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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 951

TESTS ON THIN-WALLED CELLULOID CYLINDERS TO DETERMINE THE
INTERACTION CURVES UNDER COMBINED BENDING, . TORSION,
AND COMPRESSION OR TENSION LOADS

By Elmer F. Bruhn
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The report on this research project is divided into two
parts. Part I presents the results of preliminary tests to
determine the modulus of elasticity of celluloid sheet; the
effect of temperature change on the valuc of the modulus of
alfagtlcibty: the crelp of celluloid sheet under stress as a
function of time; and finally the effect of repeated bduckling
fallurecs on the original buckling strength of celluloid ecyl-
inders.

report givos thc results of tests on a

£ thin-walled, circular celluloid cylin-

hs, diameuer , and wall thicknesses when
oducing pure compression, pure bending,
cparately and in combination and of suc
Bgdilyre of theseylinders.

Ultimate strength interaction equations based on the
tlelgty results are given for circular cylinders subjected ‘to
combined compression and purc bending, combined compression
and puro torsion, combined pure bending and purc torsion, and
finally, to combined compression, bending, and torsion.

Edhlteduresults are given:for thée celluloid cylinders
subjected to combined tension and pure bending, combined ten-
siiforiand - pur torsion, and finally to combined tension, bend-

n
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INTRODUCTION

The modern airplane body is essentially a thin-walled
sme body designs, all longitudinal skin stiffen-
are removed or only three longi&udinal skin stiffeners
thus the thin ghell becomes the major structural
unit in resisting the apﬂlied ux+prnal loads. In general,
the airplane bcdy is subjected to external forces which will
produce compressive, bending, and twisting stresses in the
biodywagtructure.

Very little test information is available at presseat on
the ultimate strength of thin-walled metal cylinders under
combined lcads, particularly so if compression, bending, and
twisting loads are acting simultaneously. Cne reason for
the lack of this information is duse, no doubt, to the great
cost and amount of time to carry out a CUmnlgte test program
on full-sige metal cylinders., The purpose of this research
project was to determine whether the testing of inexpensive
small cylinders fabricated from thin celluloid sheet would
give valuable reliable data for determining the ultimate
strength interaction relationships for circular thin-walled
cylinders when subjected to combinations of compressive,
bending, and twisting loads,
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g ﬁb*nined 1o thisa prioje
e desizn informabtion can
d cylluders with compara-

time and money.
The funds for thie research projsct were supplicd by
the Naticnal Advisory Committee for Aeronautics. The projoct
rdsedy Jont g arc; project uerder the

g8 regulay Tese
"oundation and the Purdue University Enginser-
a

i & boeSkatdon .
The actual test work was carried on in the department of
Seronautics of the behool of za'na:ical and Aeronautical
rigi
=]

Engineeriag

Brubhn The test apparatus was constructed and the majority
of the evlinder tests wers made by Mr, R, L, Dickinson,
former instructor of Aeronautical Engineering at Purdue
University. The remainder of the tests were completed by Hr.
W. 6. Koerner, ssnior student at Purdue, and Professor Bruhne.
The dlgest of the data and the writing of the report were
carprilod iout by Preofessor Brulhn,
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The writer is indebted to Professor K. D. Wood for walu-
able suggestions and for reading the final report. |

SYMBOLS
L cylinder length for minimum internal frame spacing, inches
D cylinder diameter, inches
r cylinder radius, inches
i
t cylinder wall thickness F
R compression load ratio (non-dimensional)
applied compressive load on cylinder
Pl e 1) i
ultimate compressive load for cylinder
Ry pure bending ratio (non-dimensional)
<Rb - _applied pure bending load on eylinder >
ultimate pure bending load for cylinder
e pure torsion load ratio (non-dimensional)
(q applied pure torsion load on eylinder >
» ultimate pure torsion load for cylinder
5e v z |
R R =
Rc + Ry + Ry 1550

(an equation referred to as the imate strength interaction
curve where the exponents x, y, nd z define the general
relationships of the load ratios when a cylinder is subjected

to a combined loading which causes failure of the cylindor)

I - PRELIMINARY TESTS AND STUDIES

Summary

The primary object of the test project as a whole was
to determine the ultimate allowable load interaction curves
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for thin-walled cylinders when subjected to combined compres-
sive, bending, and torsional loads., The material used for
the test cylinders was the nitrocellulose compound commonly
referrcd to asicelluloid, It is common knowledge that for
such plastic matcrials the stiffness of the material is in-
fluenced by temperature and also that the material suffers
creep under stress. Preliminary tests were run to determine
the extent of these factors.

The buckling of thin-walled cylinders falls in the gen-
eral category of elastic buckling sinco the stresses that
produce buckling are relatively low. Tests were run on cyl-
inders to determine whether the ultimate buckling strength
of cylinders was affected by repeated loading to buckling
failure and algo to determine the influence of time of load-
ing upon the ultimate buckling strength.

Material

The masterial for all the test units in the test project
was cut from standard 20- by 50-inch sheets of transparent
celluloid, which were purchased from the Celluloid Corporation.
Three nominal sheet thicknesses were used: namely, 0.0075 inch,

O OilkGsdarehaardl O H01E Yin'chy

-

Stress~Strain Diagrams of Celluloid Sheet

Baisures 1 to 4 show the results of tests to determine a
portion of the tension stress-strain curve for celluloid
sheet material. The test specimens consisted of 12-inch:
ghkinisevieryin e from 0,126 6o 0,25 inch in width, which werse
cut from the 20- by 50-inch celluloid sheetg in directions
parallel to the length of the sheet -and also parallel to the
width direction. A 10-inch gage length was carefully marked
on the test strips. The test strips were held in 'position at
one end by a rigid clamp placed to coincide with one of the
gage marks and which was fastened to the table top. Tension
loads were applied by means of a small flexible wire thread
attached to the other end of the test strip, which in turn
passed over a nearly frictionless pulley, with small weights
being suspended on the end of the wire to load the test strip
in tension.

The clongation of the 10-inch gage length was obtained
by a "Carl Zeiss" measuring microscope set up over the gage
mark near the free end of the test strip. Photograph No.'1
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shows test setup for measuring the strain for the various
tension loads. Strain readings were taken for two series of
loadings. In the Tirst series the strip load was added, the
strain was read within 6 seconds and then the load was re-

moved before adding the next larger load. Therefore, in this
series the stress on the specimen existed for only a short
interval of time. Curve A of figures 1 to 4 shows the results

of this series of tests. In the second series of tests the
loads on the test strips were applied continuously and not re-
moved, and the loading was carried both up and down. To run

a con plefe test on a strip required several minutes which
meant that the test strip carried tensile stress for a consid-
erable length of time. Curves B of figures 1 to 4 show the
results of thege tests.

Creep of Celluloid Sheet

Table 1 shows the results of tests to obtain information
on the effect of stress intensity and time of stress duration
upon the creep action of celluloid sheets. A test strip sim-
ilar to that used for obtaining strecss-strain curves was used
in this tegt. The test strip was loaded with increasing ten-
sion loads and the strain in 10 inches was measured at vari-
ous time intervals up to a maximum of 2 minutes. The results
in table 1 are presented in graphical form in the curves be-
low the table.

Zffect) of Temperature on Modulus of Elasticity

Figure 5 shows the effect of temperature change upon the
stiffness in tension for cellulojid sheet material., Thin strip
speeimens similar to those used for obtaining the test data
for the stress-strain curves as vrev1awsly discussed were cut
from the 20- by 50-inch celluloid sheets. These strips were
loaded in tension by a single load and the elongation in a 10~
inch gage length was obtained by a measuring microscope. The
modulus of elastlclty was computed on the basis of this unit
strain and the accompanying stress. Tests were run ai room
temperature varying between 65° and 95° F. The
curves in figure 5 should not be considered as giving the cor-
rect value of ¥, since only one point on the stress-strain
curve was obtained. The purpose of the tests was only to ob-
tain a measure of the effect of temperature change upon the
stiffness of the celluloid sheet in tension.
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General Conclusions from Stress-Strain, Creep, )
and Temperature Tests

The following general conclusions can be drawn from a
study of the results (figs. 1 to 5 and table 1):

1. The modulus of elasticity in tension for the 20- by
50-inch celluloid sheets is not the same for stresses paral-
lel to the length and width of the sheets. The difference,
however, 1s usually less than 10 percent. (See Pl B.)

