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THE BEHAVIOR UNDER SEEARING STRESS OF DURALUMIN STRIP |
WITH ROUND, FLANGED HOLES*

By Karl Schiussler
SUNMMARY

This report presents the results of an investigation
to determine the behavior of duralumin strip with flanged
holes in the center when subjected to shear stresses.

They buckle under a certain load just as a flat sheet.
There is one optimum hole spacing a, (equation 4) and

one corresponding buckling load in shear py, (equation

7) for each sheet width, sheet thickness, and flange form.
Comparison with nonflanged sheets revealed a marked in-
crease of buckling load in shear due to the flanging and

a slightly greater displacement. The stiffering effect of
flanging showed itself in a considerably higher buckling
load for thin, wide strip than for the unweakened sheet.
Lastly, the displacement §, wunder a 1 kg/mm (55.99 1b./
in.) load (egquation 8) was determined. It is considerabdbly
higher for the flanged sheet than for the unweakened sheet,
and slightly higher than for the unflanged sheet. Sheets
may not be stressed beyond buckling load unless special
cross stiffeners are available to take up the load compo-
nent KX perpendicunlar to the direetien of shear. The
shear-displacement diagram (fig. 6) is substantially a ten-
sile stress-strain diagram above the buckling load. The
formulas developed for ag ., Pxo and*§ are the results of

pure experimentation and may therefore become quite faulty
outside of the analyzed range.

*"Uber das Verhalten von Leichtmetallblechstreifen mit
kreisrunden, randgebordelten Lochern bei Schubbean~
. spruchung." Luftfahrtforschung, August 18, 1934,
Pps 74-85,
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INTRODUCTION

A very popular structural member in light-metal air-
plane and airship design is the flat, thin metal strip
with lightening holes, the edges of which are generally
flanged for reasons of stiffness.

The loads are, as a rule, not taken up by the indi-
vidual sheet since it forms, with other gkeets, corrugat-
ed sheets, rods, or angles, an elastic structure: such as
of a spar, compound spar of two or more spars, float
frame, airship girder, etc.

The location of the forces relative to the elastic
axis of the system is essential for the type of stress.
The forces lying on a plane with this axis simply set up
tension, compression, or bending in the elastic structure,
whereas all others effect an additive torsion.. This
stresses, apart from specific cases, .the individual sheets
in shear. When the forces are at great distance from the
elastic axis, the shear may become so great as to make the
-other stresses negligible; that is, make it a ,case of sim-
ple shearing stress. i )

VNOTATIONi

a - mm, hole spacing.
“ag . optimum nole spacing. .
v " width of sheet.

d . diameter of hole.

15 o diémeter of "flansing.
E kg/mm? Young's modulus.

G kg/mm? modulus of shear.

L mm length of sheet,

jol kg/mm, shearing stress.

Py " buckling load in shear.

(kg/mm® X 1422.35 = 1b./sq.in.) (mm X 0.03937 = in.)
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Pyro kg/mm, Py value of .

Pleyy pkvvaiue for smooth sheet.

P‘ kg, shearing force.

T mm, distance of last hole from edge.

s . thickness of sheet.

v . displacement.

vk‘ » displacement during buckling.

g f—’%, displacement for P = 1 kg (2.20462 1b.).
81 mm %g, relative displacement for p =1 kg/mm.
{ibiss 107° T ¢

PREVIOUS SHEAR INVESTIGATIONS ON METAL STRIP

" The behavior of infinitely long, flat strip in shear
is determined by calculation and the calculation is checked
by experiment., The sheet remains flat at first and the
displacement v is proportional to the shear load p:

p D
s sl @
where b = width, s = gage of sheet, and G = shear modu-

lus of the structural material.

