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SUMMARY

A total of 183 panel specimens of 24ST aluminum alloy with
nominal thicknesses of 0,020, 0,025, and 0,040 inch with extruded
bulb-angle sectias of 12 shapes spaced 4 and 5 inches as stiffeners
were tested to obtain the buckling stress and the amplitude of the
meximm wave when buckled, Bulb angles from 3 to 27=1/2 inches long
were tested as pin-end ’columns. The experimental data are presented
as stress~strain and columm curves and in tebular form, Some
comparisons with theoretical results are presented.

Analytieal methods are developed that make it possible
for the designer to predict with reasonable accuracy the buckling
stress and the maximmewave amplitude of the sheet in stiffened-
panel combinations, The scope of the tests was insuffielent to
formulate gemeral design criteria but the results are presented as
a guide for design and an indieation of the type of theoretical

and experimental work needed,



INTRODUCTION

This report presemts the results of an investigation on
the behavior of sheet=-stiffener panels subjected to end compression,

In part I methods are developed for ealculating: |

(1) The buckling stress of a plate in which the edges
parallel to the -épplied end load are elastiecally supported and the
other two sides are siﬁply supported. The elastic edge support
" corresponds to the restraining moments induced by the stiffener on
the buckling of the sheet,

(2) The maximum=wave amplitude of the buckled sheet as
a function of the stiffener stress and the buckling stress of the
sheet,

A short discussion is also glven in appendix A of the
preliminary work done on the theoretical caloulation of the stiffener
stresses, Further necessary refinements in the theory are pointed out,

Part T oonsists of the experimental results obtained by
testing a large number of panels in which the stiffeners were bulb
angles of the type commonly used in aireraft constmction.: The
effective width as a function of the stiffener stress was determined
for panels with stiffemers of various cross sections ahd torsional
rigidities. Thé effect of panel length on the failing stress of
the stiffeners, the type of failure, and the panel defornafions were
also determined, A

A method of determining the buckling stress of the sheet

between stiffemners, by measuring the maximm-wave amplitude, is



given in appendix B,
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I, THEQRETICAL 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 pudblished 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, dbe
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. It is further shown that, as the slenderness
ratio L/p of the column ingcreases, the effect of twisting
‘tends to be neutralized until finally the buckling is free
from tw1st1ng and failure occurs by buckling as an Euler
column. . - :

The type of failure that occurs when an open-section
column acting as a stiffener ig attached to a thin sheet
is éssentially of the same tvpe. It differs only in the re-
spect that failure is not necessarily a stability phenom-
enon, even for lensgths in which the coclumn alone would fail
owing to instadbility. A careful iavestigation 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 buckling 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 vproblem of torsional stability to
a nonhxomogeneous problem of Zradual 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 congideration.

(2) A column that fails by twisting will generally
twist about an axis throusgh 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 cutside
the plane of the sheet, a geometrical consideration showe
that not only must the sheet move out of its own plane

but the point of attachment must have a compornent of dis-
placenent parallel to the sheet, which is physicallr im-
possible. It seems logical to assume bthat the sheet will
tend to shift the axis of twist toward the point of at-
tachment of column and sheet. Although the ooint of attach-
ment is geometrically the most natural vosition for the

axis of twist, it cannot be concluded that the axis of. twist
will be at this point. No simple critericn can be Iiven

for the position of the axis of twist. Each different %ype
of column, when attached to the sheet, must be concidered

as an individual problem. An extensive discussion regard-
ing the axis of twist is given in reference 1.

(3) In certain cases, the axis of least radius of
gyration of the stiffener will either be perpendicular to
or be inclined to the pnlane of the sheet. In such cases,
the sheet, owing to the rigidity in its own »lane, will
prevent CQlumn failure for lengths in which the stiffener
alone would fail as an Euler column. ‘

’ The Mutual Effects of Sheet and Stiffener

From the previous discussion it is evident that, for
a theoretical treatment of the critical stresses in a
stiffened panel, the following factors should be investl-—,
gated:

(1) The influence of the stiffener on the elastic
stability of the sheet; the tyve of wave form of the duck-
led sheet; and, as a consequence, the sireéss distridbution
in the sheet, '

(2) The influence of the buckled sheet on the stiffen-
er, especially near the stadility limit of the stiffener,

From a consideration of a cross section of the panel
with the sheet buckled, as shown in figure 1(b), it can
be scen that, if the sheet is to assume the wave form as
indicated, the stiffener must twist. IF the stiffener
makes a line rather than an ares contact with the sghebet,
however, the sheet may assume the wave form as indicated
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without appreciable twisting of the stiffenmer. 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 edzge
.support of the sheet,

'Stability of the Sheet between Stiffeners

The stability of a rectangular plate with elastic sup-
prorts 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 stability limit before any
bending of the stiffener takes rlace. This assumption
is reasonable for the type of stiffened panels used in
aircraft construction.

(2) In order to eliminate gsecondary phenomena of in-
stability in the stiffener region, it will be assumed that
the center of twist of the stiffener i« at the edge of the
sheet and, furthermore, that the stiffener is corcentrated
at the edge of the sheet

(3) The material is qomo’eneous, 1sotrob1c, and obeys
Hooke's law of deformation.,

The general case, in which bending of the stiffener
i's considered, has been investigated by E. Chwalla (refer—
énce 6). The boundary conditions are, of necessity, rather
complicated and the final solution is consequently too ine
volved for general practical application,

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

At x =0, x = g

w = 0 (1)
] 2
g—g + v g-g 0 (2)
X J

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

w = £(y) sin %? (%)

where f(y) 1is a function of y only, and A corresponds
to a half-wave length, i.e., a/m, '

Aty = £1p/2 N
w =0 (4)

A second boundary condition at the stiffener can be ob-
tained as follows (reference 7, p. 243): The bending mo-
ments that appear along the stiffener during duckling are
proportional at each point to the angle of rotation of the
edze. The angle of rotation of the stiffener during bduck-
ling of the skin ig equal to aw/ay and the rate of change
of this angle is 02w/3y2. The twisting moment at any
cross section of the stiffener in a direction of the x-axis
is then: ’

T 2T

ay @

where C is the torsional rigidity 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 along the stlffener , OT:
2 .3 ' :
D <_a__._lv + v é_g) = C _,.@_é_v!_. % v o= b/2 (5&)
ox . 9x7dy o ,
- ; 2 ' .3
-+ D é—g + v §—g> = 0 ~§§E~ at v = -b/2 (51v)
' ox ax ay

The boundary conditions at y = b/2 are not indevendent
of those at y = -b/2. 1In equations (5a) and (5Db),

. Bnt3
D is the bending stiffness of the sheet ( 5
L1e(l - v?)

and p is Poisson's ratio.
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Using the relation for w as given by equation (%), one
obtains:

a2 .