2. There is considerable variation in the value of the
modulus of elasticity with sheet thickness. The thinner the
sheet the higher the stiffness. The variation for sheets of
0.0075~inch and 0.0l5-inch thickness is around 20 percent.,

3. Over the range of stress used in the stress—strain
tests, the resulting curve is Bractloalilye st ralohte J URefar-
ence to the buckling stress for test cylinders in the latter
portion of this report will show that the maximum stress at
buckling was around 300 to 400 psi, which stress range falls
on the lower portion of the stress-strain data of figures 1
to 4, where the relationship between stress and strain is
definitely a straight line. It is assumed that the compres-—
sive stress-strain relation at low compressive stresses is
the same as for tension stresses. The buekliing ‘of the eyl-
inders should therefore fall in the elastic category 1if the
influence of creep is eliminated.

4. An increase in temperature decreases the stiffness
of the celluloid sheet material. TFor example, for a sheet
0.010 inch in thickness, the stiffness changed from approx-
imately 450,000 psi to 400,000 psi when the temperature was
changed from 65° to 95° F, (See fig. 5.)

5. Celluloid sheet under stress suffers the character—
istic generally referred to as creep. Table 1 shows, however,
if the stresses are kept under 500 psi and the time interval
of stress application within 0.25 of 5 minute, the unit
strain due to creep is negligible.

These preliminary tests on stress-strain properties
therefore definitely indicated that if reliable and consist-
ent comparative results were to be obtained in testing cellu-
loid cylinders under combined stresses, the tests on any cyl-
inder should be run at the same temperature and that the time
interval used in applying the loads should be short and that
it should be kept nearly the same in order to eliminate the
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influence of temperature and creep on the buckling strength
of cylinders fabricated from thin celluloid sheet.

Preliminary Tests to Determine Effect of Repeated Failure
and Effect of Time of Loading on Cylinder Strength

Two preliminary test cylinders were fabricated. They
will be referred to as cylinders P-1 and P-2. Cylinder P-1
was 6.87 inches in diameter, 7 inches long, and had a wall
thickness of 0.0075 inch. Oylinder P-2 was the same as cyl-
inder P-1 except the length was 28 inches. The method of
fabrication of these two eylinders was similar tioithat of
the cylinders in part II of this test program, which is de-
scribed in detail in part II.

These two test cylinders were loaded in pure bending
and pure torsion by means of a system of levers, wire thread,
and nearly frictionless pulleys. (See fig, 6 for schematic
diagram of the loading system.) (See photos. Nos. to 9
for pictures of these cylinders.)

Table 2 gives the results of the Pure bending and tor-
sion tests on test cylinder P-1. VNine tests each were made
in bending and torsion and the load which caused buckling
failure each time was read on the platform scale, As shown
in table 2, the time interval required to produce buckling
failure was varied between 0.10 to 0.93 minute for the pure
bending tests. The scale loads to cause failure for the
first and ninth tests were 3 pounds 8.3 ounces and 3 pounds
8.4 ounces, respectively, with time of 1oading 0,10 and 0.13
minute, respectively. Thus, after the cylinder had failed
by buckling eight times, the ninth time gave a failing
strength practically the same as the first loading when the
time of loading was kept practically the same. When the
time of loading was increased to 0.93 minute (see table B
the scale load which caused failure dropped to 3 pounds 6.5
ounces, or a decrease of 3,3 percent from the strength in
test No. 1 where time of loading was 0.13 minute.

Table 2 also gives the results of nine tests in pure
torsion. The percent difference between the strength of the
cylinder in the first and ninth tests was 0.66 and the max-
imum variation from the average strength of nine tests was
2.2 percent.
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Tables 3, 4, 5, and 6 give the results of repeated fail-
ure tests on test cylinder P-2 in pure torsion and pure bend-
ing. The cylinder in table 3 was 28 inches long. For the
tests in tables 4, 5, and 6, intermediate bulkheads were added
to the original eylinder, thus giving cylinders with L/D
ratios from 1 to 4., The time of loading to cause failure was
varied. As indicated by the results in these tables, the max-
imum variation in strength under repcated loasdings was not
large.

Failure of all the test ecylinders was sudden. At the
first evidence of buckling the scale reading dropped off, and
as the buckles spread and increased in depth the scale read-
ing decreased. Thus it was necessary only to watch the
pointer on the balance scale to obtain the buckling strength.
The buckling was not explosive in character but progressed
from a small buckle to large buckles in a fraction of a sec-
ond. This type of failure also was true for all the combined
load tests for the test cylinders in parte Ll .

General Conclusions from Tests of Preliminary

=

Cylinders P-1 and P-2

The results in tables 2 to 6 indicated that the buckling
strength of thin-walled celluloid cylinders in pure bending
and pure torsion remained practically the same under repeated
failure tests, if the time of loading was kept the samne.
This fact would tend to indicate that reliable comparative
results could be obtained for the shape of the interaction
curves, under combined loadings, since a single test cylinder
could be loaded to failure many times without affecting its
original failing strength.

Since temperature change affects the elastic properties
of celluloid sheet the tests on any one cylinder should all
be run with the same room temperature.
II - TESTS ON CYLINDERS UNDER COMBINED LOADS
Summary
Part II of this report presents the results of more than

a thousand individual tests on 29 variations of test cylinders
when subjected to combined loads involving compression,
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tension, pure bending, and pure torsion. Equations

1 (ofigt bbilanat e

mate strength interaction curves based on the test results

are presented.

All test cylinders
50-inch sheet celluloid which
sheet thicknesses were used,

Corporation. Three

Test Specimens

the

were fabricated from standard 20- by
was purchased from the Celluloid
nominal

thickncss being 0.0075 inch, 0.010 ineh, and 0.015 inch. A
few cylinders using a sheet of O. 0050~1nch thickness were made
but perfect cylinders without local buckling could not be ob-
tained with this thickness and thus the 0.0050-inch sheet
thickness was not used for any cylinder load tests.

The following table gives
riation of the thickness of the sheet units which made
test cylinders. As indicated, the variation
Iinle Tact 18 not consldered serious,

information regarding the va-

up the

was considerable,
since the preliminary

tests in part I showed that a celluloid cylinder could be
failure with very little change in the
ultimate buckling load; thus if the same cylinder is used for
tests, the variation of sheet thickness
the results

repeatedly loaded to

a complete series of
dsicommon to all tes

should not e of appr

tis aand: thus dt's influwence on

eciable importance.

Variation in Sheet Thickness

Nominal V?¥1u~
thick- ; ; %t

Bk R Measured thicknesses along circumference of test cylinder (per-
HORS Eent)

Qiots 10,0170, 0.0167, 0.0164%, 0.0163, 0.0161,-0.016, 0.0159, 0.016, 0.016 6.9

groE0e0.0102, 0.010, 0.010,

0.0098, 0.0097, 0.0095,2.009%, O.

0096,

7.3

0.0075!0.0073, 0.0072, 0.0072,

l

0.0073, 0.0074, 0.0075,0.0076,

0075

55

Table 7 givesa

inders which were tested.

summar f geometrical da
%

i
een individual te
a

were fabricated. These cylinders were modified

RO ticls el andlers in
cylinders originally
illo Gisblu B 10 g d e v
were carried through

Sol v (2) of - table 7. Fsr
were fabricated with lenzth
Inicheishadnt lienet hil S CAR e T

a complete series of tests,

on the eyl

'ih

o
the

t cylinders
0 g“na the
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approxi-
lengths
length
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e byrcutting g portion off
ermediate bulkheads between
Tindert  which would thug

5!

of the cylinder was changed eith
the cylinder or by inserting in
the end bulkheads of the test c
chenge' the ' LD ratto for the ey

Two cylinder diameters were used: namely, 7 inches and
12 inches, approximately. The lengths of the 7-inch diameter
eylinders varied from 14 inches down to 3.5 inches and the
l2-inch diameter cylinders from 6 inches to 12 inches in
length. Three sheet thicknesses were used: namely, 0.0075
inch, 0.010 ineh, and 0.015 inch. The r/t (radiusfthickness)
Vialuelof the test eylinders therefore .varied from 230 to 800.

