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STRENGTH TESTS OF THIN-WALLED DURALUMIN CYLINDERS IN
COMBINED TRANSVERSE SHEAR AND BENDING

By Eugene E. Lundquist
SUMIARY

This report is the fourth of a series presenting the
results of strength tests on thin-walled cylinders and
truncated cones of circular and elliptic section; it in-
cludes the résults obtained from combined shear and bend-
ing tests on 100 thin-walled duralumin cylinders of circu-
lar section with ends clamped to rigid bulkiheads. The
tests show that as the ratio of moment to shear varies
from small to large values the failure changes from a
shear to a bending type. In the report a chart is pre-
sented that shows the corresponding changes in strength.

INTRODUCTION

As part of an investigation of the strength of
stressed-skin structures for aircraft, the National Advi-
sory Committee for Aerounautics in cooperation with the
Army Air Corps; the Bureau of Aeronautics, Navy Depart-
ment; the National Eureau of Standards; and the Bureau of
Air Commerce has made an extensive series of tests on
thin—-welled duralumin cylinders and truncated cones of
circular and elliptic section. In these tests the abso-
lute and relative dimensions of the specimens were varied
to study the types of failure and to establish useful
quantitative data in the following loading conditions:
torsion, compression, bending, and combined loading.

The first three reports of this series (references 1,
2, and 3) present the results obtained in the torsion, the
compression, and the pure-bending tests of cylinders of
circular section., This report presents the results ob-
tained in tests of cylinders of circular section in com-
bined transverse shear and bending.
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LATERTATS

The duraluwin (Al. Co. of Am, 17ST) used in these
tests was obtained from the manufacturer in sheet form
with nominal thicknegsses of 0,011, 0,016, and 0.022 iach.
The properties of this material as determined by ‘tae
National Bureau of Standards from specimens selected at
random are given in references 1 and 2. Since all tae
test cylinders failed by elastic buckling of the walls at
stresscs considerably below the yield-point stress, tae
modulus of elasticity E, which was substantially con-
stant for all shecet thicknesses, is the only important
property of the material that aecd be consgidercds Hor
all eylinders an avérage valne of B (10.4 MERTIOIS pounds
per sguare inch) was used in tho analysis of the results.

SPECIMENS

The test specimens were right circular eylinders of
76D~ and 15,0=inch radii with Ilengths rangimsdfrom 8¢7D
to 15.0 inches. The cylinders were construeted in the
following manner. A duralumin sheet was first cut to the
dimensions of the developed surface. The sheet was then
wrapoed about and clamped to ead bulkheads. (See figs.

1 to 4, inclusive.) With the cylinder thus assembdled, a
butt strap 1 inch wide and of the same thickness as the
sheet was fitted, drilled, and volted in place to close
the scam. In the asserbly of the specimen care was taken
to avoid having eithér a looseness of the skin (soft

g) or wrinkles in the walls when finally ‘constructed.

Thie end bullkheads, to which the loads were applied,
were each constructed of two steel plates one-guarter
inch thick scparated by a plywood core 1-1/2 inches thick
for the bulkheads of 7.5-inch radius and 3-1/2 inches
thick for the bulkheads of 15.0~inch radius. These parts
were bolted together and turned to the specified outside
diameter, Steel bands approximately one-guarter inch
thick were used to clamp the duralumin sheet to the bdulk-
heads. These bands were bored to the same diameter as
the bulkheads.
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APPARATUS AND UIiETHOD

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

A photograph of the loading apparatus used in the
tests is shown in figure ls Different ratios of moment
to shear were obtained by placing the jack at different
distances from the column. In this way it was possible
to study the transition from failure by shear at small
ratios to failure by bending at large ratios of moment to
shear. In all cases the cylinder when mounted for tests
nad the seam and butt strap located on the extreme-~tension
fiber. Loads were applied by the jack in increments of
about 1 percent of the estimated load at failure.

