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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

SOME INVESTIGATIONS OF THE GENERAL INSTABILITY
OF STIFFENED METAL CYLINDERS
vI - STIFFENED METAL CYLINDERS SUBJECTED TO
COMBINED BENDING AND TRANSVERSE SHEAR

Guggenheim Aeronautical Laboratory
California Institute of Technology

This is the sixth of a series of reports
covering an investigation of the general
instability problem by the California
Institute of Technology. The first five
reports of this series cover investiga-
tions of the general instability problem
under the loading conditions of pure bend-
ing and were prepared under the sponsor-
ship of the Civil Aeronautics Administra-
tion, This report and the succeeding re-=
ports of this series cover the work done
on other loading conditions under the
sponsorship of the National Advisory Com-
mittee for Aeronautics.

SUMM.RY

This report summarizes the work that has been
carried on in the PXpeilJcngml investigation of the
problem of general instability of stiffened metal cyl-

inders subjected to combined bending and transverse

shear at the C.I.Ts This part of the investigation in-
cludes tests on 55 sheet-covered specimens. Under a
loading of combined bending and transverse shear, the

failure of the specimens is characterized by two dig-
tinct types of rilure, namely, a bending or a shear
failure It has also been dete ned that the fail-

it
pecimens have not been influenced
yhe specimens.
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2 NACA Technical Note No., 910
INTRODUCTION

It 1s intended to give, in this report, a summary
of the experimental investigation of the general insta-
bility of stiffened metal cylinders subjected to com-
bined bending and transverse shear. The earlier work
~t C.IT,on the problem of general instability of stiffe-
metal cylinders has been reported in references

35 4t and b total of 55 sheet-covered speci-
has been tested to determine the effects of the
1ned loading of bending plus transverse shear and

etermine tnb influence of length on the failing
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INVESTIGATION OF LENGTH EFFX

!1J
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Inasmuch as all the pure bending specimens had a
length to diaméter ratio of 2,0, it was necessary to
determine whether the failing loads of these specimens
were influenced by the length., The purpose of this

i e

investigation was, therefore, to detarmine the length
to diameter ratio IL/D at which the foiling load Dbe-
comes independent of length.

y Eight specimens having L/D ratios of 1.2, 1.6, 2.0,
and 2.6 were tested, four in which the frame spacing was,
2,0 inches and four in which the spacing was 4,0 inches.
The spacing of the longitudinal and diameters was the same
for all specimens, 2,62 and 20 inches, respectively.

The curves of unit strein as a functior of the applied
bending moment are shown in figures 7 to 1l. The test pro-
cedure and method of strain measurements have been described
in detail in references 2 and 4,

The failing strain as a function of the L/D ratio is
shown in figure 2, It is seen that the specimens having an
L/D ratio of 2 and 2.5 failed at approximately the same
streain.. As- the L/D ratio dccreanos the failimg "atra
increases somewhat and at an L/D ‘ratio of 1.2 the lncrease
5

re

g 12.8nd. 25 peroent forithe 4— and 2-inch frame¢ spacings,
respectively. From these test results 1t can be concluded
that the failing loads of the pure bending specimens used
in the previous experiments were not influenced by the
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INVESTIGATION OF COMBINED BENDING AND SHEAR

Description of Testing Apparatus

The testing machine, as shown in figure 71, consists
essentially of four separate elements ~ the bed, the fixed
end plate, the movable %arriage, and the loading beam. The
bed 1s 1l2% feet long, 3% feet wide, and is constructed of
heavy I-beams, To one end is rigidly bolted:the fixed end
plates, The loading beam is a built-up box section 6 feet
long - although this can be extended by splicing on addi-
tional lengths. Bolted to one end is an end plate similar
to the fixed end plate. The loading beam is freely sus-
pended in a cage or carriage which itself ig free to move
along the bed. The beam is suspended from' two knife edges
at the top of the carriage and is balanced by counterweights.
With this arrangement the weight of the loading beam and
end plate will not be carried by the specimen, but will al-
ways Dbe Jjust balanced by the counterweights.

One end of the specimen is bolted to the fixed end
plate -~ the other to the end plate on the loading beam.
A vertical upload is then applied at any desired point
on the loading beam by means of a screw jack, The load
is indicated by a dial gage mounted on a dynamometer
which was previously calibrated in a 150,000-pound Tinius
Olsen testing machine.