Fabrication of Test Cylinders

The lengthsof the 6.88-inch diameter cylinders werel3.8
iaches 1075 inches. - 6. 85 1nches, and 3.40 inches. For the
12-inch diameter cylinders two lengths: namely, 5 inches and
12 inchesywere fabricated. TFor the shorter lengths of the
6.88-inch diameter cylinders a circular wood form block was
found satisfactory for forming the cylinders. ©Sheets 21.7
inehes in length which allowed 0.1 dinch for overlap were
wrapped around the form block and held in place with a cloth
tape. A permanent Jjoint at the overlap was made with amyl
acetate, which is a solvent for celluloid. Thig fluid was
run in between the overlapping sheet edges by capillary ac-
tilon, In several minutes' time the sheets were securely
Jjoined together and the cloth tape could be removed and the
eylinder -removed from the form bloek for insertion of the
end bulkheads.

For the longer cylinders, difficulty was encountered in
making a perfect ecircular wqod form block, and thus the longer
cylinders of 6.88-inch diameter '‘and all the 12-inch diameter
cylinders were fabricated as follows!

The sheet was cut accurately to the required length plus
0.1 inch for overlap. One edge of the sheet was clamped to a
square wooden bar, leaving about 1/4 inech protruding out from
the face of the clamp and resting on the face of the square
bar. The other end of the sheet was brought around under the
squarce bar and slipped under the shect cdge protruding from
the clamp, DResistance of the clamped free edge of the sheet
to bending provided the force nscessary to keep the other
free edge in contact with the clamped free edge. The 0.1-
inch overlap of the sheets was welded together by inserting
anyl acetate by capillary action. The forms and apparatus
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for fabricating the cylinders are shown in photographs Hos.
HOsandSlia .

IJ

he eylinders were held in a ecirecular ghape by the din-~
gertion of a circular bulkhead at esch end.. The end bulk-
hcads worc made from 3-ply plywood 1/4 inch in thickness and
were turned out to the exact required diameter on a lathe.
The cylinders were mounted in the test jig as cantilever
beams; thus one end bulkhead was fastened rigidly to the test
Jig. The test loads were applied to the other end bulkhead.
For applying bending and torsional couples a wood arm 35
inches in length was glued to the end bulkhead in the free
end of the test cylinder. The bulkheads were fastened to the
cylinder walls by use of amyl acetate, which provided a bond
between the sheet and bulkhead which did not rupture under
the cylinder test stresses.

For some of the test cylinders intermediate bulkheads
were inserted. These bulkheads werc turned to accurate di-
mensions from 5/32 inch to 3-ply mahogany plywood. These
bulkheads were likewise fastened to the cylinder walls by the
anyl acetabe. (See photo. No. 11.)

In general, the shorter cylinders were made by removing
the end bulkhead at the frece end and cutting the cylinder
down to the desired length, This was possible because the
repeated failure tests, the results of which are recorded in
part I of this report, showed that buckling failure did not
change the strength of the cylinder appreciably.

Description of Test Apparatus

All cylinders werc tested with one end rigidly fastened
to the test jig and all loads were applied to the other end
of the cylinder. In building a supporting jig, it was impor-
tant to obtain a rigid structure and yet have one in which
the operator of the tests would have free access tc the
mounted cylinders and the wire-pulley-lever systems for apply-
ing the loads. Therefore the test jig consisted of four
vertical corner members made from 23- by 2i- by 1/4-inch angle
dronis. These four corner members were bolted together by
transverse angle irons near the top and also at a point about
18 inches above the bottom ends of the uprights. The struc-
ture consisted, therefore, of four roctangular panels without
diagonal shear bracing in order to vermit accessibili 53
test cylinder and loading apparatus from all sides. Sinc
the test loads on the CJllnd were exceedingly small

- *O
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compared %to the cantilever strength of the heavy ¢orner menm-
bers of the test jig, the jig supporting structure éould be
clagsed as a rigid struecture.

One cnd bulkhead of the test eylinders was bolted to a
heavy wood block, which in turn was boltcd to steel angle
~irons attached %o the upper transverse jiz SurucUural nembers.

The lower transverse angle irons supported a li-inch thick
wood floor which provided the support for the speed reducers
and the scales for measuring the reactions from the lever
system which was used to apply the loads to the cylinders.

Pigure 7 shows a diagramatic sketch of the test jig.
Photograph Nos. 17 to 20 show various views of the test Jjig.

Apparatus for Applying Pure Bending and Pure Torsional Loads

D

e

Pigure 8 shows a schematic diagram of the bending and
torsion apparatus. Pure bending and pure torsion were ap-

plied by a single speed reducer. This unit, hand cranked,
pulls down on lever (4), one end of which rests on a platform
scale, The other end is connected through a movable pivot to

- Pl = . 5 e o
a second lever (3) on elther end of whieh 1s a friectionless
’
pulley.

For the torsion apparatus a wire is attached to one end
of the lever (€) on the bottom bulkhead of the test cylinder,.
The wire is drawn horigzontally at right angles to the lever,
across a pulley mounted on the test jig structure, down and
around the pulley on the end of lever (B). It is then
brought to the back of the test Jjig around two more pulleys,
past the tack end of lever (C) and around the last pulley,
where it reverses its n and returns to be attached to
the other end of lever (C). Thus, a pull-down on lever (3)
wildi gy niliviiapure L orsion couple to the test eylinder.

Qo

Tor the pure bending apparatus (see fig. 8) a second
wire is attached to the near end of lever (C). This wire is
brought down around the second pulley on lever (B), then
passes up and across the top of the jig to the other sidse,
then down and fastens to the other end of lever (C). Thus,
a down-pull on lever (B) also applied a pure bending load to
the test cylinder.
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Apparatus for Applying Axial Compression

The axial compression -load on the test cylinders was
applied through an entirely separate lever system. Fioure o
shows & schematic diagram of the system for applying the com-

vpression load to the test cylinders. 4 scale, a speed Ye=-

ducer, and three levers were used. The first lever (CA) "4a
supported at one end on the platform scale, the other end

rests in a connecting vivot to the end of the second lever
The other end of lever (B) was supported on the rigid test
frame., Lever (B) is attached to one end of lever (C) by a
flexible wire. Lever (C) is pivoted at a short distance from
the other end from which a wire is dropped through a hole in

the upper platform of the test jig to attach by a hook to the
midpoint of the lower cylinder bulkhead. Thus a down pull on
levor (4) will apply a purec compression load to the test cyl-
e

b

Ce
g ~

Influence of Friction in Loading System

Although so-called "frictionless" pulleys were used to
support and guide the five wires by which bending and torsion-
al couples were transmitted, a check was made on the amount

‘of friction in the wire—pulle" loading system. Tests made on
each loading system: namely, bending, torsion, and compression,
showed that the friction loss remained directly Dronﬂrtlonal
to the magnitude of the applied loads. Thus the friction fac-
tor was constant regardless of load. Since the test data as
illustrated in the appendix is in the form of load ratios in
order to ptot interaction curves, the friction factor cancels
out and hence may be disregarded in plotting load interaction
curves, If the true cylinder forces are wanted in order to
calculate stresses, the friction factor must be considered as

explained in the appendix,

General Test Procedure

To obtain test data for plotting ultimate strength inter-
action curves under combined c0¢pre551o“, bendlng, and torsion
loads, it is necessary to determine the ultimate strength of
the cylinder under each of the three types of loading acting
separately as well as under various combinations of the three
types of loading.

he test results as given in part I of this report showed
that if cylinder tests were run at the same room temperature
and the time of loading was kept within 10 to 20 seconds,
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consistent results could be obtained in the repeated ultimate
buckling strength of celluloid cylinders. Therefore in mak-
ing a serics of tests on a cylinder, special effort was made
to keep the rate of loading upproximately the same with the
time of test around 10 to. 15 seconds,

For any given test cylinder, the general steps in the
test sequence were approximately as follows:

1., Pure bhending test
PP s tiorisilon Stiaiah

3. A series of five tests in combined bending and torsion
with different proportions of bending and torsional loads

4, Check tests of pure bending and pure torsiomal strength

5. Pure compression test
6. A series of tests in combined torsion and compression
using controlled values of compression - for example, 0.2, 0.4,
0.6, and 0.8 of the ultimate compressive buckling strength

7. A series of tests in combined bending and compression
uglug confrolled walues of compregsion ~ for example, 0,2, 0.4,
0.6, and 0.8 of the ultimate compressive buckling strength

8. A series of tests for combined compression, bending
and torsion using controlled values of compression equal to
0.2, 0.4, 0.8, and 0.8 of the ultimate compressive strength

9. On several of the test cylinders a se
combined tension, bending, and torsion were r
values of tension based on the ultimate compr
were used, the tension being regarded as ne

ries of tests for
uni . Sontrolled
essive strength
ative compression.