5% . mx 2 t(y)

=3 = sin -~ ———=%=

oy A dy

2 2

oF T 7 E T et

3w e mx 3f(y)
e ¥ L L TD gy TX OINY
3x2dy Ze ST N oy

Substitution in equation (5a) gives:

2 2
D {sin mx 3 £(y) - X0 f(y) sin IZ%

X]=_ ¢ Mo qiqp Tx 3£(y)

v)l
A dy A= - A NN oy
since w =0 at y = b/2. The foregoing equation can be
written in the form:
aaw ' e ow ‘
D-és;-—é = e C;\-—é-és; (0)
y=b/2 y=b/2

which is the second boundary condition at y = b/2.

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

fly) = C, e + 0, e + 0, cos By + C4>sin By

m , /migt
A2 A2 D
Ve

and O 1is the unit axial compressive stress in the sheet
of thickness ¢t.

where

K
i

v
il
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If a condition of symmetry is assumed along the z-axis,
the boundary conditions (4) and (6) can be satisfied by
takinz f(y) as an even funetion of y, ors

f(y) = A cosh ay + B cos By (7)

and

~

9]

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

From the boundary conditions (4) and (6), the following
two: equations are obtained: -

-

A cosh o = + B cos B 2.0 (92)-
2 2
: b e b
A (Dmg qosh @5 + C %g a sinh « §> ~
ks b 2 b
- B (¢ =~ in B— - DB% cos B =) =0 19
< l B sin B 5~ DB cos B 2> : (19)

A limit o = 0o of the elastic stability is reached when
computations (9) and {1C) yield for A and 3 "a solution
different from zero or when, in other words, the determi-
nant of the coefficients of the system vanishes

.
y Le€ae,

2 2
Y %y B sin P = cosh g -~ D B cos B g cosh « g
2 b b w8 . b b
-D a® cosh a — = ~C - nh - - =0 11
> cos B 5 2 @ sinh « 3 cos 8,2 (11)
s . . b b .
Division by cosh o — cos B — <giveg!
2 2
c E; Btan B2 + D g2+ Da+ 0 n o tanh o2 = 0
A 2 A 2
Combining terms and simplifying,
b b 2AD 0.t
= . — AR e S 12
B tan B 5t o tanh o 5+t =G 5 0 (12)

Now
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. ‘0 a 2 Gctb _ a
Let ‘}‘\'2 ™ = @ and *‘—-]5—‘**- = \!J
Then ,\/ + gy and Bb = »,/9\'}1 - 92

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

eﬁr - 9" tan 3 /exlf - /e + gy tanh % A/ep‘fr oV +

ikt A 3
5 0 o (13)
2AD . D A »D 1
How - Tn =2 T =27F 8
Putting %% = W, equation (12) becomes:
/GW - 8% tan - 8y 6* /6% + gY¥ tanh % J@e + o py +

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

-5, ratio of critical stress at duckling to dbuck-
4m ling stress in a long plate with simply sup-
‘ vorted edges. ‘

/8, aspect ratio of buckled lobe (length in direc-
tion of loading divided by stiffener spacing).

b, ratio of flexural rigidity of shset panel be-
tween stiffeners to torsionel rl*ldltv of
stiffener. :

The parametef B 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 bdbuckling stress of the
sheet.,

It can be shown that equation (14) is identical with
a special case of the general solution given in reference
6, for which it is assumed that Elgy = Agqy = o and O

is finite, where EI ¢ 1is the bending stiffness of the
stiffener and Agqy 1is the area of the stiffener,

Since V¥, or in turn o,, 1is given by the transcen-

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

The 2zraphical solution can be obtained in the follow-
ing manner:

(1) Assume a constant value V¥ and obtain the corre-
gponding value of p for various values of 8.

(2) Plot a family of curves with § as a function of
8, Y Dbeing constant for each curve.

Since. § 1is a function of the dimensions of the sheet,
a cross plot of V¥ against a/b can be obtained for con-
stant values of K. From these cross vplots, the value of
Ocy the buckling stress of the sheet, can be obdtained if

the value of C 1is known, because all other quantities

will consist of the known diwensions and vroperties of the
sheet. ' :

The torsional stiffness C of the stiffener can be
experimentally determined or can be calculatbd by 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 & is shown in
figure 3,

The theory has been developed for a vlate elastically
supported along two edges. If a continuous sheet and stif-
fener panel ig considered, the sheet on each side of the
stiffener will transmit bending moments to the stiffener.
It can be shown that, for symmetrical btuckling, these mo-

- ments will have the same sense. From these considerations’
it is evident that, for a continuous sheet, the effective
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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 WM.

The validity of the solution waq experimentally
checked with a test panel designed to have a value of p =
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 thae
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 avpendix 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 prodblems.
The influence of the sheet on the stabdility of the stif-
fener is a much more complex problem. Since, in general,
the sheet buckles much sooner than the sti*fener, it isg
necessary to consider the stress distridbution of the sheet
in the buckled state. This distributinn 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 devend upon the di-
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-greup for structural
research at GALCIT (Guggenheim Aeronautics Laboratory of
the California Institute of Technology) are working on a.
theory suggested by the sxverimental work of this report
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 follow1ng 51mU11FV-
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 ¢,, 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 fiber, will actually be =
variable over the length of the panel because dbuckling of
the sheet causes induced stresses. The magnitude of these
induced stresses will denend upon the bdoundary conditions
of the problem. The change in the average stress along
the line y = 0 after buckling will, in general, be small
conmpared with the change in the edge stress, i.e., at v =
b/2. According to equation (17) (given later), the mexi-

mum amplitude is a function of erst =~ € where €t

is the average unit strain along the lines 7 = t/2 and €a
is the average unit strain along the line y = 0. A com-
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 is shown
in figure 4, in which vfiﬂt ~ €, is plottcd as a func-
3

tion of . €44+ The average strain along the line y = 0O
vas obtained from figure 21 of reference 9 and the average

m

strain along y = b/2 from figure 20 of reference 9. The
unit strain at duckling was estimated from the exverimental

observations to be 2.2 x 10~% The results shown in fig-—
ure 4 indicate that, assuming no experimental error, the
maximum error involved in the amplitude calculation dased
on the assumption that €, = constant is of the order of
5 percent.

it will be assumed that

(2) As a first approximation,
s the same as that at the

the wave form after dbuckling i
stability 1imit.

Before the interaction betwesen the buckled sheet nnd
the stiffener is calculated, the maximum deflections of
the sheet are calculated according to aseunptions (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 subjected to an axial comnressive load will deform
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in the axial direction an amount provortional to oL/Z
until duckling takes place. Beyond the duckling load,

the deformation will be a function of the axial compres-
sive stress in the sheet and the magnitude of the compres-
sion waves,

Let Ep be the total deformation in the x~direction.
t., deformation due to axial compressive stress.

tys deformation due to wave formation.