Method of Strain Measurement

Resistance strain gages were used to measure the strain

ag
at desired points. ZEssentially, this method measures the
change in resistance of a wire element cemented to the speci-
men, The gages were calibrated by cementing a wire element
of known length to a test bar and measuring the change in

resistance for a known unit strain,

The gages were mounted on the neutral axis of the
stiffeners and were also mounted in pairs - one on each
side of the stiffener - so that the mean reading would be
unaffected by bending. The resistances were measured with
a Wheatstone bridge, the voltage being supplied by two dry
cells, The gages were cut in and out of the bridge circuit
through a mercury switch arrangement, thus avoiding large
contact resistances.
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During thé early.part of. the investigation, a 3-
inch~gage length was used. However, it was found that
this small gage length was apparently quite sensitive
to small local deformations. Also it seemcd probable
that the behavior of the gage was unduly influenced by
the conditions at the juncéture points whert the leads
were soldered. It was therefore decided to adopt a 16~
ineh-gage length, Although this gage did not permit
-measuring the strain at as many different points as the
3-inch 828, it yielded more congsistent regults.,

Test Procedure

The specimen was mounted in. the testing machine and
loading jack placed at the proper position to giwve
moment arm. The load was then applied in
rmments, the jack-dial reading and the strain-~gage

stances being recorded for each increment, 4lso, .
—all strain measurements were made at the top, bottom,
sides by means of dial gages. The over-all measure-
on the sides were useful in detecting loading eccen-
icitiess The behavior of the specimen was carefully
ted as the test progressed; initial and subsequent buck-
les were observed and their positions, extent, and corre-
~poq~ ing loads recorded.
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Combined Loadings
o

In the pure bending tests, the problem of determining
the maximum strain associated with the failing load was
relatively simple because of the uniform loading over .the
length of the specimen., However, when the test specimen
is shbdected to combined bending and transverse.shear the
bending ‘moment and the corresvonding strains vary owver the
length of the specimen. Hence,. the method of measuring,
over the specimen length, a2 maximum mean strain at faillure
and assigning this measured strain to the failing load can
no longer be appltied. Thevwvariabtion of strain and’ the end
conditions of the, specimen make it particularly difficult
to ‘associatbe a particular’ strainywithstie failins sl oads
The maximum moment océurs at the fixed end; however, this
maximum moment and the corresponding strain cannot:be con-
sidered as being a measure of the ultimate strength of the
cylinder because of thes fixed-end conditions.

There arc two possible methods of presenting the test

data. One method would be to measure the strain at a number
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of points along the length of the specimen, which could

then be presented as the existing strain condition along

the length of the specimen when failure occurred. Another -
method would be to measure the failing -strain at the point

at which the first buckle appears during the loading process
and to consider this to be indicative of the maximum strain

to which the specimen can be subjected before failure occurse

Both methods have certain disadvantages. The first docs
not lend itself readily to application in practical design.
It is customary, for maximum structural efficiency, to de-
sign a reinforced cylindrical structure in such a manner

to keep the stress nearly constant even though the bend-

as
ing moment is variable, This is usually accomplished through
the geometrical taper of the section and also by tapering
the effective bending material. 7For this reason, the de-

signer is mostly interested in a single value of the allow=
able stress or strain for calculating his margins of safety.
From this point of view the second method is preferable,
Eowever, the main objection here is that the via 1 dei b ot

4

associating the strain condition at a point with the fail-
ure of the cylinder may be questionable,

This latter method has also one other advantage; namely,
for the pure bending failure a parameter has been derived
which appears to be satisfactory. In determining the in-

‘fluence of the transverse shear on the maximum strain at

ave

» single value of the

failure, it is convenient to e
shear to compare with the

a
strain for combined bending and
strain value for pure bending.

In view of the above, the following method of presenta-
tion was adopted. It was found that the initial buckle or

buckles appeared over a relatively short range, being on the
average about 14 inches from the fixed end for the 32-inche
diameter cylinders and 10 inches for the 20-inch-diameter
cylinders. For this reason the strain at failure was cone
sidered to be the average of the strain measurements ob-

tained with the 3-inch-wire gage over a distance extending

from about 4 to 24 inches from the fixed end, or the strain
measurements of the l6-inch-wiré gage which extended from 6 ;

0

to 22 inches from the fixed end.