10. On a number of test eylinders, the pure bending force
was replaced by cantilever bending due to transverse load
and & series of combined loading test vere run as described
above.

SDcD

w0

Step 1 involved the application of a bending couple only
to the test cylinder and increasing the magnitude of the couple
until the cylinder failed by buckling on the compression side,
The tare and gross scale readings were recorded, together with
the lengths of the lever arms and the room temperature.
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The procedure in step 2 was similar, with a torsion
couple being appiied until the cylinder failed by dbuckling
on diagonal lines around the cylinder. As before, the scale
readings and lever arm lengths were recorded.

In step 3 bending and torsional couples were applied
simultaneougly.

tep 4 provided a check on the maximum bBendinesand tor—
sional strength. This step was repeated after approximately
every eight individual tests to provide a continuous check
on the cylinder strength as compared to its original strength.

Step 5 involved the applying of a pure compression load
to the cylinder until the cylinder failed by buelkling . ‘The
scale readings and lever arms were recorded.

Step 6 was similar %0 step 3, with bending replaced by
compression in order to obtain data for the interaction curve
in combined torsion and compression.

Step 7 was the same as step 6 with bending replacing
torsion. These results gave data for plotting the interac-

tion curve in combined compression and bending

Y .

Step 8 consisted of a number of tests in which bending
and torsional couples as well as compressive loads were ap-
plied to the cylinder until it failed o= bueilclda g« “Tn ‘these
tests the compression load was kept constant, while the cou-

ples were increased in magnitude until failure occurred.

Photographs Nos. 21 to 32 illustrate the buckling pat-
terns of the cylinders under the various types of loading.

Test Data -

All the cylinder test data are recorded in the form of
graphs, which are included in this report. To illustrate the
form of the test data, two tables of test data for two test
cylinders are presented in the appendix. The explanation of
the test terms also are given there.

1

esults and Discussion

Results of Tests for Cylinders in Combined Compression
and Pure Bending

Figure 10 shows a plot of the load ratio R, against
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Lhe lLoad ratio Rb as obtained from the various cylinder
tests. The values for the plotted points are taken from
the tables in the appendix. The test values in figure 10
are plotted without distinction of r/t or L/D of the
cylinders. The results show that the ma jority of the test
results lie above the straight line relationship as given

by the equation Rc + Rb =15 Al mean . eurvie thriomgh the

test results is given closely by the equation R, + Rb1'1=1,

Cc
which is plotted on figure 10.

Bizure 11 shows a plot ‘of thel teogt - data for the eylinders
divided into three groups, each having a different L/D
(length/diameter) ratio. For the two eylinder groups with
L/D near 1,0 and 1.5 to 2.0, respectively, the interaction
eguation R, + Rbl'l = 1 represents mean results. For the
cylinder group for L/D = 0,5 ton0Ne7, i the imedn of thhe test
results appears to fall between a straight line and the equa-

tlon R, + Byt 2 = 1. Thus the general conclusion is drawn

that the lower l1limit of the test results is closely approxi-

rated by the interaction equation R, + Ry = 1 and the mean

results by the equation R, + Rbl.l =

The r/t (radius/thickness) ratio for the eylinders
which varled from 230 ‘to 800 appears to have no influence: on
tha'lidad ratic R, and. Rg. [(8ce fig. 11.)

Resultes in Combined Compression and Pure Torsion

Figure 12 shows a plot of the load ratio R, against
the load ratio Rg as obtained for all cylinder tests. The
test values in figure 12 are plotted without distinction of
r/t or L/D of the cylinders. In figure 12 the mean of
the test data is approximated closely by equations

! = , 3.4 2 i y .
B e S0 =1 angl Ry # R 8¢5 =1, the first equation

checking closer at high values of Rg and the other equation,
cheeking better at lower values of R,. The lower 1limit of
all the test data is closely approximated by the equation
oyt RSE =l Lwhiliehi i g plotted ongfigure L2,

FPigure 13 shows a plot of the test data for the cylin-
ders divided into three groups of different L/D ratio.
The curve for the interaction equations, R, + R.° =1,
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or | fR, + Rbl o R et 5] ke sguation

Ria ot Ry + Rs = 1 represents rather approximately the lower

range of the test data. On figure 24 on the upper two series
%5

. 2
is plotted the curve for the equation R, + Ry el = s
The result shows that using the exponent of Ry as was found
to check mean results in combined bending and torsion is

definitely not right for the equation for the three combined
loads of compression, bending,and torsion.

Results, Combined Tension and Pure Bending

Near the end of the actual test program it was decided
to run a few tests of eylinders with axial tension replacing
axial conpression.

Figure 27 shows a plot of the test results on two eylin-
ders in combined tension and pure bending. The tension load
ratio is given in terms of the compressiom load ratio Rc

and is noted as a negative compression. Thus, when the ten-
sion load reached the magnitude of the ultimate comprecssive
strength of the eylinder the load ratio R, was noted as
-1.0. Tension loads greater than that were not applied be-
cause of danger of breaking the wire thread in the loading
system.

‘Since there are test results for only two cylinders,
the true shape of the interaction is doubtful. g
indicates that the mean value of the test values is approx-
imated by the equation Ry + 0.9 R, = 1.

Results, Combined Tension and Pure Torsion

=

Figure 28 sh
ders in combined
the results of ¢
tiem Ry, + 0,4 R

ows the test results for the same two cylin-
tension and torsion. In the tension region
he tests are closely approximated by the equa-
c i

[N

Results, Combined Tension, Pure Bending, and Pure Torsion
Figures 29 and 30 show a plot of the test results for

test cylinders 1l3a and 13b loaded in combined tension, bend-

ing, and torsion. Curves which simulate this data are drawn
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In running the tests the tension load was

on these figures.
tant for s lseniles of fests.

kept cons

gures &1 and 32 show a plot of the same test data,
ng

e Toaddinatioe Rs as constant instead of Rc.

n figures 29 and 30 constant values of Ry were as-
sumed and corresponding values of R, and Ry were recad

from the figures assuming that the curves as-drawn on fig-
ures 29 and 30 approximated the test data.

On figures 31 snd 32 the test points are. compared with
the curves for the interaction equations Rg + Ry + Rg®-® =1
and RC i Rs‘ = 3. 4&lthough test results 8re given .for

i

wdications are that the interaction
5ive range hold gooed $or ithe tension
he tension load, since the maximum
al to the gstrength 1p pure compres-

only ‘two cylinders the i
equations in the compres
range at low values of t
tension load used was squ

Ui Top sl
Conclusions on Results of Combined loading Tests
Table A on the following page gives a summary of the
various interaction egquations which closely approximate the
test data for the various combined loadings.

—-walled cylinder in combined cowpres—

For a eireular thi
orsion, the curve which represents the

sion, bending, and tor
mean test results fairly well is given by the equation:
SRR T I St
(Rt By ) + R, = 1 )
For combined compression and pure bending - that is,
Ba'= 0, " eguation (¥) reduces to
1
:‘C + =1 =l (2)
For combined compression and pure torsion - that.is,
By = 0, equation (1) reduces to
sl Sl sy, 3
R, + R =1 (3)

For combined pure bending and puré tiorsion =i bhat is),
Ra =40, eguation (1) reduces to
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TABLE A.- SUMMARY OF INTERACTION EQUATIONS BASED ON TEST DATA

21

Type of L./D Interaction equations
loading ratio Refor-
Sl Al
Lower limit of |y. 1 valuo of tost results i
test values figures
* : g BT
Combined com- (0.5, 1.0 | Ry, + Ry =1 Re + By = 1 TG L
pression and i
pure bending (1.5, 2.0 | Ry + By = 1 Hao 4By " el 30, 3%
2 A
Combined com- [0.5, 1.0 R, + Rg" = 1 Bt RSFELY op 12, 13
Pression and 5 26 Bo s 352-5 ey
o ~ 3 R [ o Oy %
pure torsion (1.5, 2.0 | R, + Rg — B1*3 4 R Bakg s 18, 4%
E Sia HLERT ol
e ) R R = R o < =
C hiicd wize D900 10 By + Ry” = 1 g Ry R S
bending and Byt % B™ = 1
i e e O T Byt TOE SRl R E 4 52 e 14, 15
3 0.8 B0 BBy + Ry =31 |'B, #3y+ 2,751 on
ombined con- “ Sy 4 sk B 16
pression, (nc + R ) + Ry =1 9y
pure bending, . 2 5 26
and pure 155G 2.0 RC + _ﬁb pIn g RC + By SL RS I 20
sior n e T R 2.,
torsion (8, BEEgt Y e ey
Combined ten-
sion and ; ’ﬁRb'+ 0.9 RC =l 2
pure bending?!
Combined ton- %
sion and "By 4 0.4 B, =1 28
pure torsion’
Combined ten- 2 5 2.5
sion, bending, Hop tubged el =1 | Ba # Byt By =1 21572

and torsion?l

1Based on tests of only two cylinders.