Upon reaching a certain shear load uniform corruga-
tions or waves are formed which at first run at about 45°
in the direction of shear, ard v, rather than remaining

pgoportional to P, now increases; the sheet buckles (fig.
1) o

Bryan, Lilly, Timoschenko, and Ritz (references 1 to
5) have developecd approximations for computing the buclk-
ling stress in shear and the spacing of the wrinlles :K,
while Southwell and Skran (reference 6) found the rigorous
‘nathematical solution., As with the compression member, it
results in an infinite series of. load values at which the
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flat sheet stressed in shear is unstable; that 1is, bucklese.
The lowest and therefore decisive value is:

~

3 te

i U8
2
\
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bl 0 I
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(2)

where E = Young's modnlus and m = Poisson's ratio of the
material. The corresponding wave length is:

A= 1.6 (2a)

These mathematical results were checked against buck-
ling in shear experiments. With shear distributed uniform~
ly along whole sheet length L, the shear force P and L

E

give P = I or, if two identical sheets are stressed

concurrently,

i
B = 5% (3a)
But with finite sheet length p mnust drop to zero
at the free ends; that is, it cannot be constant across
L. The last elements at.the free ends cannot transmit
the shear forces to adjacent cleuents; i.e., they must  be
shear free. :

According to Coker's experiments below the buckling
1imit (reference 7), sheets which are very long in compar-
ison with their width manifest a shear load p, which is
practically constant across the whole length and only drop
‘or a short piece at the edge. In approximation we may as-
sume p =0 on two end strips of leagth b/4 an% con-

stant on the intermediate piece of length L - 2 £

L.z 0aBube o Tbds. clnee B % i o hiis «OF fox, twe, ddenki-

cal shects:
p = ;:"B~g (31p)

The buckling tests in shear made by Bollenrath (refer-
ence 8) gave a buckling load in shear of about 43 percent
according to (3a), and of about 37 percent, according to
(2b) below the theoretical value computed according to (2).
Even the wave length varied from the theoretical value
A= 1y6D (28), avereging 1,94 D,
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athar (reference 9) explained these discrepanciés

as follows: The shear force is not evenly distributed
over the whole length of the clamping strips, but intro=-
duced only at one or two places. The elastic strips must
take up the shear forces and become elongated. The dis=-
plédcement and through it the shcar load p 1is, as a re-
-sult, higher at the points contiguous to the applied load
than farther away., On the other hand, buckling is contin-
gent upon the maximum value of 1D, Dbeccausc as soon as D
exceeds pyy (cquation 2) at any place, bucizling must oc-
“cur. Owing to favorable, i.e., relatively rigid fixation,
Mathar obtained buckling figures which are only 5 percent
béelow Pi,» and a wave spacing of 1.6 b, that is, corre-

iSponding to the theoretical figure (equation 2a).

Seydel (reference 10) analyzed flat, rectangular
plates with stiffeners parallel to the edges and adduced
an example of trangversely riveted anglc stiffeners.

Schmicden (rcference 11) computed very thin, infinite-
"1y long shects with superposed, closely spaced small cross
stiffeners, to which longitudinal stiffoners may be added.
The mathematical accuracy of his formulas  is dependent up-
on all very small quantities becoming infinitely small.

Bergmann and Reissner (reference 12) approximated cor-
rugated sheets with corrugations parallel or perpendicular
to the direction of shear as flat plates with varying bend-
ing stiffness in the two mutually perpendicular directions.

Jennissen (reference 13) experimented on corrugated
plates divided by brackets in separate panels. He devel-
oped an approximative method for their calculation and ob-
- tained. a close agrecment between experiment and theory.
The problem of sheets weakened by holes has equally been
attacked.

Hirota (reference 14) calculated the strecas attitude
prior to buckling in an infinitely long mectal strip with.
a.hole in the center when stressed in shear.

Mathat (reference 9) deterwined experimentally the
buckling load of strip with round holes evenly spaced over
the center line. He found that holes of d = 70 spaced
a = 140 mm, reduced the buckling load in a duralumin strip
(6 = 047 mm, B = 110 zm) by about 50 percent while raising
v by nearly 110 percent.
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The present experiments were primarily intended to as-
certain whether it would be possible to stiffen a sheet
weakened by holes with flanging the holes!' edges enough to
agsure .a buckling load P1e approacnlng or even exceeding

the buckllné value of the unwealrened strip piy (equation
2) :

EXPERIMENTAL SET-UP

; .-The experimental arrangement is that developed from
-Mathar's and Jennissen's tests. It is shown in figure 2.