DISCUSSION .OF RESULTS

As far as is known there is no theoretical treatment
of the stability of the walls of a thin-walled cylinder
‘in combined transverse shear and beanding. Consequently,
as an aid to the interpretation of the results of the.
tests herein considered, some of the important factors
will be discussed. - T

From purely physical considerations it is clear that
the magnitude of the shear V and the moment M relative
to the size of the cylinder should be considered in the
analysis of the test results. Consequently, V, li, and r
(wvhere r 1is the radius of the cylinder) have been com-
H_ that is dicisicrap=

M_

tive of the loading condition. Physically, the term =7

bined to form a nondimensional term

is the distance from the section under investigation to
the resultant shear force in terms of the radius of the
eylinders | [Ses fige 5:)

ity
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If it is assumed that the ordinary beam theory applies,
as was done in the &@nalysis of the results of the pure-
bending tests on thin-walled cylinders (reference 3), it
follows that before buckling occurs the compressive stress
on the extreme fiber and the shearing stress at the neu-
tral axis are, respectively

o S R
; ' X \id
and if : E = o {2)

In these egrations t 1s the thickness of the eylindewr
Tl ; .

If equation (1) is divided by equation (2) the fol-
lowing relation is obtained: ’
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Thus, @& particular value. of == 1s desceipliye of & Gded=
5 1E

inite gstress condition as well as a definite loading con-
dition in the same manner that torsion, compression, arnd
pure bending are descriptive of definite stress condi-
tions, and hence definite loading conditions. In the anal-
ysis of the results of the tests, the variatioan of the
bonding“streésrat f°11ure with. ﬁ_' is-.studied fer each of

the_*ollOW1zg groubc of C’llPde*o teéted. (For the tabu
lated aatu,.oee tables, & M“d II. )

T e P . e
| i , l Nox inal sheet
Group. .| i lg.ip/r- i“ =/ thickness
inches : Tneih)
B TS 1.0 323 - 366 0082
2 Tet 1u C 452 - 490 "0 D L6
g - 7.5 a5 b 5 586 =. 870 il
4 - 7.5 ¥ ol 625 - 654 Rt
5 el 240 | -+ 581 -~ 688 SOL1
6 15,0 140 647 - 746 =D 2e
7 15,0 1o 932 - 980 AL G
8 150 T 1293 ~ 1455 J11




N.A.CoAT "Mechniecal Note Nok 525 5

From figure 2 it will be noted that failure always
occurs over an area of the cylinder and not at some par-
ticular station between transverse bulkheads. It will bDe
further noted from figure 5 that the bending stress varies

linearly between bulkheads., Thus, instead of pleotting the
M

bending stress at failure against ?f as calcullated at

only one station, it is desirable to plot these values for
all stations along the length of the cylinder. . Thig meil=

. s |
od amounts to plotting +the bending-stress diagram with %V
as the abscissa scale.

On figure 6 are plotted bending-stress diagrams for
cach test cylinder with ordinates of stress f3 divided

by the modulus of elasticity. An inspection of this fig-
ure, together with the photographs of the types of failure
(figs. 2, 3, 2nd 4), reoveals a transition from a shear

tyiple fof  failnnefiat femailliSvailine sSHof o to a beanding type
of failure at large values of %f' In the following dis-
cussion separate consideration will be given to bending
failure, shear failure, and the ftransgition Trom bending

toMahear failiare.

Bending failure (large values of %f .~ At large val-

ues of failure occurs by a sudden collapse of the

M
rV
outermost compression fibers in the same manner as in the
pure—~bending tests reported in reference 3. (Bee Lizss 2
and 4.) It is therefore reasonable to suppose that at
these values the bending strength of a thin-walled cylin-
der should approach the strength of a cylinder of the same

dimensions in pure bending.

For comparison of thé present results with the re-
sults of the pure-~bending tests reported in reference 3,
lines a and b have been drawn on figure 6 represent-
ing the upper and lower limits of the strength in pure
bending, These limiting values represent tie dispersion
of the results of the pure-bending tests and were obtained
flor' eylinders of theravsrage radius/thickness ratio in
each group by interpolation of the results plotted in fig-
ure 5 of reference 3.
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Upon reference to figure 6 -it will be noted that, in

general, the bending—stress diagrams plot between lines
' ; M g o s

2 and b At ancenyailiies o f 7 " Since .slight imper-.
fections in the cylinders cause wide variations in the
bending strength (reference 3), the few diagrams that plot
outside the band established dy lines a- and” b probadbly
represent cylinders .in which the imperfections were great-
er or less than those of the cylinders tested in purc bend-

inc,

54
Shear failure (small values of %v).~ At small values

of %f' failure occurs in shear by the formation of diago-
nal shear wrinkles on, K the sides of the cylinders. (See
figss 2 and 3.) It -is therefore reasobnable to suppose
that at these values the shear streangth of a thin-walled
cylinder should be closely related to the strength of a
cylinder of the samc dimensions in torsion (pure shear).