2 ; ; : o :
4 tension load is considercd in terms of a negative

good for small tension loads.

By

Equation only
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=
=1
e
Q
.
L=
I
=
o)
0

Rblual 0 RSZ.5 ) (4)

The results indicated that the curves for eguations (1)
to (5) approximated the test results in the various condi-
tions of combined loadings. Thus interaction equation (1)
can be taken as the general equation applicable to any con-
bination of compression, bending, and torsion. (For closer
approximations, see equations in table A.)

In summary table A, two different equations are given
in some cases as representing the mean test data. In general,
the curve of one of the equations checks the test data better
over one portion of the test range, whereas the other equa-
tion checks the test results better over the remaining por-
tion. In general,the difference between the curves for the

two equationsg is relatively small,

For quite conservative design for thin-walled circular
cylinders where the L/D ratio is L0 or less, the test re-
sults Indicate the following equations for the ultimate
strength interaction curves.

Combined compression and pure bending:

Combined compression and pure torsion:

Be '+ Ry = 1

Combined pure bending and pure torsion:

2

Combined compression, pure bending, and pure torsion

V]

Rc+3b+.ﬂ.s=l

If the approximate mean of the test results is used for
design purposes, the resulting design interaction equations
for each of the above conditions of loading, respectively,
would be,
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B iRyt w2

Rcl.l +359;5 )

Rbl.g +RSB.5 S

(RC+Rb1.1)1.1 _‘_Rsa.s e or RC+Rb+RSE.5=1

which is slightly more conservative,
= (7

For long cylinders (L/D equal to 1.5 to 2.0), the test
data plotted higher and the approximate interactions equa-

tdons are 1isted in tablie A, "In normal fuselage construction

thoe intecrmediate transverse frames or rings would usually
give a L/D ratio for the cylinder less than 1.0,

1

The writ
S he conservative

er thinks that the test value
cylinders as a whole tend to lean toward ¢
side because the ultimate buckling strength of the cylinders
decreases slightly under repeated failures. Most of this
gradual dccrease is taken care of by repeating load tests in
pure compression, bending, and torsion acting separately at
frequent intervals and using the new values if different in

galonlating the load ratios Re, By, and Rg. (See tables

o

s on the celluloid
n

in the appendix for this procedure.)

FPurthermore, in the combined tests involving compres-
sion, bending, and torsion, the bending and torsion loads
were applied simultaneously through one load system and the
compression load was run on through a separate system.
Since it was convenient to use constant values of R, in

unning the tests, the compression load was run on a little
faster than the other two load systems, thus the cylinder
was carrying the entire test compression load a few seconds
before the entire bending and torsion load which caused
fajilure had been added. This fact it is believed would tend
to decrease slightly the true cylinder strength under the
combined loads, thus it is thought that the interaction
equations based on the mean results of the tests can be as-
sumed as design interaction equations for circular thin-
walled cylinders under combined loadings. The reader should
also refer to the general conclusions in part I of this
report.,
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Test's of Cylinders under Combined Transverse Cantilever
Bending, Compression, and Pure Torsion

For a number of the test cylinders, the pure bending
load system was replaced by cantilever bending which there-
S

fore causcd flexural shear stresses on thec cylinder. The
bending moment on the cylinder was produced by applying a
side load to the free end of the cylinders. At the same

time a compressive and torsional load was applied. Although
a considerable number of tests were run, it is thought that
the data were not extensive enough to draw definite conclu-
sions regarding expressions for interaction curves.

PTotil lnstrate some ofithe test results, figures 835 and
34 are presented. These figures show the plot of the test
results for test cylinders 6b and 15 when subjected to com-
bined compression, cantilever bending, and pure torsion.
The term R, represents the load ratio for cantilever bend-

ing. The curves which have been plotted through the test
points have a considerably different shape from those in
figures 16, 17, and 18,where pure bending was used instead
of cantilever bending.

Purdue University, .
Lafayette, Ind., May 29, 1944.

APPENDIX
Typical Test Data

To record the complete test data for all the test cyl-
inders would requirc a considerable number of pages and
tables. To illustrate the form of the test data, the results
for two test cylinders are presented in this appendix. The
meaning of the table column headings is as follows:

Cn axial compressive load on cylinder which caused failure
under pure compression, pounds

C axial compressive load on cylinder during a combined
IToad test, pounds

£

Re load ratio on compression <F_
Vm
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Rp load which measures pure bending couple that caused

failure of cylinder under pure bending, pounds
(Actually it represents twice the couple force.)

B load which measures applied pure bending moment in com-
bined load tests, pounds

=

Ry load ratio in pure bending ><£L>
Bn

If magnitude of actual bending moment is wanted in inch-
pounds, multiply By by 10.3 for 7-inch diameter cylinders
and by 16,4 for l2-inch diameter cylinders. This takes care
of couple arm and friction factor in load systen,

Th load which measures pure torsional couple which caused
failure of cylinder in pure torsion, pounds
(The load is actually twice the couple force.)

i load which measures applied pure torsion moment in com-
bined load tests, pounds
: : ' : T
Rg load ratio in pure torsion GF—>
m

-

NOTE: 1In plotting the test results the load ratio Ry
ik
ve

n the symbol Rg; MR e bl 20
Tm

If actual magnitude of torsional morments is wanted, mul-
bdipty T or T Dby 10.5 inches for 7-inch diameter cylinders
¢ m 2 D

and by 16.7 inches for 12-inch diameter ey lindernean felds
takes care of couple arm and friction factor.

Py transverse load applied at free end of cylinder which
caused failure of cylinder in cantilever bending,
pounds

1) transverse applied lcad in combined load tests

R load ratio in cantilever bending (CEL>
p Pm.

As indicated in the tables, the values of Gy By e
Tym were deftermined, and then a series of combined tests

and @ were

were run, after which values of Cm’ i i
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again obtained, followed by another series .of tests,and so
o, This process no doubt gave a truer value of the load
ratio Rg;, Ry, and Ry since the ultimate strength of the
cylinder changed slightly after repeated loadings, and

since all tests were not run at the same roon temperature.
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ZEST DATA
CYLINDER NO. 1b

D = 6.88" L = 6.8i t = .010

Co B T R G B . P Ec R, R, Tem
11.15 729

11.05 72

12.5 75
12.3 it
64.3 80
52.0 | 2.60 .831( .234 80

L2:54| 3:82 676 | 345 81

35.7 | 4.70 ST51 425 81

277 6.03 <454 | .553 85

62.2 80
25.8 | 6.38 421 .586 86

14.3 | 8.35 .228| .766 85

62.1 80
11.05 80
hasAs S atamy ST76 | M251 81

7.1 | 6.22 436 571 80

11.45 80
63.3 78
11.45 74

13.11 13.11 | 3.98 1.000 |.350 7
4 8.48 | 8.48 .650 | 747 7
10.76 | 6.96 .820 | .612 73