Then Ctp = b, + by | | (15)
0ra

where te = :Q«
By

If de 1s the length of an ele-—
ment of dbuckled sheet and the
corresponding element of chord
is dx, then the displacement
due to bending is:

af = ds-dx =./dx3+dwlg~dx
1 -

from which

‘—

=

A

®
N
<

[/ awy \3
dt. = a 1o+ (SELYy L g,
ES x \ax / ax

Adssuming dwi/dx “small and ex-
panding gives:

4
N

™ : o

N rdw, N
N2 =1 (2 .
o dﬁs 2 \dx /. dx
2 .
: 1./ rdwy
= = { ——=t dx
gS 2 // \dx )

o .
For the case in which the stiffener is not buckled ET =
o} a ’ i
EE%—. Substituting in equation (15):
s
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a
e A
0 ,a g e N
_st” o T, L <EEL) dx (16)
Eqt Eq - 2./ \dx .
: o
wvhere Ca is dbuckling stress in sheet.

Ogt s axial compressive stress in stiffener.
Ey, Young's modulus for sheet.
Eqygs Young's modulus for stiffener.

According to the stated assumptions, along the line vy = 0
the deflected surface is given Dby

. s TX
Wl = <o Ssln "‘):'
where "f, is the amplitude at y = 0, x = N2, from
which '
a a

1 ’ dwy e [’ mx a2 5

= £, —— —— dx = g £4°

2,/ \5 , °© 2y / A 428 70

o < ' 0

Substituting in equation (16) and solving for f, /A @gives

fo o2 /%t %
7\. - Est ES‘

The preceding equation mav be written in the form:

£, 2 —_—
38 = = J st = € : ‘ - (17)-

where €4t 1s the unit deformation of the stiifener
(0gt/Egg) and € 1s the unit deformation of the shest
at buckling (0;/E;). - Bevond the proportional limit, the
value of €4 should be determined from the stress-—strain
curve of the stiffener. The value of Ug is obtainesd
from the curves of figure 3. Values of fo/k for stiffen
er stresses up to 27,000 »nounds per scuare inch Aave been
obtained by experimental methods. The wurve of /k
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against ogy ~ 0z in figure 5, obtained from equation

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

II. EXPERIMENTAL TECENIQUE AND RESULTS

The extensive use of extruded sections as reinforcing
members in metal-aircraft construction makes 1t desirable
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 Technolozy dur-—
ing the school year 1936-37. During the first year, a
series of tests was conducted to determine the ultimate
strength of different Dbuld angles as pin-end .columns and
of panels in which one of these bulb angles (10282) was
used as a stiffener. This part of the investigation was
carried out by Lieutenant (J.G.) Joseph N. Murphy, U.S.¥.,
and Captain Joe N. Smith, U.S. M.C. The investigation has
been continued by the author. '

The analytical investigation carried on as a vart
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 deformations
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
stress as a functi on of stiffener strain could be plotted,
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
pletted. : ‘

Column curves of the averaZe stress at failure were
prlotted as a function of the effective slenderness ratio
of the vanels. These curves indicated the effect of the’
column length on the ultimate stresses,

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

Materials

The extruded bdulb-angle sections used in the tects
were fabricated from 24ST aluminum alloy. (See figzg., 6.)
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 tadle 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
covar the normal short-column range and, in certain in-
stances, depending on the dimensions of the bulbd angle,
were such as to reach the long-~column range.

ners was varied in order to in-
any, of the number of stiffen-—
ener stresses,

The number of stiff
vestigate the effect, if
ers on the ultimate stif

A typical examvle of one of the 183 panel specimen
is shown in figures 8 and 9. The dimensioms of the spe
imens and the test data are given in tables II to VII,
For nanels 148 to 183, the stiffener snmacing was 4 inches,
On all .other panels, the spacing was 5 inches. The rivet
gspacing, which was three~fourths inch in all cases, was
chosen so that premature buckling of the sheet between
rivets would not occur for either the thin or the thick
sheet. On each panel, the sheect extended beyond the out-
board stiffener a distance equal to half the stiffener
spacing,

S
Coe

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

After compvletion of the tests of panels 130 to 138,
check panels were tested to minimize the exverimental
scatter, :
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Bulb angles from 3 to 274 inches in length were test-
ed as pin-end columns, this variation in length being suf-
ficient to cover both the short-column and the long-column
ranges. Oross 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 svecimens varied considerably from the specifications.
In particular, the bulb 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 Teéting 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 bdbuilt 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 heads of the testing machine and
the test panel was mounted between them. & 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 as 1DOS s1b1e to the centroid of the bulb anFle.

The free-: edges of the Danels were sunnorted by slobtted
steel tubes, 3/4~inch outside diameter by O. 09% inch, a
clearance of approximately 1/8 inch being allowed at each
end of the panel., It was felt that clamblnT the tubes to
the sheet would give too great a rigidity to the free
edges; hence, the edges were merely inserted in the eslot,
which was such as to give a sliding fit over the sheet.
This. condition would probably closely avpproximate 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 & 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 fron
the carriage to the panel, so that the end of the rack can
follow the contour of the waves. This rack, through a
suitable amplifying gear train, operates a men that traces
the profile of the wave on one face of an octagonal re-
cording drum. The gear 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 sheet.

After the initial load had been applied and the tensi~
ometers nlaced on the stiffeners, the loa2ding 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 rossible to aline the

shear center of the buld angles with the axis of the ma-
chins. . : ‘

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
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equation
O'St-_:k‘:REv (18)

where 6] is the stiffener stress, pounds DPer square
st fon L
inch. '

k, tengiometer constant,.
R, tensiometer reading,
E, Young's modulus.

In order to obtain the stiffener stress bevond the
proportional limit, flat-end compression tests were con-
ducted on 23-inch specimens. The stress—-strain curves for
five of the buld angles used as stiffeners are shown in
figure 7. Using 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 specimeng 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
vroperties of the specimen in tension and compression.

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

Py = P -~ n Agy Oa4 . (19)
and the effective width acting with each stiffener by:

Pg P - n Agy Ogy

e T 3(n ¥ ko)t oy T 2(n ¥ K1)t Ot (20
-where ‘ P is fotal applied load, vounds. -
We, effective width of sheet actlng w1th each
stiffener (reference 10).
Ay, stiffener area, square 1nches.

n, number of stiffeners.
t, sheet thickness.
1» ratio between load carried by each effective

width of sheet and additional laoad carried
by outside sheet panels due to‘edge supports,
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Evaluation of kyem The effect of the tube over the

free edge of the panel is to stiffen the sheet belween the
stiffener and the tube; and, in effect, the panel width

is 2.5 inches rather than 5 inches. 3Because the panel
width is decreased, the critical buckling stress of the
sheet 1s increased and the sheet between the tube and the
stiffener will be acting at a hizher 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 asdditional load carried by the sheet %o
the load that would normally be carried if the panel were
continuous can be given by the equation:

w - W ’
Ky, = —Z____% (21)
: We .

where . WéT is the effective width between tube and stif-

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

U,
. 5%
ent paper) 'for values of 1 < 5~ < 75:
' c
b 3/
‘Ve = —2" ()‘C/Gst (PE}
where b is stiffener spmacing, inches.