For comparison of the present results with the re-
gsults of the torsion tests reported in reference 1, lines
¢ and ‘d have been drawn on figure 6 representing ‘the
probable upper and lower limits for shear failure. . Theso
lines were obtained by plotting the equation

B S "
Dt e S M_ ~ (2)
' B i

td|

Tquation (4) is obtained from equation (3) by trans-
posing terms, dividing by B, and substituting Sy for
fv, where Sé “is ‘the shearing stress at Bailure flox a
thin~walled cylinder of the same dimensions in torsion

£y
(pure shear, reference 1 or 4)., Thus, the value of -— as

2
given by equatior (4) is the critical compressive strain
on--the extreme fiber when failure occurs in shear, provids=
ed that the shearing stress at the neutral axis whean fail-
ure occurs is the same as the shearing stress at failurse
for a eylinder of the same dimensiong int tersion,  The
lines ¢ .and d for shear failure du figwrs 6 ero shown
for the two values of Sy calculated as outlined in ref-

erence 1 for the largest and smallest radius/thickness
ratlo for each group of cylinderss
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Inspection of figure 6 shows that in some cases the

s . M
bending—stress diagrams at very low values of o oT-
responding to shear failure, plot above lines ¢ and d.
This fact 1ndicates that the transverse shearing stress
on the neutral axis at failure is higher than the shear-
ing stress at failure in torsion. In order to obtain the
quantitative relation existing between the two values,
f 1

gl is plotted against &f in figure 7 for cach of the

-~ r

S £

tests. It dis seen then that as I'—II‘—1_--~—->O the rTatio EE
¥ Yy s

approdaches a value between 1.20 and 1.38. Thus, if Sy
is thel shearing stress on the mentral tazis afb faslurelan
pure transverse shear and Sy 1is the shearing stress at

failure for a cylinder of the same dimensions 1in torsion,

Sy and S, may be related by the following approximate

equation
Sy = 1.25 8¢ {5)

Transition from shear to bending failure (intermedi~
M.

% rV
6 and figures 2, 3, and 4 that the transition from shear
to bending failure is not always as abrupt as the inter-
section of #lines - a 'and b with limes’ ‘e "Srdiaed mishG

Indicare. Af theiintermediate walues of %V the transi-

ate values of e~ It can be seen by reference to figure

tion from failure by shear to failure by bending is accom-
panied by a slight reduction in strength. (See groups 3,
4, and 5 of fig. 6 in particular.) The following discus~
sion is offered as a possible explanation of the trangi-
tion.

Waen an elastic body.is subjected to one type of load-
ing such as torgion, pure bending, compression, or any
other loading, it has in general a definite resistance to
that loading at which elastic failure occurs andithis re-
sistance is ordinarily diffecrent for each type of loading.
If such a body should be subjected to two or more differ-
ent types of loading simultaneously, it cannot offer as
great a resistance to cither type of loading as if that
type of loading were acting alone. Ian such a case the
following avproximation may te uscd:



[ee]
e
:,./
(@}
k)
4
o
Q
o
5
H
Q
l"_\_)
=
=
]
ct
(&)
s
(@]
L
(o)}
o
&

”‘-r.....gl: — (8)

whene S 8, B5o8, e ateatiiale S are tle critical stress values

n
for different types of loading acting alone on the Dbody,
and £, £, eeenve £, are the allowable stmeas values

for those same types of loading when acting simultaneous- |
137 e i

Since a cylinder under combined transverse shear and
bendirg has varying stress conditions around its periph-
ery, the application of equation (6) is made in the fol-
lowing maunner. The bvending stress at any point 6 de~
grees above the neutral axis is