Two identical strips are clamped between two station-
ary.end rails and one sliding center rail at which the
shear 1s applied. DNaturally the fixed spacing of the side
rails produces minor additive tension perpendicular to the
direction of shear with the displacement which, however,

may be disregarded with respect to the shearing stresses;
with o« = angle of displacement the width b should dimin~-
ish to Db cos a. As o remained consistently below 0° 20!
up to buckling, the addltlve tensile stress could at the

most reach (1 - cos 0° 20') E; that is, (1 - 0.99997) X
7,500 = (2 25 Lb/mmz, while in general it amounted to on-
ly a fraction of this figure because « 1is mostly consid~-
erably lower. '

The force was measured with a tension stirrup up to
20 -+ (point. 1, £ig. 2) and & compression dynamometer up to
,10. t for high loads in isolated tests (point S 218+ 2},
.-The possible error for the tensiometer was #8 kg. As Py,
t@e buckling load in shear, is 2£ 500 kg 1in all tests,

this error amounts to = that is < 1.6 percent.

i

500’
With compression gage added, the possible error is

+ 7 kg higher for instrument friction and error in reading

as well as +19 kg for each gl 7 tenperature rise caused

by the expansion of the mercury in the dynamometer. With-

out temperature correction this error is Dbelow 338 kg cor-

rcspondiné to 2° C., with correction *9.5 g or equivalent
to O. C. temperature error in the pressure recorder. The
total instrumental error is therefore 7 + 38 = 45 kg in
bhie first, and 7 #+ 9.5 = ¥6.,5 lkg! in the ‘second casel

The total error in shear is under the most adverse condi-

tions, 8 #.4ab = B3 leg withoutyl andt 8" ERU6ND = 2446 ke

with temperature correction. Compared to only 8 kg with-

out compression gage, these errors are high, for which ‘
reason the neasurements were as a whole made only with the
tensiometer.

& (ton) X 2204:,68 =
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The displacement was recorded with the Zeiss dial
gage (point 3, fig. 2). As a checl:, we used the Martens
mirror instrument in some tests (points 4a and 4b in fig.
2). The dial gage admits of an error in reading of 0.001
mm. The displacement at the point of collapse Vi was
always 2 0.074 mm, so the percentage of error was always
s %f%%% = lsé pgrcent.

The error due to elongation of the center rail which
transmits the shearing force is also small. TWorking with
the tensiometer alone (most unfavorable case) and assunming
P to be constant over the whole length I, the force to
be transmitted by the center rail from the beginning to
the end of the strip drops linearly from P to zero; it
averages 0.5 P. The corresponding mean stress is 0, =

m
.
Qecnl %1%~2, where B and E represent the width and

=51

height of the upper and lower half of the center rail.
Owing ti this stress the rails have a total elongation of

o) >

_QEW = %L%Q%j%. With a displacemen v. for a perti~-
nent P, the relative discrepancy in displacement and
consequently that of its proportional shear load p amounts
at the most to:

T W Al g
v 2 EE v 2 BHE %
% is maximum for strip 33: Py = 3,000 kg; Vi = 04162 mm.
Therefore,
) 0«5 X 1192 3000

- = X = 00051 = 5-1 (& Cento
v 2 X 160 X 32 X 21000 = 0.162 L

This discrepancy between maximum and minimum p corresponds
to a difference of about %3 percent from the mean value.

In the most unfavorable case thé total error equals
the sum of the individuwal quotas:

frotal =9 ¥ 1lg ¥ 7= 5 percent.
The buckling was also determined separately from the

wrinkles which caused the image of a cross in the shcet to
become distorted. :
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GENERAL RESULT OF BUCKLING TESTS.

The samples were duralumin 681lb of the Duren Metall-
werke, in strips of 2500 X 500 mm length and of 0.4, 0.5,
Qe6, and 0.8 mm thickness. Its Young'!s modulus was E =
7,500 kg/mm®, with a shear modulus of G = 2,900 kg/mm?.

Aside from several flat strips and one perforated
strip without flanging, the rest all had flanged holes -
each pair .of strips having the same hole diameter, spac-
‘ing, and type of flanging. '

The flanging was teveled. The form is shown in fig-
ures 3 and 4 along with the male and female dies. The
bevel angle was made the same as , the friction angle with
grease lubrication to allow smooth removal of the male die
after flanging operation.,

The preparation of the samples was offected with great
-care., They were cut out to the correct length and width
and, if necessary straightened. The nlioles were drilled to
1/10 diameter (contorlﬁg hole) and then cut out with a cut-
ting tool. The flanging operation consisted of pushing
with male and female dies (fig. 4).