Ogs critical buckling stress of sheet between
stiffeners, pounds per square inch.

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

o,' is the critical buckling stress, of sheet be-
tween stiffener and tube, pounds per square
inch,

b', spacing between stiffener and tube,

then
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3 T /om
Tep = b! V/Qb'/Oét : (27)

Noting that in this case b/2 = B! andvsubstituting equa -
tions (22) and (23) in (21) gives:

It should be noted that, for all values of oOgt = Cgb
ky = O since og = Og! = ogt and, for all values of
Ogt 2 Ogs - k, = constant,

The buckling stress, o¢,, can be computed by means
of the curves given in figure Z, if the torsional rigidity
of the stiffener 1s known. As a first approximation, og'!
was evaluated in the following manner:

(2) 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 simple
support at both stiffener and tube. '

The value of Gb' was then assumed to De the averasge
of the two calculated bduckling stresses.

A plot of ky as a function of stiffener stress, for

-the various sheet and stiffener combinations, is shown in
fisure 14. Xnowing the value of k; as a function of the

stiffener stress, the average effective width was calcu-
lated by means of equation (3). The stiffener area and
the skim thickness used in these calculations were comput~
ed from the measured dimensions of each stiffener, The
stiffener stress Og4 and the total load P can be ob-

tained from the curves (figs. 15 to 25) of average stress
Plotted against stiffener strain., By average stress is
meant the applied load divided by the total cross~sectional
area of the test panel. The gtrain against which the av-
erage stiffener stress is plotted is an averase value of
the measured straing for each stiffener. -

The experimental values of we/b as a function of
the stiffener stress are shown in figures 26 to 35, In or-
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der to compare the experimental values with some of the
existing theoretical work (references 10 to 13), the av-
erage values of weg/b were plotted as a function of

0gt/0s and are shown in figure 36,

Maximum 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 moints plot-
ted in figure 5 correspond to the average value of fo/k
taken over the entire length of the vanel. The stiffener
stress corresponding to the particular load for which the
wave record was made was obtained from the measured stif-
fener deformations. The duckling stress o, was computcd
by the curves given in fizure 3 using the minimum value

of .

tions, the tensiometer readings became very irreguler 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. TFor 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 bve apnroximated

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 possidble to deter-
mine closely the values of L/p for the panels at fail-
ure, even though the corresvmonding value of stiffener
stress was quite uncertain. Column curves showing the av-
erage stress at failure as a function of L/p could then
be plotted for the various panels. The results are shown
in figure 37, -

Torsional rigidity of bulbd sngles.— Torsion tests
were conducted on a number of the buldb-angle svecimens
used as stiffeners. In order to 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 vroper 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 theref
corresponded to torsion with end restraint.

ore

! The applied torsional moment of five stiffener
plotted against the corresponding torsional deflecti
figure 38, The torsional rizidity of the stiffener w
calculated from the equation

v. 'J]

i
on in
&

C = Mp/fo
where Mg is the torsicnal moment, inch~pounds
p, torsional deflection, radians per inch.
Column curve of gtiffeners aloneQ- The experimental

data of the stiffener tested as pin—end columns are Siven
in table VIII; the results are plotted in figure 39.

Comparisons of the results with the "straight-line
formula" and with the Johnson parabolic formula are indi-
cated in figure %9, TFor valuses of 80 < L/p < 230, the
points scatter about the Euwler curve; and, for values of
L/p«< 80, most of the test points scatter about the
straight-line formula.

The test results of figures 37(c) and 39 were taken
from the work done by Lieutenant (J.G.) Jo eph N, Murphy,
U.5.0., and Captain.Joe N, Smith, U.S.M.C.

Discussion of Bxperimental Results
Effective width.~ The averase values of the measured
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 increase in the torsional rigidity of the stiffener.

In general, the buckling stress, Op, o0f the sheet will
depend on the tor31onal rigidity of the stiffener and the
‘method of attaching the sheet to the stiffener. The value
of Os Wwas computed for each sheet-stiffener combination

by the method illustrated in avnvendix B. In view of the
reasonably close experimental check of the method, it is
+felt that the difference in the effoctive-width curves is
due not to an error in O¢ out rath T to a diference 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 is 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 ir 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 rcoulred conditions of continuity
of the sheet and stiffener inclination at the stiffener.

The measured effective width indicates a consideranble
drop near the ultimate stress of the stiffener. This drop
can probably be accounted for by the fact that, near the
feiling 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 €5ty which is the unit de-

formation of the stiffener, will be nonlinear beyond the
proportional 1limit of the stiffener. As the ultimate
stress is 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,

Max1mum amplltude.— For thffener stresses up to
27 »000 pounds per square inch, the measured maximum ampli-
tude indicates a good ag reement with the theoretical val-
ues calculated by equation (17). The curve shown in fig-
ure 5 is calculated for a linear variation of € gt 3 nhence,
beyond the proportional limit of the stiffener, the curve
will deviate from measured values.

Column curvesg.—~ 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. This result mcans that a
section of the stiffener corresvonding 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 io
any appreciable extent by the length of the Danel, provided
that the length is such as to fall below the Buler range or
above the half-wave length of the twisted column.

Buld angles 8477 and 10266 failed by combined twist-
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
1s effectively increased. 4 failure of trhis type may oc-
cur at a lower stress than the value given by the Euler
formula, or for a pure twisting failure.

CONCLUSIONS

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

Analytical methods that make it possible 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 difficult, is not entirely impossidle,
Such an analyvsis 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 (17) as a boundary condition
at y = 0 and the boundary conditiom that w = 0 at
y = #%79/2, 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, From a consideration of equilibrium of the stiffen-
er, the following differential equation g1v1ng the form
of the strained column can be derived:

4 2 - '
B Ogp o+ (0 Iy - 0) SF om0 (25)
where E is Young's modulus.
CBT' torsion bending constant (references 1 to 5).
Ux,‘ axial compressive gtress in stirfener.
Ip; polar moment of inertia about axis of twist.

C, torsional rigidity of stiffener.

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

®, torsional deflection of stiffener,

If the value of mv is known and the end effects are ne%—

lected, the 1nc11nat10n ® can be calculated by means of
equatlon (25). This value of ¢ can be compared with a
value of @ calculated from the assumptions that:

(1) After buckling, o = Os = constant at y = 0.
(2) The wave form does not change.