PRNE AT T (7)

far = l; b 2° ons Bt ¥ pof (8)

[AV)

et
=
H
o

It is very probable that certain elements of the cyl-
inder reach a critical state of stress before others and
that these latter then take a greater proportional share
o deethieibilio s dr, It is assumed, however, that collapse of the
cylinder occurs whea all elements have reached such stress
conditions that for some fiber the following equation
holds

S Pl (o)

Because of the variation of stress around the periph-
ery

L g LR = qF = R ) (10)

The location in the cylinder of the element 6, for which

s a maximum is obtained by setting the derivative
gual to zero., Thus, subgtitution of the ¥Welnes far . f.
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and . fy given by equations (7) and (8) in equation (10)
glves :

vy M sin 6 - V cos B (11)

T 2° 5 Sy " MErnpals

and the derivative is

gg M cos 6 V sin 06

V
af . naaPtis nizvaie
from which
M S
0., = i e (12
- Beatile= \ 32
Failure is assumed to occur when: Ui='1 for the el-
ement 9m degrees from the neutral axis on the compres-
sion side of the cylinder. With these substitutions,
eguation (11) becomes
M sin € ¥ cok .8 '
1 = ———T + z (13)
m T LSTH m rt Sy
The solution of this equation for M and V, remembering
that
M Sv
t = —— =
s V. 8%
gilves
W = m r® s win B (14)
Ve m ptiEy mos O (15)

The strength of a cylinder in pure bending and pure
transverse shear is, respectively

¥ o= ar 22 8y (186)

Il

v T (17)

Since sin 6y and cos B, can never exceed unity, equa-
tions (14) and (15) show that the p resence of shear re-
duces the bending strength and, couversely, that the pres-

D
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ence of bending reduces the .strength in”shear, 'Because
equations (14) and (15) are related, both having been de~
r1Ved from equation (12), ‘only one of them need be used
to -measure the strength of a cy11nder in comolned trans~—
verse shear and bendinge. :

In order to show the effect of shear wupon: bending in.
the most effective manner, it is desirable to express the
strength of a cylinder under combined transverse shear
and bending as é Dercentage ofusl Fpdonz strenguh in pure bend-
ing. The curves of figure 8, derived from equations (14)
and (16), show this relation as a function of the ratios
1 S'b i e i

;{f- and é‘;.

N

In figure 6 the full=~éurvéd lines were obtained from
Sp

flgure 8,.using in 'one-case:the value (Gj0ict g—' correspcnd—
v

ing to 11 '.a' and Jc} ard .in tne other case the value
S_b 3 PR, v 5 = i ;

(o3 a2 corresponding to lines b and-‘d. An-lnspectlon-
v

of the figures indicates that .these two curves represent

quite well the ;1m1ts of ﬁhé §xpgrimental data plotted.

: Ip ordev %o use the curves. of figure 8 in design, it
- . e
1S Aecessary o Vnow the loa d11g COﬂdlulOP i gnd Sonne

able to predict the "alues Qf Sy and Sy Tor the cylin-

der. If these three qua 1tities are known, the maximum al-
lowable moment and/or stress on the extromo fiber can be
read from the cnart as a percentage of that for pure Dbend-
inge. The strength in  shear thon need not be investigated
becanse its effect has been taken into account by a re-
duced bending strengthe.

When checVirv t%e strength of any section between ad-

)
J nt bulx eais, the lar ost value of %f Tn sthatigecs
tion should be used to enter tho chart of icurel 8¢  This
procedure tends toward conservatism and is certainly justi-

fiod by the wide scattering of the tcst datas.

V;lgglg «~ In the preceding paragraphs it has been
shown that:the strength . of a thin-walled cylinder in com-
pined transverse shear and bending can be correlated with

the strength of 'a cylinder of the same dimensions in tor-
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sion and pure bending, depending upon whether %f dig i
small or large, respectively. It would therefore appear
that the size of the shear wrinkles that form on the :
sides of the cylinder and the bending wrinkles that form
near the extreme fiber on the compression half of the
cylinder would be the same size, respectively, as the
wrinkles for torsion and pure bendings. Consequently, ex-—
perimental values of Xk, as defined by the equation

where )\, is the wave length of a wrinkle in the direc-

tion of the circumference, are compared with the corre-
sponding values of Xk for torsion and pure bending. From
table II, where ‘the comparison is made, it will be noted .
that wvalues of Xk . as .calculated for.the shear and bend-
ing wrinkles compare very well with those tabulaced for
cylinders of correspoading dimensions in torsion and

pure bending, reéspectively. ;

CONCLUSIONS

: : . . .

