AXIAL COMPRESSION TEST OF THIN CIRCULAR CYLINDERS

A. LENGTH EFFECT
B..VISUAL STUDY OF BUCKLING

THESIS BY

Sunao Kanemitsu
Noble M. Nojima

In Partial Fulfillment of the Requirements for the
Degree of Master of Science in Aeronautical Engineering.
California Institute of Technology

Pasadena,, California
12839



2
Se
4,
Se
6.

TABLE OF CONTENTS

Acknowledgement

Definition of Symbols

Summary

Introduction

Historical Notes

Length Effect of Thin Circular Cylinders

A.
B.
C.

D.

Under Compression

Equipment and Test Procedure
Failure of Short Specimen
Discussion of Results

Possible Application to Design

Buckling Wave Pattern of Thin Circ ular

Cylinders Under Compression
A. Apparatus and Test Procedure
B. Descriptions and Comments of Buckling
Process
C. General Discussion of Results
Figures
References

Page

L9 L SN & A

10
p o |
15

17
19



ACKNOWLEDGEMENT"

We wish to thank Dr. E. E. Sechler and Dr. W. L.
Howland for their guidance and generous aid in enabling

us to present this thesis.



§1 g ~ > g = o 0

-

a—c—wf.
o_zlea

DEFINITION OF SYMBOLS

length

radius

thickness

Young's Modulus
compressive load

area 27Rt

Poisson's ratio
compressive stress

actual failure stress P/A

critical compressive stress

refers to critical buckling failure stres



SUMWARY

A

This rortion of the renort contains results obtained
from comvpression tests on 95 thin-walled steel circular
cylinders The tested cylinders were mainly of very small
L/R ratio and large R/t ratio,

The results zre compared with the existing theoretical
failing stresses and are also pnresented in a non dimensional
form, §/E., The failure stress is best given by the equation
S/ = 9(t/rR)1"%+ .16(t/L)l'5. This equation shall be limit-
ed for use for L/R greater than 0.1 and for L/R greater than

1,5 assume L/R = 1l.5.

B.
A visual study of buckle formation is pnresented to
aid future research which may be done on compression of thin

cylinders.,



INTRODUCTION

In the summer of 1938 & careful study was ma de of all
literatures nertaining to the strength of thin walled
cylinders. One nhase of this study lead to the obviocus
conclusion that there was very noor agresment between the
theoretically predicted and the exvperimentally obtained
failing load of such cylinders particularily for large
R/t ratios. Also it was found that very little information
was available on the effect of length on the strength
properties of such thin unstiffened cylinders. As the size
of azirnlanes has grown larger within recent years the R/t
ratio of the fuselage has become lzarger without, however,
an appreciable increase in the bulkhead svracing. It has Dbeen
known that variation in length affect the strength proverties
of cylinders in compression and it is therefore very im-
nortant to know definitely to what extent length influences
the failure stress.

#ith these two problems in mind the research was con-
ducted in two varts as following:

A, Testing of cylinders of various R/t ratioc and
with verious lengths and especially cylinders
whose lengths were shorter than the radius.
Investigating cylinders in which the R/t ratios
were higher than has been nrevicusly investigated.

B. A visual study of buckling of thin cylinders

by deflecting the cylinders very slowly. Also,
recording the wave pattern at different stayes.
of deflection by measuring the sizes of buckles,

and by photogradhing the specimens.
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HISTORICAL HOTES

The study of thin cylinders in compression is a very
old problem, It was first studied experimentally by W. Fair-
bain in 184S, The first theoretical analysis of the problem
was made by Lilly in 1806. A few years later, the theoretical
studies were soon followed up by a number of zuthors zmong
whom were Timoshenko (reference 1 page 43¢), Lorenz (reference
1 page 453), Southwell (reference 2), and Dean (reference 3).
The theoretical analyses were bascd on cases where length
el'’'ect was negligible.
The earlisst theoretical analyses were based on symmetrical
buckling, for which the critical stress beczme Ggp= _;E"E:—V?\%
The lzater theoretical analyses were based on the bending theory
of thin shells as has been develioped by Love., There are four
solutions available:
l. Undefined type of buckling, axial wave length small.
o = _E t same as symmetrical buckling
Bl R
case,
It is often referred to és the Timoshenko or Lorenz
form,
2. When only one half wave forms in the axial direction,
that is when E%%T'> E%%{SGTQE) or another words
length very short.