In order to simplify the calculations. it was assumed that
a stiffener as shown in figure 40 is attached to a sheet
having a thickness of 0,040 inch. The stiffener spacing
was assumed to be 5 inches and the axis of twist to be at
the position indicated. '
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If the assumptions.(l) and (2) are compatidle with the
stiffener properties, the two calculated slones should co~-
incide. ZFrom an examination of figure 40, it can be sesn
that a fairly good aZreement is obtained for stiffener
stresses up to 20,000 pounds per square inch. Beyond thils
value of O the deviation increases rapidly with an in-

crease in Ogx. It may there?ore be concluded that either

assumption (1) or (2) or both are invalid, especially for
high stiffener stresses. In view of the good agreement
obtained for the theoretically calculated maximum ampli-
~tude and the experimental wvalues, 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 EBuler 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 uw. Since @ was rela-
tively small for all the buld angles tested, it was nec—
essary to design a panel having a larger value of M; that
is, a value that more closely apvroached 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 essentlally of the same type as the bulb—
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 € 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 possidle to
obtain f,/N. A convenient method of determining the duck-
ling stress is to write the following functional relation-
ship for P, the apolied load, and £ /A.

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

P = even function of fo/k

Then, by a Taylor'!'s expansion,

pY P
P =P,y + EYl (foﬁk) 21 o/A) e

Putting
2
£o/N)
write

P=P0+A1H+Bl ua+o . .

If u 1is plotted as a function of P, the resulting
curve will be very close to a straight line for small val-
ues of u, and P, will correspond to the dbuckling load.

The generality of the foregoing discussion is unal-
tered 1f P 1is divided by thg cross- -gsectional area A of
the panel. 4 plot of (fO/A) as a function of P/A,
for the panels described and for panels of 0.040-inch sheet
with Ddulb angle 10265, is shown in figure 42. The duck-
ling stresses 1ndwcated by these curves are 8,000 and 3,200
pounds per square inch, resbectlvely.

The torsional rigidity of the an%le section used 1n
ranels A, B, and ¢ is, from figure 38,

C = Mp/® = 250 pound-inches®
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Since the sheet Was'stiffened by two angles.;thg torsional
rigidity of the combination is 500 pound-~inches .

Assuming B = 1O7 pounds per square inch, v = C.3,
then, for b = 5 inches and a/b = 3.2,
: . |
b= bD _ bEL - 0.4

c 12(1 - v3)c

As has been pointed out, only half of this value of
-6 should be used for the case in which the sheet extends
‘on both sides of the panel; hence, the effective value of
W is 4.8,

From the curves of figure 3, the value of ¥ corre-
sponding to W = 4,8 1is-6,87. Hence

On = Y ES 5—5 = 7,100 pounds per square inch

For the 0.040-inch sheet and buld angle 10285, the effec-
tive value of H = 0.636, "the corresponding value of

Yy = 7,83, and the buckling stress = 3,620 vpounds per
square inch.,

It follows from the definition of V¥ +that the gtif?d
ness of the stiffeners has 1ncreased the buckling streQﬂ
of the 0,064~inch sheet by 20 percent and the. 0.040-inch
sheet by 55.5 percent since

o
£0
jm{ -
~
H
‘_l
B
(@]

and

1.555

£
=2

ﬁm{“

N
|

The calculated buckling stresses are, in both cases,
lower than the given measured values. The discrepancy can
be explained by the fact that, in the test nanel, lonsitu-
dinal warping of the end cross section of the stiffener ig
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 nhigher torsional
rigidity of the stiffener.
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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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(Nominal dimensione used in calculations; strength properties

TABLE 1

8tiffener Properties

3-1/2-inch specimens)