I Bor larege walues of £€ failure bcocurred in bend-
ing by a sudden collapse of the compression half of the
cylinder., The stress on the extreme .-fiber as calculated
by the ordinary beam theory and the size of the wrinkles
that formed were both equal to their respective values for
a cylinder of the same dimensions ian pure bending.,

o) )i§ 2 g

cs Hoxp small wvalues of T failure occurred invsheamr

7

by the formation of diagonal wrinkles on the side of the
cylinder, The size and form of the wrinkles EtEfailure
were the same as those that occurred at failure for a eyl-
inder of the same dimensions in torsiom (pure ghoar}s &g
w approached zero, the shearing stress on the neutral

rV
axis at failure as calculated by the ordinary beam theory

was approximately 1l.25 times the allowable shearing stress
in Gtorsions

3e At Intermediate walues of ﬁf there was a transi-—
T

tion from failure by bending bto failure by shear FThat was




2 H.kaCA, Technical Note No. 9523

accompanied by a reduction in strength. For use in calcu~
lating the strength of thin-walled cylinders in combined
transverse shear and bending, 'a chart is presented that
allows for this reduction in strength,

Langley Nemorlal Aeronautical Laboratory,
National Advisory Committee for Aeronautics
liangley Field, Va.,, March 4, 1935,
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RESULTS OF COMBINED TRANSVERSE SHEAR AND BENDING TESTS

<

= 10.4 X 10° 1b. per‘ sg.inm.
taken at bulkhead supported on column.

A8

Tabulated values of fy,

(Sel fig. Tu)

Group 1 i fa8 n, 1 /r= 1.0
T \:{ -z o0a 77 f
s§§ ? : t % Vv M fv fb _I-L\:r- Eb Remarks
in. { 1b.|1b.-in.|1b.[sq.in.|1b.feg.in.
177 [0.02321323|3593; 27400 6580 6630 1.02 10.000643 | Failure
183 .02091359:2663] 40080 5410 10860 2.01| .001045! First
wrinlkle
2688 40480 54€0 10960 2.01| .001054; Failure
188 .0210|35712413| 464S0 4380 12530 {2.57| .001205| Failure
184 .0209|359|1753| 40540 3560 10280 309N 001056 | s ilare
187 .0208(361{2488| €3C10 5080 17330 3.41| .001666] Failure
2 .02101357(1978{ 50860 4000 13710 3. 45 NE01 318 BHagilnre
1Lfel] .0205!366[1268{ 40070 2620 11060 4.21! .0C1063| Failure
1€6 .0208(361|1508| 55020 30€0 14990 4.87j .“01441|Failure
190 .0207{362|1138] 42170 2320 11520 4,94} .001107( Failure
191 020713 621 993 E b7 7 70 2030 15780 7.761 .001514! F~ilure
Group 2 T="ES5 s ne /
Roe r M F
Sﬁg?' t EE M 7 8 fy ;ﬁ%‘ {éi Remarks
in. Ib.i1b.~in. | 1b./egsin, |10, /Rg.10:
176 L0166 (4521413 | 10520 3615 3580 40.29]0.000370| First
wrinkle
723 1 12920 4410 4400 1.00| .000423% | Failure
175 0156(481|1533! 11450 4130 4150 1.00! .000392{( First
wrinkle
15981 11910 4330 4320 1.00| .000415| Failure
161 .0164(457(1378| 20830 3570 7180 2.02| .000690| First
wrinkle
1398 21130 3620 7054210] 2.02! .000701| Failure
178 .01571478{1033 | 16270 2790 5850 2.10! .000562| First
wrinkle
1103 | 17330 29280 €230 2.09| .000598| Failure
182 .01591472{1148| 22140 3060 7880 2.57| .000758| Failure
180 .0157]1478]1128| 24910 3C50 8970 2.94| .000862| Failure
179 .0153490| 708! 23270 15360 85€0 4,38| .000825! Failure
TS .0155|484| 381 25060 1045 9150 g.78| .000879| Failure
174 .01571478 276’ 12250 734 6925 9.40! .000666| ¥ailure
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TABLE I (Cont.)

