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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

STRENGTH TESTS OF THIN-WALLED DURALUMIN
CYLINDERS OF ELLIPTIC SECTION

By Bugene E, Lundquist and Walter F. Burke
SUMMARY

This report is the fifth of a series presenting the
results of strength tests of thin-walled cylinders and
truncated cones of circular and elliptic section; it in-
cludes the results obtained from torsion tests on 30 cyl~-
inders, pure bending tests on 30 cylinders, and combined
transverse shear and bending tests on 60 cylinderss All
the cylinders tested were of elliptic section with the
ends clamped to rigid bullkheads. In the pure bending and
combined transverse shear and bending tests the loads were
applied in the plane of the major axis.

The results of the tests on elliptic cylinders are
correlated with the results of corresponding tests on cir-
cular ceylinders and are presented in charts suitable for
use in designe

IZTRODUCTION

As part of an investigation of the strength of
stressed~skin, or monocoque, structures for aircraft, the
National Advisory Committee for Aeronautics in coopera-
tion with the Army Air Corps; the Bureau of Aeronautics,
Navy Department; the National Bureau of Standards; and the
Bureau of Air Commerce hag made an extensive series of
tests on thin-walled duralumin cylinders and truncated
cones of circular and elliptic section. In these tests,
the absolute and relative dimensions of the specimens were
varied to study the types of failure and to establish use=
ful quantitative data in the following loading conditions:
torsion, compression, bending, and combined loading.

The first four reports of this series (references 1
to 4, inclusive) present the results obtained in the tests
of thin-walled cylinders of circular section. This report
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presents the results obtained in tests of thin-walled cyl-
inders of elliptic section., In the tests of the elliptic
cylinders the loading conditions were torsion, pure bending,
and combined transverse shear and bending. In the latter
twvo loading conditions the loads were applied in the plane
of the major axis.

MATERIAL

The duralumin (Al. Co. of Am. 17ST) used in these
tests was obtained from the manufacturer in sheet form
with nominal thicknesses of 0,011, 0,016, and 0,022 inch.
The properties of this material as determined by the
Wational Bureau of Standards from specimens selected at
random are given in references 1 and 2. As all the test
cylinders failed by elastic buckling of the walls at
stresses considerably below the yield-point stress, the
modulus of elasticity E, which was substantially constant
for all sheet thicknesses, is the only important property
of the material that need ve considered. For all cylin-
ders an average value of E (10.4 X 10° pounds per sguare
inch) was used in thne analysis of the results.

SPECIMENS

The test specimens were right elliptic cylinders with
a semimajor axis of 7.5 inches and semiminor axes of 6.0
and 4¢5 inches. The lengths varied from 3.75 to 28¢5
inches. The cylinders were constructed in the following
manner: First, a duralumin sheet was cut to the dimensions
of the developed surface. The sheet was then wrapped about
and clamped to end bulkheads. (See figs. 1, 2, and 3.)
With the e¢ylinder thus assembled, a butt strap 1 inch wide
and of the same thickness as the sheet was f ¥t ted, drilled,
and bolted in place to close the seam, which was always lo-
cated at one end of the minor axis. In the assembly of the
specimen, an effort was made to avoid having either a
looseness of the skin (soft spots) or wrinlkles in the walls
when finally constructed. Actually this objective could
not be attained at the ends of the minor axis where there
was always a slight looseness of the skin which was more
pronounced in the thinner sheets than in the thicker ones.

The end bulkheads, to which the loads were applied,
were each constructed of two steel plates one-quarter inch %

e
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thick separated by a plywood core %-1/2 inches thick.
These parts were bolted together and machined to the spec~
ified outside dimensions, Steel bands approximately one=
quarter inch thick were used to clamp the duralumin sheet
to the bulkheads. These bands were machined to the same
dimensions as the bulkheads.

APPARATUS AND METHOD

The thickness of each sheet was measured to an esti-
mated precision of *+0,0003 inch at a large number of sta-
tions by means of a dial gage mounted in a special jig.

In general, the variation in thickness throughout a given
sheet was not more than 2 percent of the average thickness.
The average thicknesses of the sheets were used in all
calculations of stress and radius-thickness ratio.

The loads were applied to the elliptic cylinders with
the same apparatus used in the corresponding tests on cir-
cular cylinders. Descriptions and photographs of the ap~-
paratus used in the torsion, pure bending, and combined
transverse shear and bending tests are given in references
1, 35 and 4%

DISCUSSION OF RESULTS

The results of the tests on the elliptic cylinders
are presented in tabdles I, II, and III as well as in cer-
tain figures discussed later.

Torsione~ The torque loads were applied in increments
of about 1 percent of the estimated load at failure., Af-
ter a few tests, however, the first increment of load was
increased to about half the estimated load at first wrin-
kle. At first wrinkling one or more diagonal wrinkles be~
gan to form at the ends of the minor axis. With an ine-
crease in load these wrinkles grew steadily in size and
number, spreading toward the ends of the major axis until
failure occurred by a sudden increase in deformation and
the formation of wrinkles in the conplette circumference.
(See Tige 1.)

