884 18900 21400 .365 | 31.1 |
145 | 16.44 .020 . 4836 .400 .884 | 19800 23400 .365 | 45.1 |
146 | 23.38 .030 .4836 .400 .884 18750 21330 .365 | 61.4 |
147 [37.63 .020 .4836 . 400 .884 | 16400 - 18570 .365 | 75.8 |
|
|
|
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TABLE V

Panel Specimense with Bulb Angle 8476

35

Panel | Sheet | Bulb Sheet Total |[Ulti- Aversge
Panel| length| thick-| angle area area |mate stress o L/e
ness | area load da
(in.) [(in.) |(8q.in.)|(sq.in.)| (eq.in.)| (1b.) |{(1b./eq.in.)

3 stiffener panels; 0.040-inch sheet
95 | 4 0.039 | 0.396 0.390 0.686 14150 30630 0.563 e X
96 & .043 .392 .420 .712 15875 3231C .563 7.1
97 8 .039 .293 .390 .682 12800 18780 .563 | 14.23
98 |12 .042 . 300 .430 .730 13900 19310 .563 | 21.3
99 |13 .038 . 304 . 380 .894 13175 18980 .583| 21.3
100 | 16 .040 .304 . 400 .704 12600 17900 .563 | 28.4
101 |16 .040 . 396 . 400 .696 12700 18240 .563 | 28.4
102 |20.87 .041 . 300 .410 .710 12280 17280 .563 | 37.23
103 {20.87 .041 . 300 .410 .710 13375 17380 .563 | 37.3
104 |37 .040 . 298 . 400 .698 12075 17300 .565 | 47.8
105 |37 .043 .392 . 430 .722 12405 17200 .565 | 47.8

3 stiffener panels; 0.040-inch sheet
106 4 0.041 | 0.450 0.615 1.065 23100 20730 0.563 Tl
107 4 .041 .444 .615 1.059 32850 21600 .563 7.1
108 8 .042 .444 .630 1.074 30670 19260 .563 | 14.2
109 8 .042 .444 .630 1.074 303235 18870 .563 | 14.2
110 (12 . 040 .444 . 600 1.044 18950 18100 .563 | 31.3
111 |13 .041 .456 .615 1.071 19875 18530 .563 | 21.3
112 |16 .039 .450 .585 1.035 18050 17430 .563 | 38.4
13131118 .039 .450 .585 1.035 17830 17230 .563 | 38.4
114 (21 .040 444 .600 1.044 17100 163680 .565| 37.3
116 |31 .040 .444 .600 1.044 17100 16380 .565( 37.83
118 |26.87 .040 .450 . 800 1.050 17100 16310 .563 | 47.8
117 |37.00 .038 .453 .570 1.0233 16800 16410 .565 | 47.8

4 gtiffener panels; 0.040-inch sheet
118 4 0.042 | 0.593 0.840 1.432 39000 30250 0,563 7.1
119 o .043 .600 .840 1,440 39450 20450 .563 X
120 8 041 .593 .820 1.412 35870 18180 .563 | 14.3
121 8 .040 .592 © .800 1.392 24735 17740 .563 | 14.2
122 (12 .042 .600 .840 1.440 25000 17370 .563 | 21.3
132 |13 .041 .6123 .820 1.432 33975 16780 .563 | 21.3
124 |18 .043 .600 .840 1.440 35000 17370 .563 | 38.4
125 (16 .042 .596 .840 1:436 34450 17030 .563 | 38.4
126 |31 041 .596 .820 1.416 33800 16810 .565'| 37.3
137 |31 .039 .593 .780 1.373 23080 16800 .5656 | 37.3
138 |37 .040 . 600 .800 1.400 33000 157230 .565 | 47.8
139 |27 .041 .800 .820 1.430 33100 18350 .565 | 47.8
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TABLE VII
Panel Specimens with Bulb Angle 10383