Group 3 ri= S, 1/r = 0.5
: ’ | ) £
g B Ll v u £, fp, | % | > |Remarks
ikl 1b,.|1lb.-in. 1b./3q.in. lb./5q.in.
111 [0.0121;620| 843| 5360 2960 2510 0.85[0.000241] Pirst
wrinkle
1143! 7310 4010 | 3420 .85| .000329|Failure
e BT IE52] €63 7260 2445 3580 1.46| .000344| First
wrinlzle
92810100 3425 | 4970 1.45| .000473|Failure
IR E 2570 | BAS | 9H 31.95 4905 1,54 | .000472| First
wrinkle
£05/10400 3430 5250 1.53 1 .000506Hailure
114 | .0117|641| 568| 8800 2060 4250 2.07 | .000409|( Pirst
wrinkle
653|10040 2365 4850 2.05| .0004586|Failure
110 FTQI20 6251 70810780 2480 5080 2.05 .000489] "First
: wrinkle
753 | 11500 2660 5420 2.04 | ,000521| Failure
1E8E RGO 6 ORS8RI 0 2100 4330 2.06 | .000416{ First -
wrinkle
688(10550 2460 5020 2.04 | .000483| Failure
ESIR 0L 5665 BB 500 2e30 5750 2.04 | .000553| Failure
113 | .0116 646/ 65810130 2410 4940 2.05 | .000475| Failure
107 | .0118(635| 66813030 2200 6230 2.60 | .000601| First
wrinkle
738114290 2659 6340 2.58 | .000657|Failure
104 | .0114|658| 488| 9790 1815 4850 2.67 | .000466| First
wrinlkle
62812310 2336 6090 2.61 | .000586|Failure
77 101141658 | 663 [1314 2465 5500 2.64 | .000625| First
lwrirkle
678 13420 2520 6640 2.64 | .000538| Failure
1O 0116 646 566 HL.E 580 2060 6500 2.20 | .000834Failure
94 { .C128 (586 | 51318460 1700 8160 4,80 | .000786|Failure
97 |°.0l21 {620 | 413115360 1450 7180 4,96 | ,000690|Failure
105 | .0116 |646 | 3581365 15160 6560 5.09 | .000640!Failure
95 | - OEL9NBZ0 (S AL3HT79S0 1475 8570 5.81 | .000824|Failure
101 | .0116|646 | 33815670 L2357 7640 6.18 | .000734{Failure
96 4N 0201625 L S18IIEE050 525 7100 6.3l | .000682{Fgilure
103 | .0120|h25| 308 |14740 1090 6950 6.38 | .000668|Failure
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Group 4 Fis Teb dbs 1/r =1.0
i o v £ £1 i fo  |Remarks
No. i : v ¢ % = emarks
Bl
in. | 1b.|{1b.~in. {1b./sg.in. |1b./sq.in.
15 {0.0110| 682! 579| 4570 2235 2355 1.05/0.000226! First
' wrinkle
696] 5570 2690 2870 1.07| .00027€|Failure x
g5 | .0114] 658|529 4150 1975 2055 1.05| .000197| First
wrinkle
722| 5750 2680 2870 1.07| .000276|Failure
11 { .0111|675(586 7130 2240 2640 1.62( .000350| First
wrinkle
666! €070 2540 4120 1.62| .COC396|Failure
e? | .0110| 82| 474! 5810 1830 2980 1.63| .000287| First
| wrinkle
1599 7370 2310 2780 1.64| .0C0363 |Failure
83 | .0115|652|544] 6680 2010 2290 1.64| .0C0316| First
wrinkle
€09| 7490 2245 3690 1.64| .00C355|Failure
el | .0115|652{519| €920 1915 4390 2.29( .000422| First
I lv-:rinkle
~~581] - 9940 2145 4900 2.28] .000471|Failure
12 | .01124669|475| €340 1800 4210 2.34| .000405| First
“ 4 wrinkle
1575 10010 2180 5050 2.321 .000485!Failure
75 | .0113)663|474] 9070 1780 4535 2.55| .000436| First
o wrinkle
504| 9610 ° 1895 4805 2.54! .000462 |Failure
31 | .0111l675;472| 9225 1810 4710 2.61| .000453|Failure
74 | .0114!658{388( 8800 1440 4350 | 3.02| .000418| First
! wrinkle
458| 10240 1700 5070 2.96| .000487|Failure
73 | .0112|669|453| 10140 1715 5120 2.98| .000492 |Failure
13 | .01068|694!395| 9280 1550 4860 3.13 | .000467| First
1 wrinkle
400{ 9380 1570 4910 3.13 | .000472Failure
92 | .0114!658(433| 11950 1610 5920 3.68| .000569! Failure
91 | .0112{6€21393| 10970 1490 5540 3.72 | .000333| Failure
89 | .0112(6691328| 9390 1245 4740 3.81| .000456| Failure
72 | .0116|64€!378| 13330 1385 €500 4,70 | .0COE25| Failure .
71 | .0117|641)378| 12330 1370 6440 4.70 | .000619|Failure
16 | .0110!682i375| 13350 1450 6820 4.75 | .000661|Failure
69 | .011S (6301308 | 15770 1095 7470 6.83 | .000722|Failure
7| .0119|630(298| 1542C 1060 7310 6.90 | .000706|Failure
14 | .0108(694!186| 11870 o M T - 1 T 8.48 | .000595| Failure
112 | .0120{625(157! 15090 556 I 710 12.€3 | .000684|Failure
93 ol 652i152 147%0 560 7280 13.00 | .00C700!| Failure
37 | .c11el635]126| 13500 453 6480 14.28 | .000620| Failure
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TABLE I (Cont.)
Group £ = PB ins Lir =020
Spec. " T i TR fy
Hd G T v M Ty Ty i il Remarks
8 1b.|1b.-in.|1b./sq.in.|1b./sq.in.