33

obtained from

Bulb Area Ixx Iyy Young’s Torsional Ultimate
angle modulus rigidity strengthiin
= gompression
(eq.in.)| (1n.%) | (in.%)|(xips/sq.1in.) r;gfgngﬁgggh) (1v./8q.in.)
10265| 0.0900 | 0.0094 (0.00113 10380 919.6 39300
8478 . 1680 .0281 .00877 10000 3333 38800
8477 .3669 .0398 .01637 10000 6500 43400
8476 . 1483 .0474 .00333 10080 2045 43100
108 .0684 .00443| .00443 10480 350 30000
TABLE IIl
Penel Specimens with Bulb Angle 8477
Panel |Sheet | Bulb Sheet Totael | Ulti-| Average
Panel|length|thick-| angle area area | mate stress P L/p
ness | area load Ta
(in.) | (in.)|(sq.in.)| (sq.1in.)|{sq.4n.)| (1b.)|(1b./eq.1n.)
3 stiffener panels; 0.025-inch sheef
48 3.88 (0.02342|0.7704 0.383 1,133 35250 31100 0.389| 9.98
49 3.94 | .0249| .774% .373 1,148 | 35150 30630 «389] 10,1
50 ?7.97 | .0343| .7743 .363 1.137 | 34100 30000 .389|20.5
51 7.97 | .0343) .7695 . 364 1.134 | 34650 30550 .389|230.5
53 |11.94 | .0248| .7755 .369 1.145 | 34535 30120 . 388|30.7
53 111,97 | .0249| .7689 373 1.148 | 33800 29600 .389(30.8
54 |15.94 | .0340] .7893 .360 1.149 | 33635 29300 .389]/41.0
55 [15.94.| .0350| .7933 .375. 1,167 | 34765 329800 .389(41.0
56 120.94 | .0353| .7704. 379 1.149 | 33135 38850- .389|53.8
57 |20.97- | .02356| .7735. .384 1.157 | 33350 37900 .389|63.9
58 1236.94- | .0255| .7719 .383. 1.154 | 30175 36130 .389|66.7
59 |36.94 | .0350( .7746 .375 1.150 | 30350 28380 .389/66.7
3 stiffener panels; 0.040-inch sheet
60 3.87 |0.038%|0.7835 0.575 1,339 38350 28650 0.388| 9.97
61 3.86. | 0380 .7788 .570 1.349 | 39435 29230 .388| 9.95
63 7.91 .0386 ] .7590 .579 1.338 36735{ - 37500 .387(20.4
R3 7.97 | .0390| .7596 .585 1,345 | 36900 27420 .387120.8
64 (11.91 | .0388| .7941 .583 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 .388(41.1
67 |(15.94. | .0398| .7893 .597 1.386 | 38680 37900 .388{41.1
68 |[20.94 | .0395{ .7941 .592 1.386 | 38100 27500 .387|54.1
69 20.94 | .0395| .7980 .593 1,390 38350 37510 .388(54.0
70 |[26.91 | .0392| .7704 .588 1.358 | 35550 26300 .385(/69.9
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TABLE I1
‘Panel Specimene with Bulb Angle 10265
Panel |Sheet Bulb Sheet Total Ulti- Aversage
Ranel| length| thick- | angle area area mate gtrees P L/p
neeg | area : load a ’
(1n.) {(in.) |(sq.in.)|(eq.in.)| (sq.in.)| (1b.)|(1b./eq.1in.)
' 3 stiffener panels; 0.025-inch sheet
§ 1 3.75 |0.0355| 0,383 0.382 0.665 13830 20800 0.302 |11.32
2 3.78 .0253 .279 .378 .657 13560 20640 .303 [11.42
3 7.94 .0248 .378 . 369 . 647 12800 19780 .331 (24.0
4 7.94 .0345 . 278 . 368 .6486 13760 19730 .331 |24.0
5 11.97 .0244 .280 .366 .646 13000 20130 .331 (36.3
6 11.97 .0241 .380 .362 .6423 | 13350 19340 .331 |36.3
? 15.94 .0250 . 280 .375 .655 132500 19090 .331 (48.2
8 .|15.94 .0240 .375 . 380 .635 13140 19130 .331 |48.3
9 |20.94 .02350 .383 .375 .658 13690 19280 .331 (63.3
10 |20.94 .0246 .381 . 369 .650 13100 18630 .331 (63.3.
11 [26.94 .0250 .281 .375 .656 11800 17990 .331 (81.5
12 (28.94 .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 13400 31600 0.325 |13.0
14 3.91 .0385 .189 .385 .574 13200 33000 .328 |11.92
15 3.94 .03886 . 186 . 386 .572 132320 21370 .335 (12.1
16 7.94 .0389 .191 .389 .580 12030 20740 .333 |24.7
17 7.98 .0387 .191 . 387 .578 12375 21350 - .324 |34.6
18 11.97 .0390 .193 . 390 .583 13235 21000 .333 |37.1
19 12.0 .0390 .183 . 390 .583 13635 21670 .336 |39.1
30 15.97 .0380 . 194 . 380 .574 | 13800 322310 .337 148.8
21 15.94 .0375 .194 .375 .569 | 13520 32020 .327 (48.7
22 |[20.95 .0321 .1886 . 391 .577 11150 19310 .319 [65.6
23 [20.94 .0385 .185 .385 .570 | 10735 18830 .318 |65.8
24 26.97 . 0390 .187 . 390 .577 1750 18620 .318 |84.7
35 |26.94 .0390 . 1886 .390 .8 : :
3 stiffener panels; 0.040-inch sheet
26 3.73 (0,0383 | 0.280 0.873 0.853 18995 33300 0.337 |11.4
a7 7.97 .0397 . 382 .595 .877 17635 20100 .336 [24.4
a8 7.94 .0391 .379 .586 .867 17350 30000 .337 (|24.3
29 11.87 . 0390 .283 .585 .867 169235 19520 .335 |36.8
30 11.97 .0384 .381 .576 .857 17000 19830 .336 |[36.7
31 15.97 .0395 274 .592 .866 17020 19670 .330 |48.4
32 15.94 .0389 .278 .584 .860 16700 19430 .333 (49.4
33 |230.87 .0392+ .279 .588 .867 15390 17750 .318 |65.6
34 20.87 .0388 .384 .583 .8686 17100 19760 .335 (64.2
35 |236.94 .0383 .380 .573 .853 15740 18460 .330 |84.1
36 |26.94 .0383 .275 .575 .850 16000 18830 .33 183.9
4 stiffener panels; 0.040 -4nch sheet
37 3.94 |0.0370| 0.377 0.740 1,117 34075 21590 0.33 12.32
38 7.87 .0372 . 383 .744 1,127 23425 20820 .336 (24.13
3g 7.95 .0378 .378 . 756 1.132 | 23820 30130 . 32347 (34.50
40 11.87 .0380 . 386 . 760 1.146 | 233900 20530 .323 |37.15
41 11.90 .0381 . 387 .762 1.149 23700 20640 .338 |36.50
42 15.94 .0388 .374 776 1.150 | 31875 19020 .3365|50.40
43 15.94 .0382{ .368 .764 1.132 22000 19420 . 3365 50,40
44 | 20.87 L0373 .3692 .746 1.115 20920 18780 .3334|66.50
45 |230.91 L0371 .3716 .743 1.114 208235 18700 .3336164.80
46 |236.94 .0371 . 3728 .742 1.115 30525 18400 .3310|82.90
47 26.94 .0378 L3724 . 756 1.128 20000 17760 .3190|84.40
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' TABLE IV
Panel Specimens with Bulb Angle 8478
Panel |Sheet | Bulb Sheet | Total |Ulti-| Average
Panel length| thick-| angle area area | mate stress P L/p
ness | area load Sa
(in.) |{in.) |(sq.in.}| (8q.in.)| (eq.in:)| (1b.)|(1b./eq.in.)
3 stiffener panels; 0.035-inch esheet
71| 3.85 |0.0353( 0.4707 | 0.379 0.850 | 30680 34320 0.411) 9.37
73 | 3.83 | .0353 .4710 .379 .850 | 30590 34220 - .411| 9.30
73 7.94 .0252 . 4698 .378 .848 18710 33340 .413 ] 19.3
74 | 7.94 | .0350| .4698 .375 .845 | 19300 33850 .413| 19.3
75 | 11.94 .0345 . 4680 .367 .835 18480 33130 .411 | 39.1
76 [11.94 | .0253| .5016 .378 .880 | 19010 31600 .411 1 29.1
7?7 | 15.91 | .0259 .51683 .288 - .904 | 19800 31900 .411 | 38.8
78 115,91 | ,0245 .5163 .367 .883 | 19600 33300 . .411| 38.8
79 120.94 | .0354| .5166 .381 .898 | 18700 30810 .410 | 51,0
80 (30.97 | .0356| .516 . 384 .900 | 17300 19110 .408 | 51.3
81 | 36.87 .0352| .5097 .378 .888 | 18700 21060 .410 | 65.5
83 |26.91 | .0249| .5109 .373 .884 | 18400 20810 .410 | 66.6
3 stiffener panels; 0.040-inch sheet
83 3.75 [0.0385| 0.4886 0.577 1,063 234500 33020 - =
84 3.95 .0380 .484 .570 1.054 32090 30930 0.403 9.80
85 | 7.94 | .0391| .491 .588 1.077 | 33800 33120 .408 | 19.4
86 7.94 .0390 .484 . 585 1.069 33900 33390 .409 | 19.4
87 |11.85 | .0380( .487 .570 1.057 | 33590 31390 .405 | 39.3
88 |11.94 | .0388 . 480 .583 1.062 | 33430 31110 .404 | 39.8
89 (15.94 | .0375 .483 .563 1.044 | 30950 30080 .400 | 39.8
90 | 15.87 .0395| .503 .592 1.095 | 33100 31100 .404 | 39.2
91 |230.91 | .0390( .519 .585 1,104 | 33175 31000 .403 | 561.8
92 |20.87 .0392] .519 .588 1.107 | 30875 18690 .395 | 53.2
93 | 26.¢4 .0383 .503 .573 1.076 31340 19750 .399 | 67.5
94 1236.87 .0393 .4786 .590 1.066 | 21540 30300 .401 | 67.0
‘TABIE VI
Panel Specimens with Bulb Angle 10266
Panel |Sheet Bulb 8heet Total Ulti- Average . L/
Panel| length|thick- | angle area area |mate stress P (4
ness areg load g8
(1n.) | (in.)|(eq.in.)|(eq.1n.)|(sq.1n.)| (1b.) |(1b./sq.1in.)
3 stiffener panels; 0.020-inch sheet
130 | 3.94 [0.020 | 0.2418 | 0.230 0.442 | 10570 33930 0.365 | 8.06
131 5.38 . 020 .2418 .20 .443 10335 23400 .365 | 14.76
132 |11.0 .020 . 3418 .30 . 443 10000 33660 .365 | 30.3
133 {16.32 .020 L8418 .20 .443 10400 33550 .365 | 44.8
134 (23.38 .020 .3418 .20 .443 9985 23600 .365 | 61.4
135 |37.5 .020 .3418 .20 442 8535 19300 .365 | 76.4
3 stiffener panels; 0.030 -inch sheet
136 | 3.88 [0.030 | 0.3627 | 0.300 0.682 | 15130 33840 0.385 | 7.90
137 | 5.38 .030 .3637 . 300 .663 | 15700 23700 .365 | 14.48
138 |11.0 .030 . 3637 . 300 .663 | 14800 33500 .365 | 30.3
139 [16.38 | .030 .3637 . 300 .663 | 15730 33740 .365 | 44.9
140 |33.38 | .020 . 3637 .300 .663 |[13710 30700 .365 | 61.4
141 {37.83 | .030 . 3637 .300 .863 | 13300 18410 .365 | 75.8
4 stiffener panele; 0.020-inch sheet
142 | 3.88 (0,020 | 0.4838 | 0.400 0.884 | 21300 34100 0.385| 7.90
143 | 6.35 | .020 .4836 .400 .884 | 20035 32650 .365 | 14.67
144 |11.34 | .0230 .4835 . 400 .884 | 18900 21400 .365 | 31,1
145 |16.44 .020 .4838 .400 .B84 | 19800 23400 .365 | 45.1
146 | 23.38 .030 .4836 . 400 .884 18750 21330 .365 | 61.4
147 |37.83 .020 .4836 .400 .884 16400 18870 .365 | 75.8