The type of failure in combined bending and shear differs .
particulariy in one respect from that of the pure bending
failure, For the combined loading thé failure is, in many
cases, gradual - that is, the buckles, although extending
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over several frames and longitudinals, slowly increase in

depth and size with increasing load until a sudden collapse §
ocecurs with a marked increase in depth and size of the -
buckle or buckles. In the case of the pure bending speci-

mens, the original cross-—sectional shape is closely main-— -
tained until fallure occurs - the failure being particularly .

violent and accompanied by large and deep buckles with as
much as a two-thirds drop in the applied load

From a visual observation of the failure, it appeared,

during the early part of the investigation, that 12 kALt
of a specimen was either of the -bending or the shear types
that is, the beginning of a failure was confined to either

region of maximum compression or a region of maxXximum
hear. The rather definite separation of the regions of
failure would indicate that whan a fallure occurred in
he compression region the failure would be nearly inde-
andent of the applicd shear and would depend primarily
on thez state of compression strain; whereas, when faillure
occurred in the region of maximum shear the failure would
be independent of the state of compression strain and
only depend on the applied sh '

g ct Fh 6]
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The above observatioans we

]

e borne out by the experi-

mental results. In figura 3 are plotted the ratios of
the compressive strain €/€¢; .as a function of VR/M for
bo h 16

a anumber of specimens of 6-inch and 10-inch radius.
9 ;

In these expressions,

maximum compressive sirain value {at the position

€

previously described) for the combined loading

conditioen . : v
€5 same strain value for pure bending
v applied shear
R radius of the specimen
M bending moment
Since M = VL, where L 1is the distance from the applied A
shear load to the point where the strain is measured, it
is seen that the ratio <VR/M is equivalent to R/L. This :
presentation is merely to indicate that when the failure
occurs in the compression ‘region the nmaximum: compressive
strain is -independent of the applied shear., ~For these -
specimens, the applied shear load varied from 503 to 1450
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pounds for the l6-inch-radius specimens and from 710 to
2310 pounds for the 10~inch specimens, The minimum moment
arm L was limited By the length of the specimen. :

In figure 4 are plotted ratios of e€efe, as a functionm
of V/Vo for one series of tests, where 7, is the shear
load which causes a pure shear failure and V 1is the shear
load corresponding to ¢ ' It 'is seen from this figure that
specimens 116 and 117 failed at the same shear load but
widely different values of ¢€(i. e.. beuding moment). The
photographs (fi SLT e Nand 76\ indicute that spedinmen A1
failed similtaneously by combined tending and che=r, where~
ag sspeielmen LR Sfgiled Sinisheznr. &t app these re-
sults that the interaction curve for this tygpe of loading
consisted essentially of two Perpendiecular stralgsht linegs
The photographs (figzs. 72 to 74) also show types of failure.,

The strains at failure, for the specimens which failed
by bending, have been compared with the parameter obtained
for the pure bending failures and are shown in figure 5,
The test values follow the same trend as the curve for the
pure bending failures; however, the experimental scatter
is somewhat greater than for the pure bending specimens.

It is felt that this scatter is 'primarily due to the follow-
ing:

(a) The accuracy of the strain measurements depends
on the reliability of the electric strain gages and an
accuracy greater than 5.0 percent is not' to be expected.

(b) Adopting a strain value at a constant distance
Trom the fixed end as being indicative of strain at fallure
also leads to some inaccuracies,

A number of curves showinz the variatidn of strain in
the longitudinal direction are shown in figures 67 to 69.
The distribution of normal stresses is shown for a number
of specimeng in fisures B84 ‘Lo 66, In table I the experi-
mental and computed data are given for each specimen. The
curves of strain against applied shear are shown in figures
12 to 63, The strain-gage position and the stringer number ;
is indicated in tabular form for each set of curves. The
method of numbering the stringers is indicated in figure 6.