Prior to wrinkling it seems reasonable to assume that
the conditions of stress within the walls of the cylinder
are 1n accord with the membrane analogy (reference 5).
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After wrinkling has occurred, however, the conditions of
stress are doubtful and probadly vary with the degree of
buckling.,

By the membrane analogy

m

G ] okl

where
S, shearing stress in the skin.
T, torque applied.
A=1mab, areca of the‘ellipse.
t, thickness of the sheet.

The shearing stress as given by equation (1) was cal-
culated for each test cylinder at the conditions of first
wrinkle and ultimate load. These stresses are used in
plotting the experimental points in figure 4, which is the
same type of chart used by Donnell in reference 6 for pre-
senting the results of torsion tests on thin~walled cylin-
ders of circular section. It will be noted that the ox-
perimental points for ultimate load plot between the theo-
retical curves and those recommended for designe. As the
data from torsion tests of circular cylinders also plot
between these same curves (reference 6, fig. 1), it may Dbe
concluded that the shearing stress at ultimate load for an
elliptic eylinder is the same ag that for the circumscribed
circular cylinder of the same sheet thickness and length.
Actually the membrane analogy does not give a true picture
of the stress condition at ultimate load but gives a shear-
ing stress which lies between that at the ends of the semi~-
major and semiminor axes. It must therefore be regarded
as an average shearing stress for the elliptie cylinder
and analogous to the modulus of rupture in beams.

As the curvature of the sheet varies from a minimum
at the ends of the minor axis to a maximum at the ends of
the major axis, it is natural to expect that.wrinkling
prior to failure will occur in an elliptic cylinder subd-
jected to torsion., 1In a perfectly comstructed cylinder
it is not likely that first wrinkling would occur until

he shearing stress reaches or exceeds Sgy the shearing
stress at failure for a circular cylinder of the same
sheet thickness and length but with a radius equal to the
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radius of curvature at the ends of the minor axise The
effect of imperfections, which are always present, is to
cause a premature wrinkling. Consequently, the shearing
stress at first wrinkle Sy was divided by S, and the
ratio plotted as a percentage in figure 5, With the ex~
ception of one point, all of the results plot below 100
percent. This figure is analogous to figure 10 of refer-
exnce 1.

When calculating the value of S, for the points in
figure 5, the equation given in reference 1 was used be~
cause it is more representative of the technic used in
this series of tests. TFor general design, the equations
given in reference 6 are recommendede.

Pure bending.~ In the pure bending tests the loads
were applied in the plane of the major axis of the ellipse.
As in the torsion tests, the loads were applied in incre-
ments of about 1 percent of the estimated load at failure.

In the case of the 0.8 ellipse <§ = O.8>, wrinkliag did

not usually occur prior to failure. Failure is defined as
the complete collapse of the compression side of the cyl-
inders with the formation of diamond-shaped wrinkles. (See

7
fige. 2.) In the case of the 0,6 ellipse kﬁ = O.6>, pre-
liminary wrinkles usually formed prior to failures These

wrinkles always appeared at about two thirds of the dis~-
tance from the neutral azis to the extreme fiber,

The reason for preliminary wrinkles forming prior to
failure in the 0.6 ellipse and not in the 0,8 ellipse is
shown gualitatively in figure 6., The critical compressive
stress for any element is approximately proportional to
the curvature, and hence to the abscissa, of the solid
curves in figure 6. In a cylinder sudbjected to pure bend-
ing the actual stress varies linearly from the neutral
axis to the extreme fiber. When the loading has reached
such a point that the actual stress is approximately that
shown by the dotted lines, first wrinkling is likely to
occur at the point where the solid and dotted curves touch,
For the 0,6 ellipse, the elements at the oextreme fiber are
capable of resisting a much higher stress than indicated
by the dotted line with the result that failure is delayed
until a much higher load is reached. TFor the 0.8 ellipse
failure tends to occur at or soon after first wrinkling
because the elements on the extreme fiber and for a con-
siderable distance toward the neutral axis are not capable
of resisting any large increase in stress.
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"In'the presentation of the results of the pure bend-
ing tests, it has been assumed that the ordinary theory
of bending applies aud that the stress on the extreme com-
pression fiber at faillure is given by the equation

srnsi @ Hiw :
Sb it 1..'40 8.2 t ( )

where ¥ is the bPending moment applied in the plane of
the major axis of the ellipse

a, the semimajor axis of the ellipse
and k1, 2 nondimensional coefficient that varies with
the eccentricity of the ellipse. (See fig. 7.)
s he extreme fiber at failure as given
by equation (2) is comparable with the corresponding stress
calculated for the pure bending tests on circular cylin-
ders (reference 3) and, for comparison, is plotted in a
like manner in figure 8, Inspection of this figure shows
that the stress on the extreme fiber at failure increases
with decrease in the ratio ©b/a. The increased strength
for the more eccentric ellipse is obviously caused by the
greater stability of the more sharply curved portion at
the end of the major axis where the fibers are more highly
stresseds It will be noted in figure 8 that the results
of the tests of elliptic cylinders scatter almost as widely
as do the results of the tests of circular cylinders. The
designer in using these data may therefore choose strength
values more or less conservatively, as desired.