Q= \:ZFE’;L’- fuler's formula for elemental
i3 strip.
3. When cylinders are very long and break up as a strut
without the formation of buckles.

A
G = “zELS Euler's column.
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4., When cylinders are of infimnite length, and axial
wave lengths are very large as comnared with
circumferential wave lengths.
€L
Ofte;$?:£;§22 '%‘aéﬁsgtthwell's Case.
The accevnted theoretical equation for critical stress

is A The Southwell's case gives a lower value

G;u=-i§§§= R
\ -‘A})
of stress but experiments have shown that axial wave lengths
are equal to or less than the circumferential wave length.
Failures of Southwell's type are not obtained practica 1lly.

Extensive experimental Investigation was started by
Robertson (reference 4) in order to check the existing
theoretical equation. Robertson was the one who pointed
out the fact that failure of Southwell's type did not occur,
He found that experimentally obtained stress was very low
comnared to the theoretical failiing value. Wilson and Newmark
(reference 5), interested in cylinders as a column, in-
vestigated the strength of thin cylinder, and likewise found
the actual failing stresses very low,.

With an introductiocn of the stressed skin type of
airplane construction, there was renewed interest in the in-
stability problem of thin shells, Sanden and T8lke (reference
6), and Flugge(reference 7), made theoretical analyses, how-
ever, they have arrived at a similar result as that obtained
by earlier investigators. Recently Donnell (reference 8),
has advanced a new large deflection theory considering initial
deformation., Donnell believes that the lowness of the ex-
perimental failing stress was due to the fact that it is
vractically imnossible to make a mathematically correct cy-

linder under ordinary circumstances,
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There has sl1lso been intensive experimentzl investigszstion
in recent years. At the N,A.C.A., Lundquist (reference 2),
has made tests on Dural, in which he comnares the results
with the theory and gives an equation for failure. Donnell
has made tests at GALCIT on steel and brass in an attempt
to check the classical theory and Flugge has run tests on
celluloid cylinders. However, none of these experiments
reached a higher value than 60% of the theoretical va lue,

Wagner and Bzllersted (reference 10) have done ex-
perimental work on cylinders to find the length effect.
They ran tests on brass cylinders for which the L/R va lues
were as low as .50 and the R/t values as high as 4000, and

have given an emnerical design formula, % -..2,'5&+ 3.3\%;\1..



PART A

LZNGTH EFFECT OF TEIN-CIRCULAR
CYLINDERS IN AXIAL COKPRESSION
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EQUIPMENT AND TEST PROCEDUR

The material used for these tests was standard shim
stock steel. The tests were conducted on six different
thicknesses, the nominal thickness varying from ,002"
to ,008", With these thickness the test cylinders had a
R/t range from 750 to Z000, since the fabricated cylinders
had a radius of 6,378", The thicknesses of the material were
measured with azn ordinary micrometer of least reading
1/1000 inch and measurements were approximated to 1/10
of this value,

The mechanical properties of these shim stock varied
for every thickness and it was necessary to find the Young's
Modulus for each thickness (table 1), The stress strain
relation was obtained for the material in tension in the
direction in which the material was to be compressed as
a finished cylinder. The work was done in a Riehkle 3000#
testing machine (see figure 1). The strain for the material
was measured with an Amet's dial in a specially balanced
frame. The strain gage read directly in 1/10,000 unit
strain and could consist@ntly be read to 1/10 of this value.

The cylinder was attached to bulkhead shown in figure
2, of special design with built in clamps. These clamps
were 1/2 inch deep, zand each clamp was tightened with a
single screw., These bulkheads made the cylinder fabrication
simrle and fast, since no jig was required.

In fabricating the cylinder, the shim stock was cut
to the length of the develoned surface and placed in the

bulkhead. To control the height of the cylinder, the =dge



which went between the clamps was milled so that the

edges were parallel and straight. This is very important

for this method. The seam was closed by soldering a 1/2 inch
wicde strap over the joint. The soldering process is very
important because any thermal expansion of the sheet during
the process of soldering usually left = buckle or a soft

spot in the cylinder wall, Figure 3 shows a soldered
specimen ready to be tested.