In all specimens the longitudinal stringers were §;
and the frames Fs with the exception of specimens 126

end 127 in which the longitudinals were Sz and the frames
Fse The cross-sectional dimensions of the longitudinals
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and frames are shown in figure 1,° The variations of the
sectional parameters, p and I, for the longitudinal Sj
with a variation in effective width are shown in figure
740l

CONCULUSIOWS

The experimental results indicate that for ccmbined
bending snd transverse shear, the fallure is character-
ized by two distinect types of failure, namely, a bending
or a shear failure., If the failure is bending, the fall=
ing strain can be predicted with sufficient accuracy by
. moans of the pure bending parameter. However, it is still
necessary to determine o shear failure parameter in order
to ascertain when a bending or a shear failure will occur,
Because of the limitation imposed by the specimen length
on the maximum shear which could be applied, it was quite
difficult to obtain shear failures. In the combined bend-
ing and torsion experiments additional data on shear fail-
ures will be obtained which may be sufficient to lead to
a -suitable shear parameter.

Guggenheim Aeronautical Laboratory,
Oalifornia Institute of Technology,

Pasadena, Calif.,, Junhe 10, 19432
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TABLE I
Test| Long Frame Ultimate Momegt Strein . 4;%7 e . Type of
Spi:Z- Sﬁ;- Radius gggi:ed i;mf';xed Pai?ure 7/é—v_’ ~ py %}3 7///3;[;7}3 ;@ﬁé Failure
b d end. . .
75 | 5.08 8" 16" 1057# 128" . 00161 2.52 .1167 | .02335 .0119° 3390 2.95x10-4| Gen. In=-
: stability]
76 » Y " 1050 ° =136] .00153 it .1187 | .02335 L0115 3390 2,959 "
77 " " o 1450 g .001516 i .1167 | .02335 .0119 3390 2,95 " A f
78 TP n it 995 116 . 00151 n .1167 | .02335 .0119 33¢ 2,968 s >
79 1 29 i 2000 128 .00270 1,785 |.1172 | ,02836 | .0138 20'{07 4,83 g §
80 * & i) 1850 ° 107 .00211 ) .1170 | .02836 .0138 2070 483 M " ‘(3?
81 B @ g 2175 86 .00242 2t .1170 | .02836 .0138 |. 2070 4, 855D e >
82 . n n 2070 64 | .00189 " .1170 | .02838 .0138 2070 | 4.83 " y §
83 | 10.12 4 " 563 128 .00154 2.52 |.1117 | .02677 .0128 3150 3518z 2" - ;
84 " 2 " 825 128 00212 2.12 | .1129 | .02836 .0135 | 2510 | 3.98 " n m
85 n £ i 915 104 .00195 " .1127 | .02836 .0134 2556 REC) ] S
86 o " 4 915 80 00218 2 .1130 | .02836 .0135 2510 3.98 " E
87 n 3 C 929 66.5 .00213 Vi .1130 | .02836 .0135 2510 RO .
88 5.08 4 " 2115 80 .00216 - <1170 =50287% = 0132 2570 3,898 L
89 g n e 1910 86.5 .00187 D .1169 | .02677 [ .0132 2570 3,89 " 8
90 » 5y ) 1212 128 .00209 i SLT70: 202677 L0132 2670 | 5.89% " 2
2 J . 3 : _.

Kote: Sheet thickness for all specimens = ,0LO"




TABLE I (CONT'D)

Test| Long Freme Ultimate | Moment Strain 4 5 4] a4 2 Type of
Spac- | Spac-| Radius | Applied arm = at 7/ B 2r2) L |Failure
ing ing Shear to fixed | Failure 24 e “ 1P Ay /4/4,}5 A e
b d end.,
91 5.06" 4" 16" 1331# 116" .00194 2.12 .1169 | .02677 |.0132 2570 3.89x10-4| Gen. In-
stabilit
92 » 8 " 503 194 .00152 2.52 .1167 | .02335 |.0119 3390 2,95 ™ b
93 s R " 1353 74 .00135 s .1166 * .011¢ 3390 2.5 »
=
94 2.62 ! 10" 960 114 .00174 - - - - - = = |Panel in= =
stability =
95 G 2 " 1283 €8.4 . 00290 2.14 .1165 | ,02335 | ,0119 1800 5.56 " ' |Gemn. In- 3
i stability -
96 " 9 : 1711 65 . 00265 " .1166 . .0119 1800 5.56 " ® B
(=g
97 : ¥ % 2900 40.5 . 00207 - - - - - - Shear o
—
98 " g " 1310 113 . 00340 1.80 .11683 | .o02877 | .0132 1360 7.35 ™ |Gen. Ine =
stability e
99 " n » 1660 88, 4 .00330 i L1164 i .0132 1360 735" ot ®
- =
100 i -y . 2250 65 . 00270 - - - - - - Bending- o
. Sh
101 n n " 3300 40.5 . 00280 - - - - - - Sheer ,,“_.)
(@]
102 2.53 2 16 2480 137 . 00282 1.50 .1160 | .02836 | ,0137 1750 5.71 * |Gen. Ine
stability
103 o " " 2860 112.4 . 00277 o .1160 " .0137 1750 {Fl 5 ¥
104 Y " 4 4200 89 .00343 2 L1157 " .0137 1750 ST x
105 i 0 2 4500 65.1 .00218 - - - - - - Shear
106 2.62 - 10 1490 113 .00396 1.51 .1161 | .02836 | .0138 1090 9.17 " |Gen. Ine
stability
107 o A % 2760 65 . 00450 2 .1160 C .0137 1100 .10 " "
108 n & " 4270 40.5 .00398 4 L1161 % .0138 1090 9.17 " !
109 5.24 8 \ 450 113 .00186 2.54 .1162 | .02336 [ 0119 2130 4.69 " n =