'
ct

The stress oz

o O

H

Combined transverse shear and bending.- The loads in
the transverse shear and bending tests were applied in the
plane of the major axisg of the ellipse in increments of
about 1 percent of the estimated load at failure, When

the position of the transverse load was such that the ratio
of moment to shear was small, failure occurred by shear,
Prior to failure, diagonal shear wrinkles formed on the
sldes of the cylinder. With an increase in load, these
"wrinkles grew steadily in size until failure occurred by a
collapse of the outermost compression elements, When the
position of the transverse load was such that the ratio of
moment to shear was large, failure occurred by beanding in
the same manner as in the pure bending tests. When the
ratio of moment to shear had an intermediate value, fail~
ure occurred by a combination of shear and bending. (See
photographs of cylinders after failure, fig. 3.)
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‘The variation of the bending stress at failure with
the ratio of moment to shear is studied for each of the
following groups of cylinders tested.

& i w—i nen
1 0.8 0 516) 630 ~ 682 04011
2 s 2 510; 625 ~ 688 o 0 1k
3 +8 1400 658 ~ 707 e 0
4 .6 1200 658 - 721 « 010
B G, 24606 630 = 682 +0. Lk
6 s B 2400 630 = 682 041

For each group, the results of the tests are present-
ed in a manner similar to that used for the corresponding
tests on circular cylinders (reference 4), In figure 9

the nondimensional parameter ;%V represents the loading
and stress conditions and is therefore analogous to J%
2

in reference 4, The value of r! was so chosen that for
the elliptic cylinder

B R

where fy and fy are the bending stress on the extreme

fiber and the shearing stress at the neutral axis respec-
tively as given by the following equations derived by the
ordinary theory of bending
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In equation (5) V is the transverse shear in the plane
of the major axis of the ellipse and k; a nondimensional

coefficient that varies with the eccentricity of the el
lipses (See fige 7.)

In figure 9 lines a and b represent the upper
and lower limits of the strength in pure bending, These
limiting values show the dispersion of the results of the
pure bending tests and were obtained for elliptic ecylin-

a

ders of the average iy ratio in each group by interpola-

tion of the regults plotted in figure 8. At large values
of =%= the bending~stress diagrams approach lines a

and b as an upper limit but with a tendency to plot just
below them in some cases, (See fig. 9a, in particular.)
The tendency for the bending-stress diagrams to plot below
lines a and b seems to be more pronounced for the 0.8
than for the 0.6 ellipse although the test data are not
sufficiently extensive to draw a definite conclusion. For
the 048 ellipse in pure bending the elements on the ex-
treme fiber and for a considerable distance toward the
neutral axis tend to reach a condition of incipient faile-
ure at about the same time; whereas the 0.6 ellipse secenms
to have the capacity of supporting an increased load after
first wrinkling. (See fige, 6.) It is therefore probabdle
that the reduced bending strength in combined transverse
shear and bending is caused by the presence of shear which
might conceivably affect the strength of the 0,8 ellipse
more than the strength of the 0.6 ellipse. 1In any case,
it appears that the lower limit of the strength in pure
bending is a good value to use for the bending strength of
thin-walled elliptic cylinders in combined transverse
shear and bending at large values of ;;— .

b

At small values of b failure occurred by shear.
ol

or comparison of the strength in transverse shear with

e strength in torsion, lines ¢ and d have been drawn
igure 9 representing the probadle upper and lower lim-
g for shear failure. These lincs were drawn by plotting
e equation

L)

-y S M
=2 = 2 o (6)

Equation (8) is obtained from equation (3) by trans-
posing terms, dividing by E, and substituting § for
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fvs° where S 1is the average shearing stress at failure
for an elliptic cylinder in torsion, The lines ¢ and 4
for shear failure in figure 9 are shown for the two values
of S obtained from figure 4 for the largest and smallest
sheet thickness for each group of cylinders. When reading
values from figure 4 a straight line was imagined to be
drawn through the experimental points for the elliptic
cylinders of 0.0ll-inck nominal sheet thickness.