Figure 4 shows the test avparatus with the specimen in
position, The load is arrlied by the Jjack and transmitted
through the ring which measures the load to the test cylinder.,
The ball universal joint between the ring and the cyvlinder
bulkhead transmits load only in the vertical direction. The
ball cup is centered on the centering »in built in the bulk-
head., The test cylinder was leveled and the calibra ted
ring was aligned vertically so that dial deflection read-
ing was in the vertical direction. Load was anlied slowly
but continuously and only failure loads were noted.

Specimens of very short length which took very large loads

were tested in a 15000# standard testing machine.
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FAILURE OF SHORT SPECIMENS

In figure 5 is shown a failure picture of snecimen
of very short length. Investigation has shown that it is
a failure of Euler elemental strip with fixed end. This
type of failure occurred for specimen which L/R was less
than about .12 for R/t of 750. For R/t = 3000 the L/R
ratio was less the .07, Such failure occurred with a
sudden collapse on steady rise in load.

Figure 6 shows a failure of the cylinder with twist-
ing. Such failure occurred for specimen up to L/R ra tio
of .3 for thicker material and smaller L/R for thinner
material. This failure is a very interesting failure.

It is believed that as soon as the buckles form,the
edges in the axial directiop of the buckles are unstable
end thus go into the form of least resistance. In this
case the resistance of these edges in the circumferential
direction is the lowest and thus the cylinder twists.

For snecimens with L/R value from .20 to .25 the twist

was found to be about .0063 radians..
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DISCUSSION OF RESULTS

The exvnerimental data were reduced in form of Ulr:Z%;
The corresronding theoretical critical stress calculation

_E E. These stresses were »ut
G‘mg K\_\B\R SRS |

in the ratic of Gﬁ;ﬁ§w3,to get a dimensionless number,

were made using

6]

Also the data were reduced to another form of dimensionless
number Qé: as was used by Lundquist. Experimental Data

of Donnell, Lundquist, and Wilson and Newmark were taken
from N,A.,C.,A, TR, 473, Lundguist has the values in form

of g , which were changed over to Gkﬁq?wu, . Wagner's
test data on Brass were also reduced to form of GWQ@;*D .
The »ublished data of Wagner's tests do not include the
value of Elastic iodulus of his material. The value of E
for his tests was assumed to be 16.0x108£/in®.

With an assumption of "no length effect™, the q;fﬁé}ﬁﬁﬁ
of all tests are plotted against R/t in figure 7. The
present tests heve extended considerably the range of in-
vestigated R/t, but also have incréa@sed the scatier of

noints. A recommended design formula which some designers
h S

J6 .
have been using for dural is g = b6S El}ﬁ\ + This

is written in form AL . {%\n’ and nlotted as a dotted

Srweo
line.
The ratio Gk}ﬁineo for the data obtained by the

authors was next p»lotted against L/R for a constant R/t ratio
in Figure 8 to Figures 12. 1In these plots it was found
that certain variations of R/t were permissable and still

have the noints stay within the range of experimental scatter.

For R/t of 750, such allowable variation was between 700 and
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800. For R/t of 3000, the allowable variztion increased

to a limit between 2600 to 3400. A curve was drawn through

these points and finally combined on a single graph of
G‘ﬁg{;ﬂp nlotted against L/R for a constant R/t as in

Figure 15, A cross plot was made from figure 15 to get =

curve of qiﬁgiw@ versus R/t for a constant L/R as in figur e

16, In order to plot such a family of smoothcurves as in

figure 15 and 16, each individual curve in figure 8 to

figzure 12 was varied to make up a smooth family satisfy-
ing the experimental data.

The Euler equation for the buckling stress of an

elemental strip is © 1.1:532; for fixed end, Noting
E R %(\ "'W\l} 3]
that for very short lengths, the failure was of this tyvne,

- : } g . = T
this equation was »ut in the form of B e §

where Qruce is the critical stress for buckling;
Tea | _WE 1R oR ‘:gi—' (hR\
Srweo 0wy W -+ RLL

This curve was expected to follow the exvnerimental curve in

regions where the L/R ratio was less than .05 from R/t

ratios of 2000, and 3000, experimental curve aporoaches

the Euler but the experimental are somewhat too low,
From the ~ublished data of the experimental work of

UY

Donnell, Lundquist, Wilson and Newmark, and Wagner and
Ballerstedt, the data which were within our experimentsl
range of L/R and with R/t's that are within the allowable
R/t variation were spotted on the curves., Lundquist's

and Wagner's data give points which are equal to or

higher than those obtained by thz authors bat are still

within the range of the experimental scatter,



Donnell'!s test data are for L/R = 2 zand fits the extended
curves well., Wilson and Newmarks tests give consistantly
lower values. The curves for R/t = 1000 and 1600 have
been extended to L/R values beyond the investigated noints
on the strength of these published data.