We investigated the cffect of:
O Strip width, b,

. 2¢ .Strip thickness, s.

3. Diameter of flanging, D.

4, - Depth of flanging. This may be changed for given
flanging form by means of the cut-out hole di-
ameter, d: flanging depth = 0,5 (D - 4).

5 Hole distance, a.

The flanged strip tehaved the same as the flat strlp
under shearing stress. Up to a certain load stage, the
strip remained flat, the shearing force P 1is pr Oportlon-
al to the displacement v. The distance of the wrinkles
'qualg the hole spacing a. The test points deviate si-

ultaneously from the previous straignht line and follow a
new straight line after a few p01nts (fig. 6). The center
of the two straights was taken as the buckling point of
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.

the strip. Wlth further stress the curve deviates from
the straight linc because the yicld point is soon cxceeded
as & Tesult of the greoat deforumation of thec buckled strip.
Figure 7 shows a curve with scvceral unloadings. This graph
is valid only for constant strip width b wuader load as in
the preseéent oxporiments. The shcaring force § before
buckling (fig. 8, left) assumed divided in tension Z - and
compression D consists, after the strip buclrled with Tre~
spect” to compression D (fig. 8, right uf D which, anal-
ogous. to. the buckled compression member, remains nractlcallJ
constant), of tension Z and a new c0130“ent K. perpendic-—
ular‘to the direction of shear. Z and X grow in~the samne
proportions as S. In relation with Z . and therefore S
the extension of the- visualized tonsion mernbers and through
them the displacement v, is proportional to the elonga-
tion due ito "Z. PFigure 7 is therefore esggentially & strvess-
strain diagram.’ The . K component in the present experi-
ments is taken up by the clanping rails. In practical
cases, nowever, a stress qbovo the ‘buekling 1init 9s pos—
.sible only. when thore are special cross stiffcners to take
up K. In sinple strips the two longitudinal edges cone
consistently closcr togecther because of K; the strip is
destroyed in the prescent experimeants .through tearing of
the flanrcd edges., PFigurc 9 shows a scverely deformed,
tworn: strip. The Jdeformationy considcrqbl; nagnified, is
tho same as inmediately after buckling (fige 5)e

The majority of tests wag made with strip lengths of
L £ 1,192 mm., The buckling force in shear of the flanged
strip P, should be assured proportional to the strip
length, as shown in figure 10. The buckling load in shear
P 1is doi;ned from the buckling force in shean Py  and
strip length I according to (3a):

P1- - :
R (3)

kX . &d

The figures in figure 10 ‘are those:of table I for
gtrip 17 to 19, 41 to 45, and 47.  The displacement in
buekling vy (in nn) for identical sheets of varying
length, naturally always the same, because the sheet con~-
sists of identical strips of length ..a ‘which, regardless
of their number, are ntically distorted.

is
ay
1
ide

he ‘effect  of the flange cdepth is subordinate as scen
from ‘table I, .sheets Nos. 43 to 45, P} remains constant
within wide .limits with increasing 4, ‘' that is, decreas+-
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increase for smaller flange depth. The explanation for
this behavior is that for deflection perpendicular to the
'plane of the shest, that is, for bduckling, the flanged

" hole should be considered as rigid relative to the sheet,
as soon as. the flanging has reached a certain minimum
depths By the same argument, not the flanged hole but
rather the part of the sheet which remained flat, is the
decisive factor for the buckling load since it remains

the same in any case when d 1is changed. On the other
Jhand, the flanging is more readily bent in the direction

of the planc of the shcet than the unweakened, flat part

of the. shecet. Consequently, a deceper - that is, stronger -
flanging assures less displacement for ideantical load. Py
is essentially morec important for the designer than v..
But any improvement in the flanging can only iavolve

an improvement of vy, mnot of Py, because P, 1is gov-

Iz

ing flange depth 0.5 (D - 4), while v, shows a slight

erned by the flat part of the sheet. In general, the form
of flanging is therefore subordinate when it has a certain
minimunm stiffness perpendicular to the planc of the sheet
only with given D. Logicecally, D only nceded to bo
changed,. bty acit - @%

The flanging opcration increases the perimeter of the
hole from md to mD, and it is neccssary to assure that
the resulting unit clongation m (D= .4) = (Q - l\ does

Td «d 9
not exceced the ultimate, becavse the edges would tear oth-
erwise. Small irregularities on the edge of the hole act
as notches very favorable for tecaring. With smoothly cut
holes flangec tcaring can be . .safoly avoided in the kind of
naterial and the shape of flanging used here whon 4 2
0.85 D.