Inspection of figure 9 shows that the bending-stress
diagramg at the very low values of ~¥V s leorr egponding
2
to shear failure, plot above lines ¢ and de. As in the
case of circular cylinders (reference 4), this faset dndi=
cates that the transverse shearing stress on the neutral
axis at failure is higher than the shearing stress at fail=
ure in torsion. Consequently, in a like manner the ratio
2 e ; i , A
of the two stresses ;l is plotted against sy in figure
2
r
10 for each of the testse It will be noted that as F%V
. approaches a value between

3

4

approaches O the ratio

le2 anéd 1,48. Thus, if 8, 1is the shearing stress on the
neutral axis at failure in pure transverse shear and 8

is tho shearing stress at failure for a cylinder of the
Same dimensions in torsgion, Sy and S may be related by
the following approximate equation

B = 1425 § (7)

The coefficient 1.25 is somewhat conservative but its use
is recommended so that the same relationship will hold
for both elliptic and circular cylinders. (See reference
4, equation (5).)
At intermediate values of —%V, near the intersection
7

of lines a2 and.b with lines ¢ and d in figure D, there
is a transition from shear to bending failure. As the
point of transition is approached, there seems to be devel~
oped an increased strength similar to that shown by elastic
theory when the number of waves in the buckled pattern
changes from n to (n#+l). The increased strength at the

i " M
transition seems to be confined to a small range of 2oy
and is not always developed in the tests. For practi-
cal considerations, it therefore seems that the transition
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from gshear to bending failure can be given by the design
chart for circular cylinders presented in reference 4 if
f% is replaced by . —%v With this change, the design
chart for elliptic cylinders is given in figure 11, . The
solid curves in figure 9 wore obtained from this chart us-

ing in one case the value of gh corresponding to lines

v
a and ¢ and in the other case the value corresponding
to lines b and d. An inspection of the figures for the
different groups indicates that, except for the increased
strengtk previously discussed, these two curves represent
quite well the limits of the experimental data in the
transition from shear to bending failure.

In order to use the curves of figure 11 in design, it
/ #

. Sk 1
is necessary to tnow the loading condition - and to be

able to predict the values of Sp and Sy for the ellip-
tiec cylinder, If these three qaantltlus are known, the
nazimum allowable moment and/or stress on the extreme fi-
ber can be read from the chart as a porcentage of that oz
pure bendinge. The strength in shear then need not be ine
vestigated because its effect has been taken into account
by a reduced bending strength.

When checking the strength of any section between ade-
jJaceat bulkheads, the largest value of —%V in that sec~
tion should be Hwged %o enter the chart of figzure 1ls This
procedure tends toward conservatism and is certainly justi-

fied by the wide scattering of the test data.
CONCLUSIONS

le¢ In torsion, the shearing stress at failure for
thin-walled elliptic cylinders was found to be equal to
the shearlng}st“o s at failure for circumscribed circular
crylinders of the same sheet thickness and length. Because
buckling of the walls occurred at the cnds of the minor
axis prior to failure, the shearing stress calculated for
the elliptic cylinder must be regarded as analogous to the
modulus of rupture and so used ian strength calculations. -

2« TFor pure bending in the plane of the major axis,
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the calculated stress on the extreme fiber at failure was
greater than the corresponding stress for circumscribed
circular cylinders of the same sheet thickness and length,.
As in the case of circular cylinders, it was found that
slight imperfections caused the test results to scattoer
widely. 1In view of this scattering, the bending streangth
nust be congidered somewhat indefinite and should therefore
be estimated after consideration of all the experimental
data for both elliptic and circular cylinders. Design
vValues may then be chosen more or less conservatively as
desired,

3¢ For combined transverse shear and bending in the
plane of the major axis, the strength was dependent upon

s s : . M
the loading condition as described by the term ;ff Gl
r
small values of —%f, failure occurred in shear and, as
;¥V approached zero (a condition of pure transverse shear),

the shearing stress on the neutral axis at failure as cale
culated by the ordinary beam theory was approximately 1.25
times the shearing stress at failure in torsion,
At large values of ~¥f’ fallure occurred in bend-
i
ing and the strength developed was approximately equal to
the lowest strengths developed for cylinders of the same
dimengion in pure bending.
At . " . Ao L{ t n ﬁ_...
intermediate values of —jz, there was a trans:
r
tion from ghear to bending failure. TFor use in calculat-
ing the strength of elliptic cylinders in combined trans-
verse shear and bending it was found that a chart previous=-
ly derived for circular cylinders may be used.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Fisld, Vas, April 2, 1936.
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TABLE I

RESULTS OF TORSION TESTS ON ELLIPTIC CYLINDZRS
For all cylinders, Poisson's ratio p = 0.3