In figure 14 the curve for R/t = 500 was drawn from
the exnerimental data given by Wagner. Because it sesms to
fit the family of curves on figure 15 very well, tne curve
was extended to lower L/R values and other published da ta
were spotted in, This curve was not used in cross plotting
for Ony versus R/t.

TRED

The cylinders investigated by Lundquist were made of
dural and had a radius of 7.5 inches and 15", Wagner's cy-
linders were made of brass with radius of 4 and 8 inches, but
as previously mentioned, the Elastic Modulus is unknown,
Donnells tested glinders of brass and steel for which exact
dimensions are unknown, however, they are cylinders of very
small radius., Wilson and Newmark tested eylinders of steel
in which the radius varied from 2 to 40 inches. High value
given by Lundguist and Wagner may be due to the large cy-
linders although the Wilson and Newmark tests do not indiate
that such would be expected.,

As mentioned e;rlier, there are 3 solutions obtainable

from the thin shell bending theory. They are

x
Gup = iji}h- Euler elemental striv
R ‘1(\_}‘.\,\ L‘l.

E_ 0t o
e Buckling range
T NIG-w R = T

we R-

L% FTuler column

Qe =
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In figure 17 and 18 these 3 different critical ranges
are plotted in form of q%g;;;,versus L/R. The Euler
elemental strip equation was multiplied by 4 to satisfy the
end fixity condition. Also the Euler column formula wa s
multiplied by 4 to give a condition of fixed end.
Theoretically, with these & formulas the critical stresses
for all lengths of cylinders should be predictable. 1In
figure 17 and 18 it should be noted that scale of L/R at
1.0 is discontinuous and jumps to 100. (§%§;;s for buck-
ling and experimental are constant through range of 10.

The experimental curve also has been drawn together with
theoretical curves for the 3 regimes of failure.

The experimental curve only aporoaches the theoretical at
very small and very large L/R values, both cases being

out of the buckling range. At very large L/R values
Southwell's case must hold but there is no way of designating

such points,.



POSSIBLE DESIGN APPLICATION

Wagner has developed an empirical design formula

R N )
This formula fits the experimental pcints very well for an
R/t value of 750 except that the stresses given by the
formula are too low between L/R of 0.2 and 0.5. For large
R/t values the formula gives stresses which are too high
for L/R values greater than 0.4.

A new design empirical formula has been developed by
the authors on the basis of all of the experimental in-
formation available, this formula having the sa me form as
that of Wagner., The same variables are used (éﬂ and (t/1)
or (jﬁ % ), but the constant coefficients and the exponent s
have been altered. The authors! formula is

% % 0 (%\M-* e (1_::\\.5

The experimental values reduced to the form g%é has
been plotted against L/R for constant R/t in figures 12 and 20.
The emperical design formula is calculated for a given R/t
and drawn through the points as a curve. Between L/R of 0.1
and 1.5 all curves seem to fit the points fairly well., For
L/R values greater than 1.5, the L/R ratio can be assumed
to equal 1.5 since the tests have shown that there is no
consist@nt decrease in stress due to increase above 1,5,
This can be best seen by analyzing Donnell's test results in

which he has investigated L/R ratio feom 2.0 t® g5 high &s
324

The gquestion arises with such design formula whether
it can be applied safely to other materials. In figures 8

to 14 data on brass and dural are plotted. Although these

data give consistantly a somewhat higher critical stress,



the points are well within the range of experimental

scatter of the data for which the formula was derived.

16.
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PART B

Visual Study of the Buckling Process
of Thin Circular Cvlinders
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PART B

THE BUCKLING WAVE PATTERN OF THIN CYLINDERS UNDER
COMPRESSION

The great discrepency between the theoretically
predicted and experimentally obtained failing loads
of thin walled ceylinders would lead to the conclusion
that some of the assumptions made in the theoretical
treatment of the problem were not valid. One of the
basic assumptions made by all of the investigators
was regarding the form of the buckling wave pattern.
For this reason the authors endeavored to slow up
the buckling phenomenon so that the development of
the buekles would be studied and the sizes of the
initisl waves measured.