Figure 1l shows the effect of hole spacing a versus
buckling load Pp. The curves have a distinet mazimun
fom comparativel& small a, which lies above or below the
shear load in buckling of the unweakened sheet. Py = Py
(2L - B). (Compare equations (2) and (3Db).) he maxinum
is due to the fact that the flanging as already pointed
out is rigid in bending perpendicular to the plane of the
sheet as compared to the unweakcned shcet, while being
nore easily defornable in direction of the plane of the
sheet than the unwealiened sheet; i.e., takes up practical-
ly no shearing stress. The greater the number of flanged
holes in a sheet, the greater is the number of bending
resistant circular surfaces of diameter D; the higher is




N.A.C,A., Teclinical Memorandum No. 756 b

the value at which the sheet wrinkles pe ndicular to its
plane., On the other hand, the sheet whi after ally “1s
supporting only in the flat portion, is so much higher
stressed ag there are holes. Both effects are contrari-
wise, hence the maximume.

rpe
éh,

The behavior with wide-hole spacing a was not in-
vestigated. With very high a wvalues, that is, few
holes, the ©pjy value should approach the buckling value

of the flat sheet without holes py, (equation 2). Other

extreme values may appear between these limits, but they
‘are not very important because the holes must, for reasons
of weight saving, be spaced as closely as possible. In
the following, no importance therefore was attached to the
mazximom other than for small  a. A1 walies valid for
this maximum carry the subscript o.

CPTIMUM HOLE SPACING ag,

The first significant question is, the best hole spac-
ing ay, at which the maximum occurs for a given sheet
thickness s, width b, and diameter D. It is not necessary
to define a, very accurately because the contiguous Py
values do not vary appreciadbly from Py, maximum when a
deviates a little from a,, owing to the horizontal tan-
gent of the curves Py = f(a).

The effect of b on a, was so little din the ana~-
lyzed range as to escape definition. The reason for this
is that the center strip of the sheet governs the buck-
linge But this strip naturally has always the same aspect
for otherwise identical sheets of different width.

The relationship between a, and s is parabolic,
according to table 1l and figure 12: ap = @& 8 8y iu=
creases considerably with increasing & for thin sheets,
less for thicker sheet. The reason for this is that the
bending stiffness of the sheet rises perpendicularly to
its plane, with . 84 o while: the EHif fooss. oifs the Llansinge
increases only with s. Admittedly, the stiffening effect
of the flanging is not as great for thicker sheets which
of themselves are already very stiff, so that the holes
must be spaced farther apart than in thinner sheets. The
explanation for the smaller rise of the curve of thicker
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sheets is that, for example, a 0.1l mm thickness change
means comparatlvelJ less in a thick than in a thin sheet.

. The factor o wvaries in linear relation with D
(tadble II and fig., 13): @ = 68.5 + 0.8 D. Consequently,

a8 = (68.5 + 0.8 D) /8

a, =
ag = 048 (D + 86) 48 (4)
Far outside of the investigated range: D = 62 to 82,

§ = 0.4 to 0.8 mm, b= 75 to 215 mm, the strictly. ex-
perlmontal equation (4) may become quite defective. Fur-
thermore, it is valid only so long as the flanging does
not touch the sheet border

B = » (5a)

and the flanging does not overlap:

D a, = 0s8 (D +86) [€.
whence

D 2 e oA ! (‘Sb)

The last equation (5b) expresses the selection of D,
especially for thin sheet. If it is not complied with
the best value for the dbuckling load in shear Pko ig not

within the constructively possitle range; the holes would
be greater than the spacing; the flangings would run into
each other. TFor the thinnest sheet examined, § = 0.4 nmn,

It Sisineeessary that D= o' DB BT mm

according to equation (5b), wh11e the dlaneter of the
'greatest flanges was only D 82..
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TABLE I1I