2 -o0.8
a,
I NPT iR
Speiimen & 1 ; it 5 (1—@2)5 %2‘ l\[IfLQ %a Remarks
1n, T, Ih=in, 1b./sa.in.
279 0.0104 3. 15 5510 1875 2L.4 86.0 First wrinkle :4
7790 2650 3052 Failure b
281 L0117 7.50 5710 1730 62.2 306.0 | Pirst wrinkle o
| 6150 1860 67.0 Failure :
283 +JOLEB 13,25 3900 1200 H00. 5 700.,0 First wrinkle -
4860 1496 125.3 Failure 1
285 .0113 15.00 2220 694 10%.1 1274.0 | First wrinkle 4
4000 1250 193, Failure g
287 0116 22.50 2100 640 243..0 2780.,0 First wrinkle e
3720 1133 373.0 Failure ®
309 s 0158 LI 5 15300 3425 16.9 56,6 first wrinkle =
19260 4310 21..% Failure ?
SLl 01582 7.50 | 9660 2110 395 221,0 First wrinkle o
13980 3050 57.2 Failure =
3813 L0162 11,25 9512 2080 87.8 497,0 Firgt wrinkle g
11760 2570 108.5 Failure .
315 <OLGH 15,00 3920 856 | 65.0 890,0 First wrinkle O
104490 2295 P e Pailure -
317 .0160 22,50 7120 1575 R0 2010.0 | Pirst wrinkle
8180 1810 3130 Failure
349 0241 B 43488 6380 1555 STl Iirst wrinkle
48488 e 15,1 Failure
351 0246 s 50 294838 4240 34,5 145.5 First wrinkle
32288 4640 378 Failure
Ho6 SO28% 125 20408 3050 60,2 BE D First wrinkle -
23088 3440 67.8 Failure A

B b S i




TABLE I (Cont.)

i * 0.8
3 Sl S S
Specimen % 1 T S | (1 ug)g L
> - t
No. : % t
in., i | Woling { Ihfagln,
355 0.0247 | 15.00 14408 2060 66.5
22508 3225 104.0
357 .0240 | 22,50 17863 2635 203.0
18588 2740 210.0
g & 0.6

280 0.0104 3.75 3310 1502 WA
6790 3080 35.1
282 .0114 7,50 1900 787 29.8
5420 2240 84,9
284 .0115 | 11.25 18560 763 63.9
3740 1533 128.4
286 .0114 | 15.00 2100 870 131.6
3200 1325 200.5
288 0116 | 22,50 2140 871 287.0
2880 1170 385.0
310 .0157 3,78 9260 2785 13.9
16700 5010 25.0
312 L0167 7.50 7650 2165 38.2
11960 3375 59.6
314 0159 | 11,25 5120 1520 66.6
8480 2520 110.3
316 .0161 | 15.00 | 6320 1853 140.7

7720 2265 72
318 L0161 | 22,50 5720 1678 287.0
6520 1910 327.0
350 .0238 3.75 27488 5445 11.8
| 35328 7000 | 15,2

]
!\/ B 1 : 2
Y i vy Remarks
580.0 First wrinkle
Failure
1342.0 First wrinkle
Failure
86.0 | First wrinkle
Failure
314.0 First wrinkle
Failure
700.,0 | F4 ;Jt wrinltle
Fxllare
1263,0 | First wrinkle
Failure
2780.0 First wrinkle
Failure
B0 First wrinkle
FPailure
214.0 | First wrinkle
ﬁt:lure
506,0 irst wrinkle
Failure
890.0 | Pirst wrinkle
Failure
2000.0 First wrinkle
Failure
Be6 First wrinkle
Failure

I TeeTuu29eL

210}

® OKX

pRAS

701



> 2
Specimen t 1 g S (l-u?)g-lé \/1—@2 %f Remarks
No. | Et } td
Tmi 10, 1b.=1n, 1b./3g.in.
352 0.0235 sy 20488 367 152.5 | First wrinkle
| 25048 503! 44,9 Failure
354 .023%7 RS 12407 2470 48,7 35940 First wrinkle
18008 " 3580 70.6 Failure
356 0243 1500 12408 2410 80.4 990.0 | First wrinkle
17128 3325 1130 Failure
358 0235 22,50 10868 2180 1750 1370.0 | Pirst wrinkle
f 13708 2745 220.0 Failure

sy A exre -
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CYLINDERS SHOWING CORRECTIONS