34
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TABLE V
Panel Specimens with Bulb Angle 8476
Panel |Sheet | Bulb Sheet Total Ulti- Aversge
Panel| length| thick-| angle area area |mate atress P L/p
ness | area load Ca
(in.) | (in.) (sq.in.)g(sq.in.) (sq.in.)| (1b.) |(1b./8q.in.)

3 stifiener panels; 0.040-inch sheet
g5 | 4 0.039 | 0.396 0.390 0.686 | 14150 30630 0.563| 7.1
86 | 4 .042 .393 .430 .712 | 15875 2331C .563 | 7.1
Y | 8 .039 .398 .390 .683 | 13800 18780 .563 1 14.3
98 |18 .042 . 300 . 420 .720 | 13900 19310 .563 ] 31.3
99 |12 .039 .304 .3%0 .694 | 13175 18980 .563 | 31.3
100 | 16 .040 .304 . 400 .704 13600 17900 .563 | 28.4
101 {16 .040 .296 .400 .896 13700 18340 .563 | 28.4
103 [30.87 .041 .300 .410 .710 ;13380 17280 .563 | 37.2
103 |30.87 .041 .300 .40 .710 | 132375 17380 .563 | 37.2
. 104 (37 .040 .298 . 400 .698 | 13075 17300 .565  47.8
105 |37 .043 .392 . 430 .733 12405 17200 .565 | 47.8