D s P aom % 1o { ag
) | Pl e S =ia
mm mm mm A/ s
| | Vi -
: ] 7 f ;
62 | 0.42 76 | 0.648 | 117.5 |
.52 T8 s e 118
i wotdll & = 118
615 93 i 784 118,.5
.8 4160 .894 T187
78 0.52 90 Os 7ol T 198
IR , a = 125
oB > 89 .894 > 99.5
82 0« 4R 89 0.648 137.5
52 97 JI23 13455
. 3 ; ’ a'=' 185
F 00 (X275
.784 :
s£50 {110.5 % | 1141
.8 > 10645 894 o >118
g |

BUCELING LOAD IN SHEAR Pxo AND ITS PERTINENT a4

When stressing sheets of the examined kind in shear
the best hole spacing aq (eguation 4) must be adhered to
if at all possible, to assure high loading without buck-
lings With this in mind, we did not determine Py for
any hole spacing a, Dbut rather the optimum Py, for
each pair of sheets of L = 1.192 mm with optimum hole
spacing a = ag.

For equal b = 110 mm and equal D = 62, D = 72,
and D = 82, the Py, = f(s) values lie on three
straight lines which intersect in a point with the coor-
dinate s = 0,54 mm Py, = 1,700 kg (fig. 14)., This in-
tersection point shall be the comnon point of all Py =
f(s) curves for D = constant and b = 110 mm. Hor gv=
0.54 mm the size of D 1is accordingly immaterial, 1In all
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sheets of 0.54 mm thickness, Py, 1is the same, provided
& = ags For

S < 0,54 mm, D must be small, (6a)
8 > 0,54 mm, D must be great. (6D)

For thicker, inherently stiff sheets, the flangings' must
be equally stiff; that is, be of a certain depth which,
in turn, is contingent upon large diameters.

The straight lines through the point [s = 0.54 mm,
Pyo = 1,700 kg] may be expressed with

P = 1700 4+ B (s - 0.54),

wherein "B depends on D. According to figure 15, it is
proportional to D. With f = 95.6 D, the optimum Py,

Tor sheebt of b = 110 mm ds:

Pro = 1700 + 95.6 D (s = 0.54),

The effect of b on Pro was not thoroughly explored
because a few cursory tests proved it to be quite subordi-
nate while on the other hand, an exact elucidation of the
effect of b would have entailed a very great number of
further experiments. The small effect of Db is due to
the fact that the middle strip, weakened by holes, is above
all decisive for the buckling, while the flat-edge strips
are but little effective. It is therefore Jjustified to
assume that for sheets of different width the behavior rel-
ative to the individual quantities is substantially the
Samne.

To allow for Db the values obtained for b = 110 mm
were given a correction factor dependent only on P and
= 1 fomy tbh ="M@ fon, Swhiille

for b < 110 mm, it must be > 1,

1 b > 150 1 1 1" I 22 1.

because a narrow sheet does not buckle as easily as a wide
one (equation 2). The correction factor f is tabulated
in table III and plotted in figure 16
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TABLE III
! P
D s L ag L e L
: =70 =90 | b=110 | b=175 | b=215
mm mm mia f mm mm mm mm mm
62 | 0.4 76 1260 1130
V82 85 1720 | 1600 1530
616 | @8.5 2220 1500
& |104 3040
28 | .42 Blals | 900 |
| i
B3 90.7 | 1520
. 111.5 § %200
|
| 4000
|
82 | 0.42 86.5 | 760
. |
.52 9645 i 1600 | (1000) 1400
! {
! | 1500
.615| 106 | | 1700
| I
.82 | 118.5 | 3720 | (1700)
i !

|

It is seen that the obtained values may be closely
approximated with a hyperbola of the form of

£f=a+ B
b
To define o and P this formula is writteu as

&" I¥tnear equation for £.9 _1n terms of bs "The straliht
line is also shown in figure 16. It gives:
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a = 06767

25.6

oW
1l

whence

o

l{\)

B

o'|—

o ER

As the value for any b 1ig to be f times as high as
the Py, value for b = 110 mn, we find for any width D

n”

U‘

Pro = 25.6 (0,08 + 1\ [1700 + 95,6 D (s = O.