P ON THE SPECIMEN

MADE FOR TEE EFFECT OF ENS
2. o8
| | i | Stress ! i ; z
S Al g i i caused f b
S'ir;:c t i % | > M gby iy fy Sp T Remarks
I : | sion P |'
TE . ‘
{ i
290{0.0110!6 szf = 75'93 011335 ; 198 6820| 662210.000637! Failure
291| .0113:664| 7.50{83.5/13305 1 173 7790 76171 .000732| TFailure
293 0113 664!11 25'83 5/10945 | 173 6410 6237 .000600!First wrinkle
11185 | 6550 63771 .000613! Failure
295 OllO|082 15, oo: 76.0| 6935 162 4172l 4010( .000386|First wrinkle
, i 110635 | 6400 6238| .000600| Failure
297 .OllO|682|22 50|74.0| 8535 158 | 5135|,4977| .000479|First wrinkle
i { 111055 ! 6650 6492| .000624| Failure
307 .0156,452! 3.75!80.0!/28855 ! 113 {11510{11397| .001096| Failure
305| .0161{466] 7.50{80.0 22355 | 116 9185 9069 .000872| Failure
303| .0164}457(11.25{80.0/22175 | 114 9360 9246| .000889(First wrinkle
: f 27055 | 10930] 10816 .001040| Failure
301| .0167 449|la cJ‘74 {27655 | 104 |10970{10866! .001045|First wrinkle
28915 | 11470(11356| .001093| Failure
299| .0168|: 45 o2, 50‘74 0 24175} 103 9530 9427! .000907| TFailure
339 OZ45l806: 2., 73;03 o 59435 91 16065|15974| .001536| Failure
3411 .0252{297| 7.50]9 62195 88 |16335|16247| .001562| TFailure
343! .0235 ?19!11.25l82.0 56355 82 |15880|15798| .001520| Failure
345 ,0248|302!15.00] 74.0| 59875 70 | 15985|15915| .001531| TFailure
347| .02341320%22.50i 74.0} 52315 | 74 114810|14736| .001417! Failure
D
s = 0.6
289 10.011016827 3.75;87.01 9595 207 T 6910 670310.000644(First wrinkle
l i 11255 8110| 7903| .000760| TFailure
292 .0107{701| 7.50|77.5/ 9965 190 7385| 7195| .000692|First wrinkle
11165 8270( 8080 ,000777| Failure
294 | .0113[664(11,25{77.5] 9645 180 6765 6585| ,000633|First wrinkle
13025 9140| 89601 .000861| Failure
296 | .0110,682|15,00|70.0| 9135 166 6585! 6419| .000617|First wrinkle
: | 11955 8620| 8454 .000813| Failure
298 | .0110{682(22,50{68.0| 11355 162 8180( 8018 ,000771| Failure
308 | .0168{446| 3,75|74,0[ 29775 115 |14050|13935 .001340|First wrinkle
i 31935 | 15085{14970 | ,001439| Failure
306 | .C163460| 7.50|74.0{ 23415 | 119 [11400|11281! .001085!First wrinkle
A ! 26395 | 12855112736 | .001224| Failure
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TABLE II (Cont.)
b
= = 0.6 M
g Stress | !
Spec., a caused Sy g
Yo. t - T E M by ten— fy Sh ol ; Remarks
slon P i
in, in. |
304 | 0.0167{449|11,25| 74,0/ 28995 116 |13790|13674 0.001315{ Failure
302 | .0168!446§15.00{68.0!27615; 105 |13040|12935| .001244! Failure
300 | .0169}444|22,50|68.0! 24675 105 |11590{11485| .001104 First wrinkle
28015 13160|13055| .001255| Failure
340 | ,02401312] 3.75/89.0|57015] 97 |18850|18753| .001803| Failure
342 | .0248/302] 7.50{89.0|61075| 94 |19550(19456| .001871i Failure
344 | .0234]320{11.2576,0/51415| 85 |17450|17365! .001670|First wrinkle
| 151815 17580{17495| .C01682; Failure
346 | .0245|306|15.C0{68.0{58995| 73 |19110{19037| .C01831{ Failure
348 | .0236|318/22.50(68.0{45075! 75 |15150|15075( .001449|First wrinkle
| | 49275 | 16565{16490 | .001586| Failure
! | é ! !
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TABLE III