In order to cause bucekling to take place slowly
it was necessary to add the load to the eylinder
head with some form of Jjack and applying external
load enough to fail the specimen, the load being
varied by the jacks. The head was then lowered by
small increments and the development of the wave

pattern was started.
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APPARATUS AND TEST PROCEDURE

Since the oylinders were made by means of &
heavy plate head and base the supporting Jjeeck was
plaged within the eylinder (See fig. 21). The jack
consisted of 3 set serews which held the head of
the eylinder and rested on a ¥ ineh plate. These
set screws afforded adjustment of the eylinder head.
The 4 inch plate was either lowered or raised by
means of three # ineh dismeter screws which rested
on the base of the eylinder, these # inech screws
being rotated by means of a gear system. Five inch
gears were placed on the # inch screws while a two
ineh gear was in the center and was used as the
driver. (See fig. 22). The small gear was attached
to a shaft which extended through the base of the
eylinder and could be turned externally by a wrench.
The # ineh serews were threaded with S.A.E. N.F. series
and had twenty threads to the ineh. The gear ratio
was 2 to 5 and thus by turning the driver gear slightly
a very small relative movement between the heads could
be obtained.

Sinee loads required to fail the eylinders were
not over 3000 pounds, a simple loading device was set

up in order that photogra hs could more easily be
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obtained. This device (See fig 23) merely consisted
of two supporting members and a cross bar. At the
center of the cross bar a loading screw was placed.
The specimen lay on two supporting bars in order to
allow & wrench to get underneath the specimen to
turn the gears. The specimen was connected to the
loading serew by means of ball points with a cali-
brated ring in between to measure the load.

The specimens used were of the same type as
those discussed in the first part of this report.
They were made of the same shim stoek and in exactly
the same manner, After the specimen was made, it
was placed under the loading deviee =nd then aligned
in order to have the load vertical. Two dial gauges
were placed on the specimen in such a way as to ob-
tain the deflection. After the set screws were
adjusted, a load was applied which was beyond the
feiling load of the specimen determined from previous
tests. The head of the cylinder was slowly lowered
and when buckles appeared observations were taken.
The size snd location of the buckle and deflection
of the specimen were measured for every picture taken.
Upon further lowering of the heed, the buckles would
move or inerease in size aznd at esch appreciable
cnange further data were taken. Only buekles which
appeared on the side faeing the camera were measured.
This seemed sufficient as a good average could be

obtained from one side.
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Under this set up the thicker specimen would
not show & movement of the buckles but only a sudden
wrinkle pattern at failure. In some ceses a few
scattered wrinkles would sppear &nd move slightly,
but even with very slow lowerfing of the head the
failure pattern would suddenly occur and detesils
of its formation could not be obtained. Figures 24
and 26 represent one of the thicker specimen with
an R/t of 1250 and L/R of 1.41. Thus only the one
thin specimen with a thickness of .0034 inches was

photographed.
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DESCRIPTION AND COMMENTS OF BUCKLING PROCESS

Specimen P-18
L -9 in, L/R - 1.41 Material - Steel

t - .0034 in. R/t - 1875

Figure 27
No Load
Figure 28
Deflection N - O mm. S - .01 mm., Av. - ,005 mm,
Buckle Length Height Dist. From Axis Angle Position
No. Circum. Axial Bottom with From right
Horizontal
in. in. in. Deg.
A 11/8 : 3 2 45 2
B 13/4 11/4 2 0 1
c 1 3/4 3/4 0 3

These were the first buckles to form and they appeared
simultaneously. Buckle A had an elliptical shape whose
axis was at an angle. Buckle C was probably due to thin-
ness of the sheet at that point. These two buckles do not

seem to form any definite pattern.
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Speoimpn P-18 continued

Figure 29

Deflection N - 0 mme S - ,02 mm. AVe = .01l mm.
Buckle Length Height Dist. From Axis Angle Position

No. Cireum. Axial Bottom with from right

Horizontal
in. in. in. Deg.