3 stiffener panels; 0.040-inch sheet
106 | 4 0.041 | 0.450 0.5615 1.0656 | 23100 20730 0.563| 7.1
107 | 4 .041 .444 .615 1.0569 | 33850 21800 563 7.1
108 8 .043 . 444 .630 1.074 308670 192360 .563 1} 14.3
109 | 8 .042 444 .630 1.074 | 30326 18870 .563 | 14.23 |
110 |12 .040 444 . 8600 1.044 | 18950 18100 .563 | 31.3,
111 (13 .041 .458 .615 1.071 |[198756 18530 .563 | 31,31
113 (18 .039 .450 .585 1,036 18050 17430 .563 | 38.4:
113 (16 .039 .450 .585 1.035 17820 17230 .563 | 38.4'
114 (21 .040 . 444 .600 1.044 17100 163680 .565 | 37.31
115 (31 .040 444 . 600 1.044 17100 16380 .565 | 37.3|
1168 {26.87 .040 .450 . 800 1.050 17100 16310 .563 | 47.8 .
117 |37.00 .038 .453 .570 1.033 16800 16410 .585 47.82
4 gtiffenexr panels; 0.040-inch eheet :
118 | 4 0.042 | 0.593 0.840 | 1.4323 | 39000 30350 0,563 7.1!
119 | 4 .043 .600 .840 . 1,440 39450 30450 563 7.1}
130 ! 8 .041 .593 .830 1.413 | 35670 18180 .563( 14.3
131 | 8 .040 .593 " .800 1.392 | 34725 17740 .563 | 14.2
122 (12 .042 | .600 .840 1.440 | 35000 17370 .563 | 31.3
133 (123 .041 .613 .820 1.432 | 33975 16780 .563 | 31.3
124 |18 .042 1 .600 .840 1.440 |35000 17370 .563 ' 28 4
© 125 |16 .043 ° .596 .840 1.436 | 34450 17030 .563 | 38.4!
1126 |31 .041 ' .598 .820 1.418 | 23800 16810 .585 | 37.3|
137 |21 .039 : .593 .780 1,372 | 23080 16800 .565 | 37.2
128 |37 .040 .600 .800 1.400 | 33000 15730 .565 | 47.8
138 |37 .041 : .800 .830 1.430 | 33100 16350 .585 | 47.8
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TABLE VII
Panel Specimens with Bulb Angle 10283
Panel |Sheet | Bulb Sheet Total |Ulti-| Aversge '
Panel| length| thick- | angle area area mate stress P L/p
. ness | area load Ceg
“{1n.)|{in.) |(eq.in.)|(8q.in.)|(eq.1in.)| (1Ib.) [(1b./eq.in.)
2 stiffener panels; 0.030-inch sheet
148 3.0 | 0.02 | 0.1394 0.18 0.289 6350 21600 0.378] 10.9
149 5.5 .02 . 1394 .18 .389 6550 23640 .378 1 19.8
150 11.0 .03 . 1294 .18 .389 5310 18350 .378 | 39.6
151 | 16.5 102 . 1394 .16 .389 6170 21300 .378 | 59.4
152 | 33.0 .02 .1394 .16 .289 6160 31300 .378 | 79.3
153 | 37.5 .02 .1394 .16 .289 5040 17400 .278 | 98.23
2 stiffener panels; 0.040-inch gheet
154 3.0 | 0.04 | 0.1394 0.33 0.449 9480 31050 0.332| 9.04
155 5.5 .04 .1394 .32 .449 11080 34700 . .332]| 16.6
156 11.0 .04 . 1394 .32 . 449 9150 | 20360 .333| 33.3
157 18.5 .04 .1294 .32 .449 10080 33470 .333| 49.7
158 | 23.0 .04 . 1294 .33 .449 11150 24800 .332| 66.3
159 | 37.5 .04 . 1394 .32 .449 9830 21900 .332| B2.4
3 étif!ener panele; 0.020-inch sheet
160 3.0 | 0.02 | 0.194) 0.34 0.434 7860 18100 0.378 | 10.9
161 5.5 .03 . 1941 .24 © 434 9390 21630 .378 | 19.8
163 11.0 .03 . 1941 .24 .434 7675 | 17680 .378 | 39.5
163 16.5 .02 . 1941 .24 .434 8915 30530 .378 | 59.4
164 | 28. . .03 . 1941 .34 .434 7603 17500 | .378| 79.2
165 | 37.5 | .03 . 1941 .24 .434 6650 15320 .78 98.3
3 stiffener panels; 0.040-inch sheet
166 3.0 | 0.04 | 0,1941 0.48 0.674 16170 33970 0.333! 9.04
167 6.5 .04 . 1941 .48 .674 13390 18230 .332| 16.6
168 11.0 .04 . 1941 .48 .674 13870 19090 .333| 33.2
169 18.5 .04 . 1941 .48 .874 14013 30780 .333 | 48.7
170 | 22.0 .04 . 1941 .48 .874 14938 22160 .332| 66.3
171 | 37.5 .04 . 1941 .48 .874 13340 18150 .332 | 82.4
4 ptiffener panels; 0,020 -inch sheet
172 3.0 | 0.02 | 0.3588 0.33 0.5788 | 11855 30500 0.278 | 10.9
173 5.5 .02 .3588 .32 .5788 | 11450 19780 .278 ! 19.8
174 11.0 .02 . 3588 .32 .5788 | 8730 15060 .378: 39.6
175 16.5 .02 .3588 .33 .5788 | 11390 19670 .378 | 59.4 |
176 | 32.0 .03 .3588 .32 .5788 | 9985 17260 .a78 | 79.2
177 37.5 .02 .3588 .33 .5788 | 8810 15320 .378 | 98.3
4 gtiffener panels; 0.040-inch sheet
178 3.0 | 0.04 | 0.3588 0.64 0.8988 | 18200 20250 0.333| 9.04
179 5.5 .04 .2588 .64 .8988 | 30230 22500 .332| 16.6
180 11.0 .04 .2588 .64 .8988 | 17130 19050 .333 | 33.2
181 16.5 .04 . 2588 .64 .8988 | 18590 30870 .333 | 49.7
182 | 32.0 .04 . 2588 .64 .8988 | 17938 . 13960 .332 1| 66.3
183 | 37.5 .04 . 2588 .64 .8988 | 14835 16500 .333 | 83.4
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TABLE VIII

Pin-End Tests ~ Stiffeners without Sheet

762 33.4 5770 34400

Bulb- ' Ulti- Ultimate
angle Area Length |’ mate stress
spec-— o) L L/p load .
imen | (sq.in.) (in.) (1p.) | (1b./sq.in.)
10265 | 00,0931 0.110 24.24 | 220 196 2105
18,73 {170 335 | - 3595
13.21 | 120 615 6610
7.62 | 69.3 | 1540 | 16550
10282 0.0647 0.116 24,24 | 209 147 2275
18.73 | 161.5 210 3250
12.21 | 114 410 6340
7.62 65,7 1025 15870
3046 0.,12562 0.1143 24.24 | 212 294 2345
18.73 | 164 405 3240
13,21 | 1156.5 700 5600
7.62 66.6 1945 15520
5436 0.2470 0.218 24.24 | 111.2 2230 9030
18.73 85.9 3495 14140
13,21 60.6 6040 - 24450
7.62 | 35,0 9605 - 38900
12224 0.1709 0.143 24,24 |1 169.5 820 4800
18.73 | 131.0 1180 6900
1%3.21 | 92.4 | 2220 | 13590
7.62 53.3 | 5840 - 34200
8477 0.2774 0.242 24.24 | 100,2 2703 9775
18.73 75.7 4310 - 15520
13.21 54,7 7365 26550
7.62 31.5 110270 37400
8476 0.1501 0e149 24 .24 | 162.4 590 3930
18.73 | 125,.7 875 5830
13.21 88,7 1570 11120
7.62 51.1 4020 26800
8478 0.1679 0.228 24.24 | 106.2 1420 8870
18,73 82,1 2275 13540
13,21 57.9 3875 22450
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TABLE VIII (Continued)
Pin-End Tests - Stiffeners without Sheet
Bulb- . Ulti- Ultimate
angle Area P Length L/p mate stress
spec- 4 L load
imen (sq.in.) (in.) (1v.) |(1bv./sq.in.)
10266 00,1220 0,155 24 .24 | 156,.,3 469 3845
’ 18,73 | 120.8 775 6350
13,21 85,2 1545 ‘12670
762 49,1 2650 21700
£200 0.1334 0.156 24,24 | 155.0 a2l 4650
18,73 1 120.0 955 - 7160
13,21 84.8 1200 14250
7.62 48,9 4280 22050
766 0.0856 0.1165 24.24 | 208,0 260 3040
18,73 ] 161.0 385 4500
13.21 |} 113.3 705 8240
7.62 65.4 2005 ° 23450
12678 0,04023 | 0,104 24,24 | 233.0 107 2675
18,73 { 180,0 1556 - 3880
13,21 127.0 205 ., 7615
Te062 |  73:.3 710 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; 5-inch stiffener spacing)

Sheet | Stif- Sheet Toetal |Ulti~- Average
Panel| Panel |thick-| fener area area mate stress
length] ness area 1sad

(in.) (sq.in.) (sqeine) | (8gsina)| (1os) [ (1be/sq. in.)

A 16 |0.0632| 0,407 0.947 1.354 |28950 21400
B 16 .0630 1404 «945 1.349 |28600 <1210

C 16 .0626 408 . 939 1.345 | 28450 <1150
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Figure 1.- The panel with sheet
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Pigure 12.-~ Torsion-test
set-up.

41,- Specimen A. Figure 10.- Test specimen showing

Figure mounted instruments.

Figure 9.- Panel test

specimen.

A

.

Figure ll.- Contour-tracing
machine.
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