RESULTS OF COMBINED TRANSVERSE SHEAR AND BENDING TESTS O ELLIPTIC CYLINDERS
0

o e . - [
Group 1 o 0.8 ol s 648 o 50
? : 1 l i : i |
i, T | & L 0 (O Lo P M | memarks
No. | 89 | i | v | @ f
; i in ‘ i 1b. 1b.-in.; 10./sq.1in. 1b./sq.in.! ! |
379 0,0119|630: 569| 2558 | 2072 1423 ! 0,69{0.000137 | First
% 5 5 f i i § wrinkle
: i l1122] 5323 4085 2962 | .73! .000285 | Failure
381 | .0113(664! 459! 4288 | 1756 2510 | 1,44 .000241 | Pjrst
i ! i i { [ wrinizle
I | 807 7420 | 3090 4345  } 1,42| .000418 | Failure
383 | .0113|664; 437! 6283 | 1672 3680 2.22{ .000354| First
| 5 | f , : | wrinkle
; | | 719! 9943 | 2752 5822 | 2.12; 000560 ! Failure
385 | .0119|630 453] 9233 | 1645 5170 3517 .000497 | First
§ ; : ; _ | | wrinicle
| 680| 13403 | 2475 7460 | 3.03] .000718 | Failure
387 | .0111|676| 244 7320 | 953 437 4,63| .000420 | First
i g | ' wrinlcle
| | 415] 11260 | 1619 6720 | 4.16| .000646 | Failure
389 | .0111|676| 175; 7158 | 683 4272 6.31] .000411 | First
| | ! | wrinkle
i { 307) 10858 | 1198 6480 5.45! .000623 | Failure
391 | .0115{652| 197! 8723 | 742 5025 6.83! .000483 | First
| f | n i wrinkle
! | 253| 10563 | 953 6080 | 6.42{ .000585 | Failure
393 | .0117|641| 83! 5954 | 307 3370  |11.07! .000324| First
; ; ; i f wrinizle
; ; 207| 10664 | 766 6040 | 7.94! ,000581 | Failure
395 | .0110|682| 139! 9423 { 547 5670  |10.47| .000545 | First
l 5 | | i wrinkle
! i 161 ) 10353 1 634 6230 | 9.87| .000599 | Failure
397 | .0l1C|682| 123| 9971 ; 484 6000 !12.42| .000578 | Failure
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ont.)
b 4 2 i
Group = 0.6 560 i B)%510)
Shec, (ot M Th ;
M. % :g 3 v fb T T ;Remarks
Fooof by 1b./sg.in.i1b./sq |
380 0120!625| 463 1341 0.7810,000129 | First
i f {wrinkle
j 11219 | 3840 .86/ .000370 | Failure
382 | .0114{658; 513 | 3305 1.65 .000318 | First
i i | wrinkle
| 889 5535 1.64| .000532 | Failure
384 | .0114:658} 480 § 4727 2.52( .000455 E First
i ¢ é | wrinkle
: 815 | f 7765 2.46| .000747 | Failure
386 | .0119{630] 293! = 4230 3.87| .000407 | First
- { wrinkle
I | o 9210 3.51| .000886 | Failure
388 | .0112{670 343 | 6725 4.94| .000647 | Pirst
i i wrinkle
) . a6 {7340 4,89} .000706 | Failure
390 | ,0111i676} 313 | i 7785 6.21| .000749 | First
i i f | wrinkle
| | 48 i 9790 5.95| .000941 | Failure
392 .61155652; 113 | | 4000 9.14( .000385 | First
! i ] j wrinkle
i 330 | | 8935 7.04| .000858 | Failure
394 ; .0115}652] 247{ ; 8230 8.66| .000796 | First
t j wrinkle
275 9010 8.53| .000866 | Failure
396 .01091 688} 155 7180 11.38F .000690 | PFirst
wrinkle
205 8755 10.52| .000842 | Failure
398 | .0111)676] 133 7300 13.70| .000702 { First
wrinkle
173 | 8€50 12.55| .000832 | Failure
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TABLE III (Cont.)
Group 3 2 = 0.8 o U ] L = A0
g a
f
Spec. t a v M . ' Y M | v Remarks
No. t iy E
in. 1b. [1b.-in, [1b./sq.in.| 1b./sq.in.
BL210,01061 707 271 2004 1106 1252 1,14({0,000120 First
! wrinkle
b51| 4384 2250 2738 1,22( .000264 | Failure
3211 0113|664 | 491 5670 188C 3323 1781 Q001 First
wrinkle
647 7454 2478 4367 1.76] .000420 Failure
3231 0106|707 258 4284 1054 2677 2.56" ;00025 First
wrinkle
5371 8474 2192 5295 2.42| .000509 | Failure
325 .01061707 2791 6162 1139 3850 3.41l] ,000370 Rirst
i wrinkle
420 | 8843 1715 55256 3.22| .000532 | Failure
327 | 01121670 | 403 | 0570 1567 625C 4,051 .000601 First
wrinkle
413 | 10806 1596 6420 4,00} .000614 | Failure
329 | .0106:707 | 195 6759 796 4220 5.,35| .000406 First
| wrinkle
268 | 8728 1094 5453 5,0 .000525 | Failure
331 | .OX141658 | 145| 6437 561 3738 6.86| .000359 ‘First
wrinkle
27t EOEa'Y 1029 6000 5.85] .000578 | Failure
5331 00701 b 211 9765 854 6045 7.14| .000582 First
wrinkle
215| 9905 871 6130 7.07| .000590 | Failure
335 | .0114}1658 | 213 | 11521 810 6700 8.34| .000644 Mirst
wrinkle
217§ 11685 825 6785 8.26 | .000653 | Failure
337i Mohleld liehl S Ee ) 312 4636 15.01 | .000446 First
i wrinkle
| 831 7780 336 4815 §14.4c .000463 1 Failure