A 2 11/2 45 3

B l13/4 11/8 z 1/2 =30 1

c 1 7/8 3/4 0 2

D 11/4 11/8 6 0 2

E 11/2 7/8 31/2 45 4

New buekles formed with the existing ones becoming
larger. Buckle B, with the increase in size, started to
rotate its axis in conforming with the pattern which was
forming on the right side of the specimen. Notice should
be taken of Buckle D whiech has formed near the top. Bueckle C
has hardly changed and can be gonsidered &s local buckling
due to imperfection of the sheet. All the new buckles

were of elliptical shape some of whose axis were st an angle.

Figure 30
Deflection N = O mm. S - .053 mm. Av. - ,0265
Buckle Length Height Dist. From Axis Angle Position
No. Cireum. Axial Bottom with from Right
Horizontal .
in. in. in. Deg.
A 2 11/2 3 0 3
B 2 3/8 11/4 21/2 -45 1
c Has become smaller
D 17/8 5 0 2
E 2 1l 3/8 5 30 -
F 13/4 11/8 11/4 -4 30 5

A group of four new buckles (&) have formed to the left
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Specimen P-18 (continued)

whose size are practieally equal. All their axes are
at an angle and ere forming a definite pattern. All
the originals have incressed in size with the exception
of C. Buckle D has dropped and Buckle E moved to the
right in forming a pattern with A and B. The axes of
both A and B have rotated.

Figure 31
Dﬁflection N = 0015 mme. S - 0143 mme. AY. - 0129 mme.

Buckle Length Height Dist. From Axis Angle Position

No. Circum. Axial Bottom with From Right

Horizontal
ino ill. ino D‘g.

A 2 3/8 11/2 31/2 30 3

B 21/8 2 4 0 1

C Still very small

D 21/2 2 5 0 2

E 21/2 21/2 5 15 4

F, 2 11/4 4 45 6
s34 2 3/8 13/8 l1-5 30 5

The lest formed group of Buckles (F) have increased
in size forming & eontinuation with the pattern of the other
group. This group has shifted to the left with F, , the
one on extreme left, nearly out of the pieture. Buckle A
has rotated its axis while 5 has moved more to the right

connecting with the pattern on the side of the eylinder.
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Specimen p-18 continued

Figure 32
Deﬂeotion N - -105 mme. S = 0‘05 mm. AV. =

Buckle Length Height Dist. From Axis Angle

HNo. Circum Axial Bottom with
Horizontal

in. in. in. Deg.

A. 2 3/4 2 3/8 3.5 0

B Shifted into one coming from right

c Still no change

D 3 3 5 0

E 2 17/8 21/ 5 0

¥ i Shifted out of pieture to left

F 2 3 1/4 3 3 0

F3 3 2 5/8 5 0

F 4 2 3/8 21/4 21/2 0

This pieture shows the whole side in failure.

«254 mm.

Position
¥rom Right

(2)
(1)
(3)
(4)
(5)
(6)

The

F group hes now begome as large as the original and there

is formed the final pattern. The buckles are of diamond

shape with sides of equal length. The axes of all

the

large buckles are nearly horizontal. There are now several

small buckles forming on the top and bottom similar to

buekle C.



Comments on Specimen P-18

In the specimen of which the pieture was taken
the failure first occurred at the right. Thus the
deflections were not symmetrieal. Likewise buckles
formed first on the right and new ones formed to the
left as the load increased.

It can be seen from the dimensions of the wrink-
les that at first they were of elliptical shape with
the major axis at some angle. As more load was
applied there was a continual change till a failure
pattern of square or diamond shaped buckles with hor-
izontal axis was formed.

Many other samples of the same thickness and
length were slowly failed and observed. The final
failure form seemed to be the large diamond shape
inner pattern with small buckles along the edge. In
most cases a single buckle was formed first due to,
perhaps, some irregularity in the material. Then as
more load was applied buckles formed around the orig-

inal one of about the same size. They gradually
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went into the final failure pattern as load was applied.
The new buckles generally started either below or

above this group and then worked up or down as the

case may be until they merged into the final pattern.