4.16 110.31 .320 | .908 73

12.85 80
1:399 80

2.39 |10.71 .186 |.96L 80

3.19 | 10.38 .248 |.935 80

4.06 | 10.05 .316 | .905 80

5.03 | 9.75 .395 |.885 80

6.01 | 9.27 472 | .81 80

7.3 |88l .558 |.800 80

8.27 | 8.27 .650 |.751 80

9.37 11756 .736 |.686 81

10.50 | 6.80 .824 |.617 81

11.65 | 5.98 <915 |.547 81

12.31 § 4.92 .965 |.450 81

12.59 | 3.82 .988 |.344 81

12.89 | 2.83 1.000 |.259 81

12:7L | 1.87 991 |.171 82

12 935" 1..0L .990 |.096 82

1.62 |10.73 .128 |.982 82

.93 [10.81 .074 (.988 82

12.61 82
10.93 82

10.31 86

11.53 86
9.89 | 1.51 .859 |.146 86

9.59 | '2.17 .832 |.210 86

9.53 2.96 .820 .287 86

) 3.15 669 |. 86

10.95 A 82
10.33 82

Cylinder 1lb cont. next page




NACA TN No. 951

28

T gy e
Cn Bn Tn (Pm | C Bl PorRs Ry | Ry ! Tem
-k — -—-—«y-- - o ‘
1.501 9.82 .137) .950 84°
2.19 1 9.67 .200) .936 8L
10.63 83
12.06 8l
13,8 |10.27 . 200 .852 - 85
13.8 9.96 .200 9% 85
13.8 | 3.68 | 9.06 . 200 .305] .852 86
13.8 | L.45 | 8.60 .200 .370] .810 86
313.8' |- 5527 8431 .200 437 762 86
13.8 | 6.16 | 7.62 .200 .512] 716 86
13,841 710 | Ly aa .200 .5901 .658 g6
13,8 ] 8,031 6:19 .200 666 | .610 86
12.07 90
10,54 90
12.3 | 9.80 .200 .812 90
61.5 90
12.3 9.77 <200 .927 90
12:3 9.16} 1.42 |.200 .760| .135 90
12.3711°8.75 | 2.70 .200 726 .256 90
12,3018 598 200 686 .408 90
24.6 | 7.06 4400 590 90
24.6 8.87 400 .81 90
2.6 | 2,451 7.7 400 | ,204 | .752 90
2.6 | 6.53 | L4.27 +400 «357| 615 90
24,6 6.5Z 4.30 <400 <550 | .405 90
24.6 | 6.9 2.21 400 .581| .209 90
260 7 20 1T 1518 <400 606 | 112 90
%.9 | 4.90 600 | .409 90
36.9 6.96 .600 651 90
3.9 | 1.84 | 6.15 .600 A151 .575 90
36.9 | 2.82°} 5.33 .600 .238| .498 90
36.9 | 3.79 | 3.79 .600 <319 | 354 90
36.9 | 4.19 | 2.25 600 «353] 211 90
369 | 5.00L ] 1.25 .600 10 1T 90
59.4 90
11.88 90
10.7 90
60,0 90
11.0 90
12.0 10.3 «200 .936 90
12.00 12.0 | 9.36 .200 .780 90
12.0°" 8.30 10931 .200 691 .392 90
12.0 | 6.79 | 6.79 .200 .566 | 617 90
2.0 1 851 T .200 STI0F JAOL I 90
12.0 | 2.24 | 9.90 .200 .186 | .902 ‘90
48.0 | 2.42 .800 .202 90
18.0 | 2.k3 | 1.02 .800 .203| .098 90
48.0 5.61 .800 <532 90
48.0 | 4.27 | 1.63 .800 137 413 90
480 208 1 o598 .800 21821 ;211 89
11.94 90
10.35 90
60.5 90
64.85 68
12.97 1 0 o1 | . 200 .957 68
25.94 9.85 . 1,00 .833 68
38.9 8.66 .600 «733 68
51.9 6.5 .800 <553 68
11.815 68
12.65 68
12.97(10.45 .200 .826 69
25.94| 8.37 .00 662 69
389 5055 .600 439 69
51.9 | 2.86 .800 .226 69
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D= 12w

No Intermediate Bulkheads

CYLINDF® NO. 12

L = 12"

o

£ = 010"

/%

i

%)

h RS RS T S T p R | By | R Ten
11.85 i 84°

11.3% | 8l

2,40 [110.70 202 | L946 83

5.10 9.87 430 | .873 83

8.07 8.07 680 | .715 83

10.83 5.58 912 | 495 £3

11.53 2,57 .970 | .228 8L

11.90 8,
11.25 83

L6.6 83
9.32 10.47 «200 .930 &3

9.32| 2.23 9.81 .200 | ,187| .871 83

9.32| 4.39 8.45 +200 1 2691 .751 83

9.32| 6.37 6.37 .200 | .535| .566 83

9.32| 8.5, Lo43 200 | 7161 .394 83

9.32| 8.68 2.00 .200 | .730} .178 83

9.32| 8.79 .200 | .739 83

11.25 23

46.8 83
18.72 9.58. . 400 .852 83

18.72| 1.92 8.29 400 | L1611 .736 83

18.72| 3.57 6.82 400 | L300 | .605 83

18.72| 6.07 6.07 4004 51T | o537 83

18.72| 6.40 3.36 400 | .539 | .296 83

18.72| 6.66 1.60 <400 5611 1kL 83

18.72] 6.70 L400 | .565 83

11.85 83

' 11.37 83

46.8 83
28,08 8.44 .600 T 83

28.08| 1.58 6.60 .600 | .133 | .882 83

20.08| 2.72 5,17 600 | .232 ] .457 8L,

28.08| 3.78 3.78 .600 | .318 | .335 8l

28.08 | 4.48 2.38 600 | .377 | .211 8l

28.08| L4.56 1.18 .600 | .384 | .105 84

28.08| 4.39 600 | .369 8l

11.90 8l,
11.25 8l

L7.) 8L
37.92 6.96 .800 .619 8L

37.92| 1.03 3.85 800" 1 .087 | 342 84

37.92| 2.91 2.91 .800 | .245 | .258 8l

11.85 8l
11.31 83
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EFFECT OF STRESS AND TIME

951

Test specimen: &

o'
i

0.0093 inch
width,

30

CREEP OF CELLULOID SHEET

0.253 inch

gage length, 10 inches

Unit strain due to creep Percent creep in
el aon | after various time intervals 2 minutes,
load | stress| 0.25 | 0.50 1 1.5 2.0 g
(grams)| (psi) min min. min. min. min. unit strain
=0 I SRR E L o ST e R e 0 0.0
50 1 G (O BRSSP R s dait el R s Y 0 .0
100 L RS SRS 5 e it LB e 0 .0
200 1l MOSIRE O Tl 0.000056 | .000093 |0.00009% | .000101 2.55
300 RER O o e .000112 | .000112| .000130| .0001kL9 2.55
L0oo O TR .000112 | .000224%| .000335| .000335 4.40
500 L0 gl ekl .000280 | .0C0L65 | .000633 | .000633 6.80
700 T e LR .000465 | 0006”2 | .000838 | .000912 6.80
1000 940 |0.000093| .00103 | .001250| .0CL340| .00L340 6.90
1500 | 1l10 .000690 | .001230| .001750| .002120| .002120 7.1
Inches increase after time interval x 1000
Total inches deflection due to load
) i ! i i i %
f Stress, psi T &
' 5.0 ‘ | "
e e Lags e
& g ! 1410~,23 §
3 ‘L////%/ —7.0 &
[yl L et P o
- /l oA R S T a— o
: | |
e R R % o Lt 3
8 /1/ // ‘ o > e o
'} =05 i 5.7
3 e O e RN ' 6.0 g
.0 /7 - 1 /r’ r"/w" "I_ ; 5,0 o
E /{;/ /T/—/”/T/”/’A 376\Vr e 4'0 "
J s | ’__._————-T-——'_‘" Qe — L. 3
& e e e 188 2 of5-0 &
e . T T 2% 3.\)-:‘ 0 é_:l,
i 1 ;:}
0 0.5 1.0 () 2.0

Time, minutes




NACA TN No. 951 31
TABLE
B e r~6.8W‘-j
: - Rl a0 5
00 nder PLl.  Tength = % inm,, dism. =.6.87, t = 0L0075 4" |
Bulkhead | ™"
Bending and torsional strength under repeated loading ! !
with variation in time of loading. s i R
Pure bending tests Pure torsion tests
Test Scale load Time of Test Scale load Timer of
No. at failure loading No. at failure loading
(1b) (=) (min) (1b)(oz) (min)
Ly 0,13 1 SE 125 0L A0
Z BEs68 Y 2 1358 kg
3 B BaE .34 3 SIS E sl
4 & 5.8 55 4 35 sl .48
B 3 5.5 .93 5 LR RILCIRIe 78
6 5 Bl .40 6 BEs0g T2
7 DL .26 7 oy AL NS .36
8 3. 69 12 8 Sl @ .23
9 3 7.4 5 AL 9 G2 ! .14
Average & 6,88 Averacge S s S

Maximum percent variation
from avieracze of 9 tests = 1.88
percent. Percent difference
between first and ninth test
which had practically the same
fdme ofl logdinst="0_18 percents

NOTE: When the cylinder buck-
led, the scale reading dropped,
thus the highest reading of
the pointer on the scale was
read and recorded.