This value applies to a pair of sheets pf 1 o= WLos
mn., The buckling load in shear Pro being, according to

flgule 2, %roportional tol "Ly itTdis forr L= 1 an, § ae~
cordlng to (3¢): - L :

: L M sk Pamiol Pee

ko ¥ g3 " ZW IS Eigd”

This formula, writtea in the preceding equation, gives
the optimun Piq value:

2548 X _9B.6 ¢ 1\ {1700 |
e e 03 g | B 4 - 0.54
Piq o R0 % S Lecten o4 (s ﬂ
For sheet with Young's modulus E not abnormally at
variance with E = 7,500 Pg/mmz, the obtained Pro ‘value
for E = 7,500 keg/mm® must be multiplied .by the correc-

tion factor E/7500:

E ‘ 1N g : oy
el = -
Pieq Fe5e X nle03 (p.oz + 5 [17.8 + D (s - 0.54)]

Ppo = 1+86 x 107° £ (0,08 + £} [17.8 + D (s - 0.58)] (7)
- \ /’

This is on the premnise that the bueckling load in
shear ©pye &iven in (7) is reached in kg/nm sheet length;
that - (4) 1a complied with, or in otiher words, taat the op-
timum hole spacing a = ao has been chosen. As egquation
(4), so can (7) become very defective outside of the range
investigated; iee., outside of: D = 62 to 82, '®¥ = 0.4 td
Oe8 mm, b = 75 to 215 mm, Dbecause the formula merely repre~
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sents an approximation formula from the obtained experi-
mental values. ' '

To show the accord of the optimum values of (7?) with
the oxperimental results, we computed Py, = 2 L pyp, with

(3¢) and (7)), and includéd it in table I, together with -
the .pertinent agy value.

Admittedly, in airplane design a simple sheet shall
never be so highly stressed as still allowed according to
(7). Buckling generally occurs under lower shear stresses
for various reasons. One thing is certain, however, and
that . is that it would serve no useful purpose to determine
‘P, WMore accurately than in the present experiments, be-

cause actual buckling occurs quite frequently at loads
which are from 20 to 40 percent lower than the theoretical
Pio value.

RELATIVE DISPLACEMENT §,

Lastly, we determine the displacement of the non-

buckled sheet. The shearing force P and the displace~
ment v give the displacement of the sheets per 1 kg of
tension at 6L = v/P, or with the values at buckling,

P, and vy (table I), 8y = vy/Py. Tor sheets of length

~

1 = 1192 mm (standard length), the subscript I 1is omitted
on §1. For these, we have:

The effect of flanging depth, which may be varied as
known, by means of the hole diameter 4 (fig. 6), is sub-
ordinates In a sheet having the dimensions:

L

Iy 690" mm, b = 310" ‘mm, s = 0515 mm
H = - A a= 80 r = 280 I
(sheets 43 to 45), SL ranged between 127 and 133 mm when
o]

d rose from 62.5 to 65.45 and the flanging depth
~ 045 (D -~ d) dropped from ~4.9 to ~3.275 mm.
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-The explanation for this minor effect is that the
flanged hole conmpared to the full sheet is easily deforma-
ble in direction of the plane of the sheet. (Note the
weakness of the .flanged hole compared to the sheet, in
fig. 9.) The displacement is almost eyclu51vely governed
by the flat portlon of the sheet.

Since the displacement v of a smooth sheet is in-
versely proportlonal to the thickness 8, namely, ¥ =
—B;bg‘ (equatlon 1), & also must be inversely proportion-
2l to s  for smooth, full (unweakened) sheets. But ac- .
cording to the tests on sheets with flanged holes ''§ was
not inversely proportlonal to '8 * but needed, in-addition,
an exponent B: i

L
&= =y,
s P
Plotted in logarithmic -coordinates (fig. 17), we have
B = 12 for esach investigeted B B, and a, with a, of

course, depending upon these three gquantities. To detgr—
mine - & we multiplied the obtained §. values with

0 =il BF = bus T S

For the determination of the influence of &a on «a,
the space between the flanging (a - D) is of prime im-
portance. The greater the effective inter-space, the less
is the displacement. The supposedly inverse proportional-
ity (a - D) fails to materialize; on the contrary (a - D)
rust be augmented by an exponeat y:

€
AT R
(a - D)Y
The logarithmic grapﬁ (fige 18) gives v = 0.7y € 1¢ Es

yet dependent on Db and D. It may be defined from

e = a (a - D)'Y = @ (g '= D)O.vs

Acecording te fignre 19, € risesg linearly with,  bse Wibth
the intersection of the straight l1imes Tor D = 62" =and

D = 82, aind the cooerdinsates b = 310 nm and € = 1230" " gs
the conmon interscction point of all straight lines D =
congstant, the equations for ¢ Dbccome
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&= BEBeS N U107 "))
with only A dependent on D.