65 0.0114;658 | 314| 3170 1170 1576 1.25105066 5 First
wrinkle

506 5570 1880 2770 1.47| .0C0265 | Failure

17 .01111 676 | 410 4590 1570 2340 1.49] .000225 Tirst
wrinkle

510 5890 1950 3010 .54| .000289 | Failure

100 .0115| 652 | 463 6790 710 2350 .96 .000322 First
wrinkle

503 7400 18€0 3650 .96! .000351 | Failure

18 .0111| 675 | 455 6640 1740 3390 gs5i .00032 First
wrinkle

510 74.80 1950 3820 .96 .000367 | Failure

29 .0113! 664 | 5371 11560 2020 5780 87| .Q00556 | Failure
67 .0120| 25 | 479 10350 1695 4880 .88] .00046° First
wrinkle

451 | 10610 1740 5010 2.88 .00048l | Failure

19 <0110/1682[12895 8590 1525 4430 2.90; .000426 mitrst
wrinkle

410 8200 1580 2580 2.90] .C00440 | Failure

99 .0120| 625 | 444} 11570 18570 5460 3.471 000525 First
wrinkle

469} 12195 1660 5750 3.46] .000553 | Pailure

98 .0120} 625 | 419{ 10950 14€0 5160 3.49( .00049¢€ First
wrinkle

464 12070 1640 5690 3.47| .000547 | Failure

64 .0116] 646 | 361| 11890 1820 5800 4 ;391 L0005 |LFal lure
20 .0116] 647 | 3851 12690 1405 6120 4.,40| .000895 | Failure
66 Q1291 581:"509|LEEI 50 18675 7440 4,44 ,000714 | Pailure
65 .0114{ 658 | 229 740 1080 4250 4.49| .CQO04A3 | Failure
A3 .0111] 675 | 249 12400 954 €330 6.64 .0C71508 | Failure
2l .0109} 688 | 280| 12990 1010 €730 .65 .000646 | Tailure
€2 L0117 641 | 220 14360 797 6940 8270 080667 | Eallure
61 .0117! 641 | 210| 1394C 760 6740 3.86| .00u647 | Failure
22 .0114{ €58 | 2051 13870 765 6800 9.02| .C0066C | Failure
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TABLE I (Cont.)