Maximum percent varia-
tion from average of 9 tests
= 2,2 percent. Percent differ-
ence between first and ninth
test, which had approximately
Samentiimeltof I oading =0 (66
perecent .
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TARLE 3 AEE T
o)
Gylinder P-2. I = 28 in., D = 6.87 in., t = 0.0075, temp. = 75 F
Bending ond torsional strength under repeated loading with varia- ogi
tion in time of loading.
= SN

&mﬁhgg

Pure bending tests

Pure torsion tests

Test Scale load Time of Test Scale load Time of
R e R e Mtk M AT Sk e Bk o1
1 2280 0l 1 2D 020
2 38 20 2 il 3.0 20
3 3 8 .30 3 1l 3uah 2Lt
4 BB .40 4 Ml 2. 75 .14
5 ) .52 5 260 LS
6 B2 .14 6 il e .42
7 SEZ oL 7 1120 278
38 BTN E il 8 1813500 =09
9 &5 (el 2 9 1 13000 Sl
10 BBl .36 10 1 12.40 .43
1L 3 7.4 o 1650 iz 60 6l

Average S 8,0 Average 1 12.68

tion from average of 11 tests

= Tk

Maximun percent varia-

25 percent.

Maximum percent varia-

tion from average of 11 tests
= 1.98-percent.
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TABLE 4
iy e
Cylinder P-2 (modified) 0 int 1 bulkhead i
vy o :(; i..;g.\..';l:led:. :A 1113 1‘13. erna u ea JiL -_‘_‘:'Internal
added as landicated in sketech. “IF = *=1 bulkhead
Bending and torsional strength under rspeated
loading with variation in time of loading. 28"
Ve S PR
6.871 |~
Pure bending tests Pure torsion tests
Test Scale reading | Time of || Test Scale reading | Time of
No. at failure loading No. at failure loading
(1p)(oz) (min) (1b)(oz) (min)
1 8.0 Q. 2% i e Liete) il
2 CREAIEC e 2 2Lz w2l
3 LR .24 3 B
4 o Triis 35 4 2l Eld 22
5 B s 2t 5 2R 20
6 2y .47
i 2ol 18
Average L e Average AT SRS,
Maximum percent varia- Maximum percent varia-

-

ion from average of 5 tests
26,01 pereent, .

ion from average of 5 tesgts
@14 percent.

Il <t
O
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TABLE 5
e G x
’7"
Cylidder P-2 (modified). Two internal dulkheads Foey il
added as indicated in sketch. R %ﬁ
Internal dl
Bending and torsional strength under repeatecd bullkcheads i b 28n
loading with wvariation in time of losding. % gy ="WT
14"
S l
6.87" ey —of
Pure bending tests Pure torsion tests
Test Scale reading | Time of || Test Scale reading | Time of
No. at failure loading Jo. at failure loading
(1b)(oz) min (1b)(o0z) min
. 1 3 4.0 0.30 1 2 0. 26
2 S . 20 2 DREN6 ALz
3 BRSO .25 3 Rt D 20
a3 3 4.9 .26 e e .22
5 3 4.5 .32 5 2t .36
CHEE G52 LB 6 26 16
o i
. Average 3 4.9 Average R EY
Maximum percent varia- Maximum percent varia-
tion from average of 6 tests tion from average of 6 tests

= 1,7 percent.

= 0.99 perceat.,
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TABLE 6

Cylinder P-2 (modified). Three internal bulkheads
added as indicated in sketch.

Pure torsion tests
Test Scale reading Time of
¥o. at failure loading
(1v)(o0z) (min)
i BR2iN2 0.15
2 B2 .25
3 B2 L
4 1 A 219
5] & AL «20
6 B2 .14
]
Average BERZi2 T

Maximum percent variation
from average of 6 tests = 0.85
percent.

A A
7“
e b L
! N
5 )
‘ ’7"
Internal i
bullcheads™ |z === —X 284
~\» ’7}"
— * = =z __\"__
i
| 7"
b
B
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| Bt |
: ) R % | A
— & , SUMARY OF TEST CYLIWDER DATA 1nterna1,
p l i | bulkhead i
: 3| |
___._._.- N s - . ] ‘ Al
— " s o M R —j—/—
G g j<— D" —=}
1 2 3 4 5 6 7 8
Gyl%nder Test Diam. D| 4 _ rft| L L/D Remarks
No. eyilaillon| =Py
: la 6.87 |0.010 |344| 3.40 | 0.495 | Cylinder 1b cut down.
1b 6.87 10.010 |3k} 6.75| 0.983
- 2a 6.88 |0.0075{458 6.87{1.00
2b 6.88 |0.0075{452| 3.40 | 0.495 | Cylinder 2a cut down.
2 3a 7.00 |0.015 {234} 7.00| 1.00
3b 7.00 |0.015 {234} 3.50( 0.50 Cylinder 3a cut down.
3 4 7.00 {0.015 *é;u 3.50 | 0.50
Vi . One intermediate bulkhead
ba 6.90 {0.010 |345(13.80{ 1.0 o midvcin :
- g = : Szme as but second
5 5b 6.90 (0.010 |34513.80 1.0 o Do i B
- Z ; ) Two intermediate bulkheads
Be 6.90 |0.010 {345!13.80| .62 ke © gl ey
6 ba. 6.8 {0.010 |344i 6.81 | 1.00
6o 6.82 10.010 344t 3.3} 0.50 ylinder 6a cut down.
Ta 7.00 {0.015 234{10.15| 1.U5
1 — 2 - :
o7 One intermediate bulkhead
7b 7.00 {0.015 |234]10.15| 0.73 e AlAnatat,
Two 1ntermediate bulkheads
: _ ga, 6.90 |0.010 {345{13.80| 0.67 sotoed Lk o spart
1gb 6.90 |0.010 |345{13.80| 0.67 Szme as cylinder 8a.
1 Two intermediate bulkheads
&c 6.90 {0.010 3&5_}3.80 1.00 S to7tr susrh.

“Pure bending replaced by cantilever bending due to transverse
load at free end.
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TABLE 7 (continued)

1 2 3 4 5 6 s 8
Cylinder| Test |Diam. D| ¢t = |rft| L |I/D Benisnid
No. eyl ENo SN2y
%a. 6.90 [0.010 |345/10.35!| 1.50
9 Ib 6.90 [0.010 345(13.60 | 0.67 | soaced Nomtin. spart.
9c 6.90 {0.010 |3Y45!10.35 | 0.75 ngaigge;?fgiigf Zgi?%?ads
10 10 6.90 [0.0075|{460{13.8 | 2.00
11 11 6.88 |0.0075/460|14.0 |1.00 | 28 ;?g;g?ﬁi?ate S
. 12a 12.00 |0.010 {600|12.00 | 1.00
12b 12.00 [0.010 {600 6.00| 0.50
. 13a 12.00 [0.0075|800|12.00 | 1.00
13b 12.00- [ 0.0075|800( 6.00 | 0.50
1k 14 12,00 [0.0075(800(12.00; 1.00
15 15 12.00 |0.010 {600| 6.00 | 0.50
16 16 12.00 {0,010 |600111.9 | 0.99

Explanation of columns:

Column (1) 16 different officiel test cylinders were fabricated.
These are numbered 1 to 16.

Column (2) For test purposes the 16 cylinders were modified to obtain
29 separate test units. This was done by cutting the
original cylinder down to a shorter length or by inserting
intermediate bulkheads to change L/D ratio.

Column (3) Diameter of celluloid oylinder, inches.

Column (%) Wall thickness of celluloid cylinders, inches.
Column (5) Radius of cylinder/wall thickness.

Column (6) Cylinder length betwcen center line of end bulkheads.

Column (7) Lemgth/dismeter ratio.
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Figure l.~
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Strain, in./in.

Tension stress-strain curve for celluloid sheet.

.008

.010

.012

oY

A - Total load for
each reading
applied and strain
read within
approximately
6 seconds.

1668 °"ON ML V

B - Load applied and
removed continuously.
Results show effect
of creep on stress-
strein curve.

E = 450,000 psi

t = 0,0072" = sheet

thickness
W = 0,2617" = gheet
width

Specimen cut parallel
to long dimension of
20" x 50" sheet.