The linear course of € = £ (b) and thereby of § =
f (b)) 18 due to the fact that for ldentical load the mid-
dle strip on otherwise identical sheets of different
widths: suffers approximately the same deformation and that
the two flat-edge strips are augmented by a displacement
proportional to the width of thesgse edge strips. Logieally,
the whole dlsnlacement then increases in linear relation
w1th i

From the s¢0pe A of the straight line € in figure
19, we assume it to change linearly with respect to D.
Then figired20 gives "\ = BUBEH=E0 08H "D

The insertion of .the obtained values «, B, T, €7 Vend
A yields:

5 = 1230 - (310 .=.b) (8435 = 0,081 .D)

0. 75 -
(a - D) 548

Loading the sheets in 1 kF,mm of sheet length over

2L "= 22X 1192 "="28842 mnm instead of in "l kg oives the relisg-
tive displacement §;, which is 2L +times as high as §.
81 =.2L §, .= 2384 .5, when § is measured in mm/kg, and

§5; = 2384 X 10°° §

.when § is measured in -% and §, in mm Eg. The final

result then is:

,,_: -6 - . 6§i o
§; = 2384 X 107" X 0.081 X ~——— Srrry el
il NS S
g <& 520 - - / 10 -
35740 Jaaad g ¢ 10000 & k880 ywwb) 1 ( 1580000 (8)

(a_. D) '75 Sl‘z

To prove the agreement between the values obtained
from (8) and the expaerimental data, tadle I shows the ob-
tained §, values together with the computed value. ZEqua-
tion (8) is based upon strictly experimental findings,
hence its validity is assured for only the range 1nvest1—
gated-
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COMPARISON WITE FULL SHEETS (N0 HOLES) AND

SHEETS WITH HOLES BUT NO FLANGING

In order to determine the suitability of flanged or
plain holes as well as any eventual benefit accruing from
such flanging, we investigated a sheet with and without
flanged holes (table I, sheet No. 73)e The nonflanged
sheet collapsed under a shearing force of Py = 720 kg:
the corresponding displacement amounted to § = 34 M
With flanged edge of D = 52 the buckling load rose to
1,240 kg, or 72 percent.,. Admittedly, § likewise rose to

45 B, that is, 32.5 percent. With still greater holes

but otherwise idontical sheets: d = 62.2 (table I, sheet
No. 45) which, without flanging, must naturally have still
lower buckling values than sheet No. 73, a dbuckling load
of Py = 2,300 kg was obtained; of course, § = 130 %,

that is, markedly higher. This should be a definite proof
of the value of flanging to raise the buckling load in
shear. The greater relative displacement § of the
flanged versus the unflanged sheet is due to the fact that
the flat portion, which after all takes up the greater
part of the shearing forces, becomes smaller because of
the flanging.,

Lastly, we investigated several full sheets (without
holes) and compared the obtained buckling load with South-
well and Skan's data (reference 6). The agreement is
close according to table I, sheets Nos. 74 to 78. The con-
clusion that the accord between the theoretical and exper-
imental values for flanged sheets is close, is therefore
Justified,

In order to determine whether and to what extent a
flanged sheet is more resistant to buckling than a smooth,
full sheet, we included in table I, aside from a, (equa=-
tion 4) and py, (equation 7) the py,, .value of the full
sheet (equation 2). It was found that/particularly thin,
wide sheets which without holes have a very low buckling
load in shear p, the stiffening influence of flanged

L .
holes results in a many times greater p] ; while in thick-

er, narrower sheets, inherently very resistant to bending,
the higher stress due to reductior in effective, flat sur-
face, it results in weakening., Admittedly, it is necessa-
ry to decide in each individual case, whether stiffening or

Piqy e

weakening occurs by a comparison of p,, with
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