In many cases small buckles formed which shifted or

were absorbed into the previously formed larger ones.
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Spaoimen P=-19

P - 19 t - .0034 L-6 Materisl - Steel
R/t - 1870 1/R - .94

Figure 33
No Load

Figure 34
Deflection N - .013 mm. S « .015 mm. Av. = .014 mm.
Buckle Length Height Dist. From Axis Angle Position

HNo. Circum Axieal Bottom with From Right
Horizontal
in. ine. in. Dego
A 2 1 21/4 45 5
B 17/8 13/8 2 3/4 0 4
c 2 11/4 21/4 45 3
D 17/8 11/4 2 3/4 0 2
E 1 3/4 11/4 2 1/4 45 1
F 3/4 3/4 3/4 0 6

All the buckles appeared at the same time. The
angle of the exes alternated with adjoining bueckles. The
sizes were very nearly the same snd they were elliptiesl
in shape. It can be seen that the general failure pattern
was formed from the beginning. Buekle F on the far lower

left side was similar to Buckle C of the first specimen.

Figure 35
Deflection N - .028 mm. S - .033 mm. Av., - .0305 mm.
Buckle Length Height Dist. From Axis Angle Position
No. Circum. Axiel Bottom with From Right
Horizontal
in. in. in. Deg.

A 1 3/4 11/4 17/8 0 5

B 2 1 3/4 21/8 30 4

c 2 1/8 13/4 2 3/8 0 3

D 2 3/8 1 3/8 2 3/4 45 2

E 2 1/4 13/4 21/2 -45

F 1 1 3/4 0 6

The originsl buckles have increased in size and rotated
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Sgeoimen P-19 continued

their axes. There are many new bueckles forming between the
originels of the size 1 by 1. These are making up the links
for the final form and are mainly above with a few below

the originals.,

Figure 36
Deflection N - .057 mm. S - ,076 mm. Av. - .0665 mm.
Buckle Length Height Dist. From Axis Angle Position
No. Circum. Axial Bottom with From Right
Horizontal
in. in. in. Deg.

A 1 3/4 1 3/8 2 1/4 30 5

B 13/4 17/8 21/2 0 4

c 2 1/4 13/4 21/4 -30 3

D 27/8 11/2 21/2 45 2

B 21/2 11/2 21/2 45 1

F Become small

The main change in this picture is the increase in size
of the last appearing buekles to about 1 3/4 by 1 3/4. The
lower ones did not show mueh of an increase in size. The

axes of the original buckles made noticeable rotations.

Figure 37

Defleetion XN - ,.105mm. S - .13 mm. Ave = ,1175 mm.
Bueckle Length Height Dist. From Axis Angle Position

No. Circun. Axisl Bottom with From Right

Horizontal
in. in. in. Deg.

A 21/4 11/2 21/4 0 5

B 2 1/4 2 1/4 21/4 0 4

c 2 1/4 2 1/4 21/4 0 3

D 21/2 21/4 21/2 30 2

E 21/2 21/2 21/2 -30 1

F Still small
Meany

new buckles were formed nesr the edges of the cylinder



30

Specimen P-19 continued

of about the size 1 by 1. The buckles whieh appeared in
pieture 35 above the originals have now the size of 2 1/4 by
2 1/4. 7Thus they sre now of the same size and completing
the failure pattern with the originsls. Notice that ell

the larger buckles are of the ssme size and that the exes

are nearly all horizontal.

Figure 38
Dﬁﬂeetion N - .16 mm. S = .,212 mm. AVe = ,186 mm,

All the original buckles remained the same size with
D and E becoming slightly smaller and roteting their axes
to the horizontal position. The buekles in the top row
have now formed the failure pattern with the originals.
The smaller buekles which were below the originals have
now been absorbed by them. There are till the smaller

buckles along the edges of the eylinder.



o 8

Coamments on Specimen P-19

On this specimen single buckles did not form at
first but a pattern of a whole group formed simultan-
eously with new ones forming as the load increased.
The same phenomenon occurred as that noted previously,
that is, the waves were first elliptical and then went
into a diamond or square shape. The final failure
pattern was very similar to that obtained in the longer
specimen.

Many cylinders of the same dimensions were failed
and the wrinkle formation was similar but in the other
cases, the failure pattern occurred much more rapidly
and the change could not be observed as well as is

shown in the photographs.
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Specimen P=20

L-3 L/R - .47 Material - Steel
t - .0034 R/t - 1870

Figure 39
No Load

Figure 40

Deflection N - O mm. S -« ,018 mm. Av., - .009 mm.