Group 6 T A5 i, blF F 2D
Spec. s T
No. t : v M £ i = z Remarks
in. i el b i 1b./Sq.in. 1b./Sq.in.
224 [0.0206] 7282315 236550 2386 2510 1.05(0,000241|Failure
28 022116792575 | 63000 2280 339 1.49( .000326|Failure
228 .0224|670(2145; 66800 2030 4220 2.08| .000406|Failure
226 .0213] 7041885 59000 1880 8920 2,09 .000377{Failure
225 .0201| 74611185 57200 1250 4020 3.22| .000387|Failure
227 .0231649(1485| 73100 1865 4470 3.28| .000430(Failure
Group 7 r = 15%hn; be =10
Spec. i I 5 M jg
4. t t v M fy 5 = 3 Remarks
in. 1b.[1b.-in.|1b./sq.in.|1b./sq.in,
218 |0.0155]| 968] 1065| 16630 1457 1518 1.04]0.000146| First
wrinkle
116518120 1595 16556 1.04| .000159|Failure -
222 | .0153]980| 825|18890 1145 1747 1.53| .000168) First -
. wrinkle
1010( 22970 1400 2125 1.52| .000204 |Failure
2L 9SO L6 IOZ2 1 0861970 1300 2310 2.16{ .000270 Failure
220 | .0161|932|{ 765|30870 1008 2710 2.69| .000261 (Failure
2L (SSONGHN 98 BISEERS [ 507 O 770 2700 3.51} .000250 [Failure
221 (N 01581949 B525]| 50850 705 2760 3.92| .000265|Failure
Group 8 ¥ = 1B tal Ve duo
Spec. r M n ;
§§. t 5 v M i fy %v- T Remerks
in, 1b. [1b.-in.|1b./sq.in.|1b./sq.in.
209 10,010311455{405{ 6800 834 932 1.1210.0000896| Failure
214 .0111 113521316 110210 602 1300 2.6 10001258 i ot
wrinkle
425113190 812 1680 2.07| .000161 |Failure
210 .0116 (129348516890 387 2050 2.32¢ ,000198 |Failure
213 .0106{1415|335|14300 372 1945 2.90| .000187 |Failure
212 .0110}1364|305|1.5100 588 i 1540 3.30| .000187 |Failure
211 .0110(1364(275|16200 520 2172 4,10| .000209 |Failure
216 .0103|1455}125]13225 257 1815 7,06 000175 |Railure
il .0105|1428(105|12330 212 1660 7.83' .000160 |Failure

fr s cais
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COMPARISON OF EXPERIMENTAL VALUES OF

(Values of

o
B

TABLE II

i

FOR BEWDING,

TORSION,

AND COMBINED TRANSVERSE SHEAR AKD BENDING TESTS

for torsion tests obtained from fig. 7 of reference 1.
Values of k for pure bending tests obtained from table I of reference 3.)
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T
o 13:.— e
Hson O s
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15,0510

e 0011 (inl)
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pIre——

A

Figure l.- lLoading apparatus used in cbm‘bined transverse shear and

bending tests,
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u -
77 = —0.53 to 1.47

‘;f— = 4.64 to 6.64 l-r‘— = 6.85 to 8.85

Figure 2.- Side view of circular oylinders after failure in combined
transverse shear and bending tests, cylinders of group 5
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r = 15.0 in.;
Figure

’

= 3.00; £ = 346 1= 15.0 in.; %- 2.00;

L=0.70; £=980 r=15.0in; %- 0.50;
4,- Cylinders after failure in pure bending
(fig. 3, reference 3).

Fig. 4
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Figure 6b.~ Bending-stress diagrams for. circular cylinders in com-
bined transverse shear and bending.
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Figure 6¢c.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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Figure 8d.- Bending-stress diagrams for circular cylinders in com-
bined transverse shear and bending.
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