Panel |Sheet Bulb Sheet Total Ulti- Aversge
Panel| length| thick- | angle area area | mate stress P
ness | area load Oga
(in.)|(in.) [(sq.in.)|(sq.in.)|(eq.in.)| (1b.) [(1b./sq.in.)
2 stiffener panels; 0.030-inch sheet
148 3.0 | 0,03 | 0.1394 0.16 0.289 6350 21600 0.378
149 5.5 .03 . 1394 .16 .389 6550 23640 .378
150 11.0 .02 . 1294 16 .289 5310 18350 .278
151 18.5 202 . 1394 .16 .389 6170 21300 .2378
152 | 33.0 .02 . 1394 .16 .389 6160 21300 .378
153 37.5 .02 . 1294 .16 . 389 5040 17400 .378
3 stiffener panels; 0.040-inch sheet
154 3.0 | 0.04 | 0.12394 0.32 0.449 9460 21050 0.332
155 5.5 .04 . 1394 .33 .449 11080 24700 .332
156 11.0 .04 . 1394 .32 . 449 9150 20360 .333
157 16.5 .04 . 1294 .33 .449 10080 33470 .3323
158 32.0 .04 . 1294 .33 .449 11150 24800 .332
189 | 37.5 .04 . 1294 .33 .449 9830 21900 .333
3 stiffener panels; 0.030-inch sheet
160 3.0 | 0.02 | 0.1941 0.34 0.434 7860 18100 0.278
161 5.5 .03 . 1941 .24 .434 9390 21630 .378
163 11.0 .03 . 1941 .24 .434 7675 17680 .378
163 16.5 .02 . 1941 24 434 8915 30530 .378
164 | 23. .02 . 1941 .34 .434 7603 17500 .378
165 | 37.5 .03 . 1941 .24 .434 6650 15320 .378
3 stiffener panels; 0.040-inch sheet
166 3.0 [ 0.04 | 0.1941 0.48 0.674 16170 33970 0.332
187 5.5 .04 . 1941 .48 .674 12390 18230 .333
168 110 .04 . 1941 .48 .674 12870 19090 .332
169 18.5 .04 .1941 .48 .874 14012 30780 . 333
170 | 22.0 .04 . 1941 .48 .674 14938 22160 .332
321 37.5 .04 .1941 .48 .674 13240 18150 .333
4 stiffener panels; 0.020 -inch sheet
172 3.0 | 0.02 | 0.2588 0.323 0.5788 | 11855 30500 0.278
173 5.5 .02 .3588 .33 .5788 | 11450 19780 .378
174 11.0 .02 . 3588 .33 .5788 | 8730 15060 .378
176 18.5 .02 .3588 .33 .5788 | 11390 19670 .378
176 | 32.0 .03 . 2588 .33 .5788 | 9985 17260 .378
177 | 37.5 .03 .2588 .33 .5788 | 8810 15320 .278
4 stiffener panels; 0.040-inch sheet
178 3.0 | 0.04 | 0.23588 0.64 0.8988 | 18200 20350 0.333
179 DS .04 .2588 .64 .8988 | 20230 22500 . 33
180 11.0 .04 . 2588 .64 .8988 | 17120 19050 .333
181 18.5 .04 .3588 .64 .8988 | 18590 30870 | .333
182 | 32.0 .04 .2588 .64 .8988 | 17938 19960 .3323
183 | 37.5 .04 . 3588 .64 .8988 | 14835 16500 .333
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TABLE VIII

Pin-End Tests - Stiffeners without Sheet

Bulb- Ulti- Ultimate
angle Area Length mate stress
spec- p L L/p |load
imen (eqg.ine) (1% ) (1be) { (1be/ag.ing]
10265 0.0931 0.110 24.24 | 220 1296 2105
alter v il e, 335 3595
13:21 | 120 615 6610
7.62 69.3 1540 16550
S R e L -
10282 0.0647 0.116 24,24 | 209 147 2276
18,78 116145 210 3250
13.21 | 114 410 6340
Ts62 65,7 1025 15870
3046 Galoh2 0.1143 24.24 | 212 294 2345
18.73 | 164 405 3240
13g 21 NEL S Go 700 5600
7.62 66 .6 1945 15520
5436 0.2470 05218 24024 |11 G2 22860 9030
18,73 85.9 3495 14140
15921 60.6 6040 24450
762 35.0 9605 38900
12224 0.,1709 0.143 24.24 | 169.5 820 4800
18,75 | 18k 0 1180 6900
1321 9244 2320 13590
7.62 53.3 5840 34200
e ——
8477 0.2774 0.242 24.24 |100,2 2703 975
18,73 757 4310 15520
1Sl 54,7 7365 26550
762 2%.5 {10370 37400
8476 0.,1501 0149 24.24 | 162.4 590 3930
18xY5 | 12647 875 5830
L2l 88 a7 1570 19 20
7.62 51,1 4020 26800
8478 01679 0,228 24,24 | 106,2 1490 8870
18,73 82+1 2275 13540
13.21 5749 3875 22450
7e62 33.4 B7 70 34400
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TABLE VIII (Continued)
: Pin-End Tests - Stiffeners without Sheet
Bulb- Uilbies Ultimate
p angle Area p Length | L/p |nate stress
spec-—- L load
imen (8qsin.) {($04) (2bs) (1bef saduy )
10266 04,1220 Q7 3L155) 2424 | 56,3 469 2845
L8 a5 P20 58 A 6350
s el SHwic 1545 12670
He B2 49,1 2650 21700
4200 0]l oyt 0156 24,24 1 15640 621 4650
1857 L2030 955 7160
Ayl 84.8 1900 L4250
it oy 48,9 4280 52080
766 00856 0.L165 24..24 | 208,40 260 3040
y 18,73 | 161.0 385 4500
Tz 2l LS 705 8240
7 .62 65 .4 2006 23450
i 12678 | 0,04023 | 0,104 | 24.24 | 28%.0 169 2675
T8 1S} 10 165 3880
Taeci L2 w0 505 7615
7 eDe FAT S PRI, 17750
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TABLE IX

Specimens of Bent-up Angle Stiffeners

(L.S., 106~0.051; 6 stiffener panels; 15 inches wide;

0.064-inch sheet; S5-inch stiffener spacing)

39

Sheet Stif- Sheet Total Ulti-
Panel|Panel | thick-| fener area area mate
length| ness | area load

{ime): |{sgeine) |(ag«dns )l (88sdne)| (1bs)

Average
stress

(1be /eqe ine)

A 16 |0.0632| 0,407 0+.947 1.354 |28950
B 16 0630 404 «945 1.349 28600

C 16 .0626 4086 «939 1,345 {28450

21400

21210

<1150
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Figure 3.- Graphical solution of equation (14).
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