NeA.CeA. Technical Fote No. 527 21
TABLE III (Cont.)
. 1
Group 4 = = 0.8 i = 5,60 i 1.0
Spec. a | M Py <
Yo. N 5 i £y £y e R TR L ri_
17 filb..glb.—in. 1b./sq.in.|1b./sq.in.
320 |0, 0118 664I 367 l 2820 1439 1979 1.37 |0.000190 First
wrinkle
700 5685 2746 3970 .45 | .000382 | Failure
3221 .0106}707| 307 3535 1283 2647 2.06 | J00026h" | Bimet
wrinkle
595 6855 2488 5130 2.07| .000493 | Failure
324} .0104|721 | 287 4680 1223 3570 2.91| .000343| PFirst
wrinkle
537 8435 2288 6435 2.81 | .000619 | Failure
326§ .0105{714| 221 4993 932 3770 4,03 ] .000363| First
| wrinkle
417 8723 1759 659C 3.75] ,000634 | Failure
328 .0113|664 | 292 7931 1145 5565 4.85| .000635| PFirst
! wrinkle
512 | 12996 | 2008 9125 4,55 .000878 | Failure
3301 .0106{707 | 327 10210 | 1367 7650 5.57| .000756 First
! wrinkle
381 | 11668 1593 8740 5.492| .000840 | Failure
332) .0114({658 | 297 11008 115 7660 6.6} .000%37 | DHirgt
i wrinkle
388 | 13829 | 1508 9630 6.39| .000926 | Failure
3341 .0105]714 | 203 9336 | 856 7050 8.21 | .000678 First
' | wrinkle
241 | 10656 1016 80850 7.94| .000775 | Failure
336 | .0114i658 | 219 L1572 852 8060 9.42 1 0007%ES First
wrinkle
242 | 12515 941 8710 9.28 | .000838 | Failure
338 | .0105!714 2hi L 7981 384 5990 15.55 ) 000876} . Binst
wrinkle
122 9448 515 7180 13.90 ! .000687 | Failure
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TABLE III (Cont.)

b ik
Group 5 = 028 rl = B4 - 2.0
Spec. & l M Ty, d

No. i ® 3 v M £, fy oy T Remarks

in. 1b. |1b.-in,|1b./sq.in.| 1b./sqg.in,

35910,01191630 | 437 6137 1590 3415 2.1710.000328 First
, wrinkle
| 527 7487 1919 4168 2.18| .000401 Failure

361 | .01161647 | 502 2514 1873 1434 L7 000483 itk thred =
' wrinkle
: Al 2652 1945 L5LE .781 .000146 Failure

363 | 0110|682 | =27 2487 1062 1496 1.42] .000144 First

wrinkle
i 443 4562 1745 2744 1.58| .000264 | Failure
365] .01101682 | 251 4424 987 2662 2,721 .000256 First
| wrinkle
409 7275 1610 4380 2.73| .000422 | Failure

367 .0118!636 407 9822 1493 I~ BBLO G (61965110 Hirish

i . % wrinkle

3423 10222 1552 5740 3.73| .000552 | Failure

369 | .0110/682 | 313 767 1232 5880 4,791 .000566 | Failure
371 | .0114658 | 307| 11701 1166 6800 5.88] .000654 First

wrinkle

r315| 11941 1196 6935 5.83| .00066% | Failune

3731 0113|664 | 269! 12351 1029 7235 7.05] ,000696 Failure

375 | 01111676 | 140 8582 546 5120 9.46 | ,000492 Hipet

wrinkle
161i 9482 629 5660 9.05] .000544 Failure

377 { 0114658 {192 11914 729 6920 9.58( .000665 First

| | ‘_ 5 ; wrinkle
i : 11941 12014 | 50 6980 9.501 .000671 | Failure
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TABLE III (Cont.)
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527

23

Remarks

algal

f z
360 |0.01191630

|

2
.0114658

|

|

.0111{676

'
.0119{630

|
.0111 676

|

i

.0114}658

E

| y
.Olll§676‘

i

307 |
t 215

245 |
i 217

13686
0 03 (10

12877
12939

1402

830

1082

862

1194

858

979
844

) 10.000342

.000452
.000082

. 000266
.000353

.000518
.000533

.000688
.00041€

.000740
.000568

.000688
.000700

.000916
.000800

.000885
.000866

Pirst
wrinkle
Failure

First
wrinizle
Failure

First

i wrinkle

Failure
First
wrinkle
Failure
First
wrinkle
Failure
First
wrinkle
Failure
Pirst
wrinkle
Failure
First
wrinizle
Failure
Fiwsy
wrinkle
Failure

! Failure
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logp it
T 0.8

Figure 3.-Side view of elliptic cylinders after failure in combined

transverse shear and bending. (Photographs show the tran-
sition from shear to bending failure as M/r'V varies from small to
large values).
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Fig. 4
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Fig. 8

5
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Figure 8. - Logarithmic plot of K, against radius/thicknes ratio (pure bending tests).
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Figure 9a.- Bending-stress diagrams for elliptic cylinders in com-
bined transverse shear and bending.
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Figure 9b.- Bending-stress diagrams for elliptic cylinders in com-
bined transverse shear and bending.
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Figure 9c.- Bending-stress diagrams for elliptic cylinders in com-
bined transverse shear and bending.
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Figure 9d.- Bending-stress diagrams for elliptic cylinders in com-

bined transverse shear and bending.
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Figure 10a.-Shearing-stress diagrams for elliptic cylinders in com-
bined transverse shear and bending.
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Figure 10b.-Shearing-stress diagrams for elliptic cylinders in com
bined transverse shear and bending .
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