Room temperature
during test =-69°F

I *StE
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Pigure 2.- Tension stress-strain curve for celluloid sheet.
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long dimension of sheet

Temperature = 70°F

Figure 3.~ Tension stress-strain curve for celluloid sheet.
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room temperature.
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Figure 6.~ Schematic diagram of apparatus for applying pure bending and
pure torsion to preliminary test cylinders P-1 and P-2.
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(A11 test values are plotted without distinction for r/t or
L/D values of cylinders. See Figure 11 for additional curves).

Figure 10.~ Plot of test results for cylinders in combined com-
pression and pure bending.
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Figurc 14.~ Test results for cylinders loaded in combined pure
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2 A curves.
.6 T R The diagonal lines as plotted above represent the
b“+Hg > following interaction eouatio¥:i 1.1
A Rpl-To+Rg]- 79 =5 1-°7 | P upper line (Rg+Rpi-1)*-*4re2-5 =1
" Rol 3l4rd-5 = middle line Ro+Rp+Rg2.5 = 1
‘ lower line Rg+Rp+Rg® = 1
.2
Figure 19.- Plot of test data for cylinders loaded in com-
(e) I/D =[1.5 tio 2.0 bined compreseion, pure bending, and pure
s - toreion, )
0 .2 .4 .6 8130
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NACA TN No. 951 Fig. 16
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Figure 16.- Plot of test results for various test cylinders

pure torsion.

loaded in combined compression, pure bending and
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Figure 18.- Plot of test results for various test cylinders
loaded in combined compression, pure bending and
pure torsion.
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Test data for test cylinders 2b, 3b, 7b, 8a, 9b, 9c, 12b.

Figure 20.- Plot of test data for cylinders loaded in combined
compression, pure bending and pure torsion. L/D
ratio of cylinders = 0.5 approximately.

Test data for test cylinders la, lb, 2a, 3a, 11, 12a,.

Figure 21.- Plot of test data for cylindere loaded in combined

compression, pure bending and pure torsion. L/D

ratio of cylinders = 1.0 approximately.
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NACA TN No. 951 Fig. &3
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0 .0 0 o 4 6 8 1.0 0 .2 .4 .6 .8 1.0 0 e .4 .8 .8 L)
Ry, ' Rp
r/t = 230 = & r/t = 460 = +
l‘/t = 345 = O I‘/t = 800 = O
T/t = 330 = & Explanation:

r/t = 345 = O
r/t = 460 = +

Test data for test cylinders 5c, 7a, Sa,l10.
Figure 28.- Plot of test data for cylinders loaded in

combined compression, gure bending and pure
torsion. L/D ratio of cylinders = 2.0 approximately.

In the above results Rg is kept constant at the values
shown and the corresponding values of Rg+ Ry were read
from the curves representing the test data for the individual
test cylinders as given in Figures 16,17, and 18. For cylinder
numbers plotted in this figure see information on Figure 20,

The diagonal lines as plotted represent the following inter-
action equations: 2.5

upper line (Re+Rpl-1)1-14gg9:® =1

middle line Ro+Rp+Rg2-5 = 1
lower line Rc.ab+a,3 = 1

Figure 24.- Plot of test data for cylinders loaded in combined
compression, pure bending and pure torsion. L/D
ratio of cylinders = 0.5 approximately
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r/t = 345
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Explanation: :
In the above results Ry is kept constant at the values shown and the
corresponding values of ﬁc + Rp were read from the curves representin,
the test data for the individual test cylinders as given in Figures 18,

17, and 18. The diagonal lines as plotted represent the following inter-
action equations:

o
o
»>
o
o 4]
-
o
o
®
-
[s2]

a+o0pb

upper line (Rc+Rb1'1)1'1+Rga°5 =1

middle line Rg+Rp+Rg2:2 = 1

lower line Rc+Rp+Rg® = 1

Figure 25.- Plot of teat data for cylindere loaded in combined Figure 26.- Plot of test data for cylinders loaded in combined

compression, pure bending and pure torsion. L/D compression, pure bending and pure torsion. L/D
ratio of cylinders = 1.0 approximately. ratio of ¢ylirdere = 8.0 approximately.
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Figure 33.~ Test results for cylinder &b when subjcected to combined

lateral bending, corpression and pure torsion.




NACA TN No. 951 Fig, 3=
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Figure 3%,~ Test results for cylinder 15 when subjected to combined
lateral bending, compression and torsion.




NACA TN No. 951

Photo. No.7. Failure of cylinder P-2
in pure bending. L/D = 4

Phote 1 toe .9

L=

Photo.No.8. Failure of cylinder P-2 Photo. No.9. Failure ot cylinder P-2
in pure bending. Two intermediate in pure bending. Three intermediate
bulkheads. L/D = 2 bulkheads. L/D = 1.

Photo.No.4. Failure of cylinder P-2
in pure torsion. L/D = 4

” - >
° LS.

Photo.No.3. Test cylinder P-2.
D = UL = 281 St = J010Y

?hoto.No.S. Faiiure of cylinder P-2
in pure torsion. Two intermediate
bulkheads. L/D = 2 bulkheads. L/D = 1.

Photo.No.6. Failure of cylinder P-2
in pure torsion. Three intermediate

Photo.No.1l. Operator measuring
strain for determination of E.

Photo.No.2. Test jig with 7" dia.,
28" length cylinder in place.

Photographs of Tests on Preliminary Test Cylinder P-2. The
chief purpose of these tests was to determine the influence

of time rate of loading upon the bending and torsional strength
and also the effect of repeated buckling failure uoon the
original buckling strength in pure bending and torsion.
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Photo.Mo.10. Forms,Sample Cylinder
and Bottom Bulkhead. A cylinder is
being fabricated on the 7" dia.

form,the sheet being held in place

hoto.No.17. The Complete Test Jig.

‘ 1 — test cylinder y : A by cloth tape. Photo.No.11. The upper buJ'_khe:G,tW(
‘ > — Lever arms for applying bending & torsion bottom bulkheads and two internsl
| > — Speed reducer, for applying loads above bulkheads for the 7" diaemeter

i - Lever arms for the compression linkage test cylinders,

> - Speed reducer for d :

- Thermomet er

Photo.No.18. Operator Applying Photo.No.12. Ji i i
pers .No.12. g for fabricati
% Loads to Test Cylinder. 12" diameter cylinders. e

'y W .

‘ Photo.No.13. A 12" diamet 1lin- Photo.No.l4. A 7" diameter cylind
Photo.No.19. Photograph of 7" diameter 4 x S G 4 el 95
‘ cylinder buckling mdgr combined der with end bulkheads ready for (L/D = 2) ready for mounting in

pure bending and torsional loads. mounting in test jig. test jig.

Photo.No.20. A 7" dia. 14" length Photo.No.15. Same as cylinder in e Photo.No.lé6. Same as cylinder in
cylinder with two internal bulkheads No.l4 but with one internal bulk- No.l4 but with two internal bulk-
mounted in test jig. : head in position. heads located at the third points.
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Photo 21 to 33

Photo.No.21. 12" cylinder buckling
under pure compression load.L/D =0.5

Photo.No.24. 12" cylinder buckling
under pure compression load. L/D = 1

Pnoto.No.27. A 12" cylinder buckling
under combined bending ana compression
Jloading. | . L/D = 1

Photo.No.22. 12" cylinder buckling
under pure bending load. L/D =V.5

Photo.No.25. 12" cylinder-buckling
under pure bending load. L/D - 1

Photo.No.28. A 12" cylinder buckling
under .combined compression and torsion
load. B/D = 1

Photo.No.23. 12" cylinder buckling
under pure torsion load. L/D =0.5

Photo. No.26. 12" cylinderbuckling
under pure torsion load. L/D = 1

Photo.No.29. A 12" cylinder buckling
under combined bending and torsion
load. L/D =1

Photo No.30. A 12" cylinder buckling
under a combined compression ,bending
and torsion load. L/D =1

Photo.No.31. Buckling of
7" cylinder in.pure com-
pression.One internal
bulkhead. L/D - 2

Photo.No,.33. Buckling of
7" cylinder in pure torsion.
One internal bulkhead.

L/D =2

Photo.No.32. Buckling of
7" cylinder in pure bend-
ing.0One internal bulk-
head. L/D =2

The magnitude of the buckles and wrinkles shown in the above photographs is greater than that
permitted in the ofificial cylinder tests since excessive buckling would tend to produce local
weakness for repeated tests.