Suckle Length Height Dist. From 4ixis Angle Position

No. Circum. Axial Bottom with From Right
Horizontal
in. in. in. Deg.
a 11/4 3/4 1/2 0 3 !
b 1 1/2 1/2 0 2

The two buckles seen in this pieture sre probably due
to loeal imperfections and did not seem to effeet the
fingl failure pasttern. However, the occurrence of the
failure pattern was so fest that it could not be observed

if buckles a and b had any effect.
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§pecimnn P-20 continued

Figure 41
Bueckle Length iHeight Dist. From 4Aixis Angle Position
No. Circum. Axial sottom with From Right
Horizontal
in. in. in. Deg.
A 11/8 11/a 11/4 0 1
B 11/4 1 11/4 0 3
c 1 3/4 11/4 0 5
D 1 3/4 11/4 0 7
E 11/4 3/4 3/4 0 2
F 11/2 1 3/4 0 4
H 11/4 7/8 3/4 0 6
I 1 3/4 3/4 0 8
No Picture

Deflection N - .01 mm. S - .10 mm, Ave = . 055 mm.

Buckle Length  Height Dist. From Axis Angle Position

No. Circum. Axial Bottom with From Right
Horizontal
in. in. in. Deg.
A 13/4 11/4 1 3/4 0 1
B 11/2 11/4 1 3/4 0 3
C 11/2 1 11/2 0 5
D 11/2 11/4 11/2 0 7
E 1 3/a 1 1/2 0 2
F 11/4 1 1/2 0 4
H 11/2 1 3/4 0 6
I 1 3/4 3/4 0 8

No pieture was taken as the only change was slight

inerease in s8ize of the bueckles.
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Comments on Specimen P-20

In this case the buckles all formed simultaneously
in the final failure pattern. This was also observed
in the failure of other specimen of the same type. As
more load was applied the movement of the buckles was
gslight and only an inocrease in size was noticed. The
buckles in this case were from the beginning not of
elliptical shape but of the diamond or square shape.

No appreciable movement or growth of the failure pattern

could be observed in these shorter specimen.
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GENERAL DISCUSSION OF RESULTS

It should be noted that the shim stoek used had
irregularities and perhaps was the cause of singular
buckles forming and disappearing.

In the final failure of all the specimens the
buckles had the same pattern and shape. However the
size varied slightly with the length of the specimen.
Even though the radius was the same in every case,
the circunferential size of the buckles was not the
same at failure but varied with the length of the
eylinder, that is,the longer eylinders had buckles
with the longest eircumferential  length.

It can be coneluded that in thin long eylinders
there is a definite movement of the buckles from its
original position to final failure. However, in
shorter or thicker specimnen the failure pattern appear
ed to be formed almost instantaneously with little
movement of buckles. However, with more refined test
apparatus it might be possible to slow down the pro-
cess still further so as to obtain a gradual develop-

ment of the wave form in the shorter specimens. This



should probably be done in any future research on the
problem.

The results obtained so far indicate that the
initial buckled state of the eylinder is quite differ-
ent from that assumed for previous theoretical work in
the problemn. It is hoped that this information will
be of assistance in guiding future theoretical treat-
ment so that a more accurate prediction of the eriti-

cal failing stress of such cylinders can be obtained.



Table 1

nominal

thickness Young's
.302 inv 33'5
.003% 32.0
.004 %2.4
.005 31.5
.006 20.6
.0085 29.0

MM M MMM
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Modulus
10° #/1n.
10°

10“
10°
10°€
lo®

Variations of Younz's Modulus
with thickness

Fig.l

Tension Test Anparatus

in Reihle Testing Machine.



Fig.2 Fig.3
Cvlinder Bulkhezad ' Assembled Cylinder

F g{
Test Apparatus with
Specimen in Position.

Fig.5 Fig.6
Failure of Euler Failure with Torsion
Elemental Strip
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Fig. 21
’ Head Lowering
Mechanism,

Fig, 22
Gear Svetem

| Fig.23
Loading
apparatus
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! Fig. 24

No Lozad

Fig. 25
First Buckle

Flg. 26
Failure




Fig. 29
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Fig. 28




Fig. 34

33

Fig,

Fig. 36

Fig. 35

Fig. 38
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Fig. 39

Fig., 40
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