TABLE I (CONT'D)

Test Is.ong grame o Hl tf{m ze Momen t St‘x;a in = 5 e oy 4 ;‘y.ptls of
p e v | ol b S |7 Lo g. TR S e P
b d end. ' 2

110 5.24" gt 10" 1470 40.5 .00242 2,54 .1166 .02335 <0119 2130 4,69x10-4| Gen. In=

stabili

I3 il 4 % 660 113 .00251 2.14 « 1170 | 02877 .0132 1620 il 4

112 e L 5 1780 40.5 .00290 . ¢ +1169 " .0132 1620 Ge X % i

113 .y a 4 930 88.4 .002865 ] .1169 " .0132 1620 6 kT =8 "

114 2,53 o 16" 1900 137 .00216 1,785 1} .1162 » .0132 2160 4,63 " 2

115 % "_ » 2010 112.4 .00194 " .1163 " .0132 2160 i TS ®

116 g = e 2400 89 .00217 " .1162 " .0132 2160 4,68 % %

117 ” a o 2450 65.3 .00136 - - - - - - Shear

118 5.24 2 10 710 113 . 00360 1.80 .1170 ! .02836 | .0138 1300 7.89 % Gen.In=

: stabilit

119 ® & ) 990 86.4 . 00364 L .1170 " .0138 1300 7,89 5% "

120 o 2 Lo 1460 65 .00353 o .1169 € .0138 13500 78002 o

1121 i : " 2310 40.5 .00374 ® s 1170 * . 0138 1300 7698 "

EI.ZZ 2.62 1 Y 1665 113 . 00525 ) A .1159 .02801 .0136 930 10,76 " 5

123 » n ] 2140 88.4 . 00492 & .1160 % .0136 930 10,75 2 H

124 + 5 2 3220 65 . 00481 iy .1160 L .0136 930 3 o)y "

125 3 i " 5280 40.5 .00479 o .1160 i .0136 930 10578 " . g

126 5.06 4 16 1600 109 .00207 2.12 .1150 02677 . 0131 2590 Se86 \J

127 " £ p 1940 89 . 00192 & .1150 » .0131 2590 3.86 "

128 x " " 1445 137 .00208 " .1150 " .0131 2590 3286 =2 "

129 " 7 " 2340 65 . 00205 T «1150 " .0131 2590 3:86' " ”
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Fig. 71

Test ing spperatus.
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Tig. 72 (Specimen no. 107)
Top view of specimen which failed in compression. All specimens

were loaded so that compression side was on top.

Fig., 73 (Specimen no. 107)

Side view of compression failure. Small buckles at gides appeared

at failure,
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Fig. 74 (Specimem no. 108)

Top view showing compreassion failure. At failure, buckles

extended slightly over the sides,

Fig, 75 (Specimen no. 116)

Failure Ogourred by simultaneous bending and shear, Note shear

buckles on gide and compressicn buckle on top.
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Fig., 76 (Specimen no., 117)
Top view of specimen which failed in sheer, Note absence of

compression buckles on top,

Fig. 77 (Specimen no. 117)

Side view of shear failure, Note that the shear buckles extend

into the tension zore,
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Fig. 78 (Specimen no. 119)
Compression failure, Note failure occurred over relatively

small region near fixed end,

Fiz. 79 (Specimen no, 121)

Campression failure,




