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Experiments on Axial Compressive General Instability
of Monolithic Ring-Stiffened Cylinders
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Monolithic circumferentially stiffened circular cylindrical shells of moderate length were
designed to fail in the axial compressive general instability mode. Detailed discussions of the
experiments are presented together with correlation of the results with the predictions of
linear theory. The experimental cylinders failed at stresses that averaged 94% of theory.
Consequently, it is concluded that linear theory may be used to obtain relatively reliable pre-
dictions of compressive general instability stresses in monolithic ring-stiffened circular cylin-
drical shells for the range of proportions tested.

Nomenclature

area of frame, ab + 0:430 r2, in.2
width of frame, in.
height of frame, in.
total depth of cylinder wall, t + b} in.
frame spacing, in.
Young's modulus
bending moment of inertia of frame and sheet per unit

width, in.3
bending moment of inertia of stiffener and sheet per unit

width, in.3
(/, + Js)/2
torSjional moment of inertia of frame and sheet per unit

width, in.3
torsional moment of inertia of stiffener and sheet per unit

width, in.3
buckling coefficient
length of cylinder, in.
axial load, Ib
centroidal radius of cylinder, in.
fillet radius of frame, in.
sheet thickness, in.
area of frame and sheet per unit width, in.
area of stiffener and sheet per unit width, in.
effective shear thickness of cylinder wall, in.
&/0.702Z
dimensionless length parameter
tslf/tfls
wavelength parameter,
P(i/ts)lfz

A
a
b
c
d
E
//

J =
Jf =

Js =

k =
L =
P =
R =
r =
t =
tf =
ts =
I =
U =
Z =

\x = axial half wavelength of buckle pattern, in.
\y = circumferential half wavelength of buckle pattern, in.
v = Poisson's ratio
a = axial instability stress, psi

Subscripts
exp = experimental
th = theoretical

Introduction

REFERENCES 1-3 present results obtained during a re-
cent investigation into the general instability char-

acteristics of stiffened circular cylinders. One of the major
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results of this program was the development of a linear gen-
eral instability theory for elastic and plastic buckling of
orthotropic cylindrical shells under axial compression, ex-
ternal pressure, and torsion over the complete length range.

Since linear theory was employed, it is of particular im-
portance to correlate shell theory with experimental results.
Consequently, all available data on stiffened and unstiffened
shells were correlated with the theory on a unified basis in
Ref. 1. For the lateral pressure case, the experimental re-
sults were in good agreement with the predictions of the linear
theory. Under torsional loading, the stiffened cylinder data
exhibited somewhat more scatter but were in reasonably good
agreement with the linear theory to the same extent that the
unstiffened cylinder data correlated. Thus, it was concluded
that, for lateral pressure and torsion, linear theory provides
a satisfactory approach.

For orthotropically stiffened cylinders under axial com-
pression, which is the area of greatest interest in launch and
space vehicle applications, there was almost a complete lack
of published test data. As a consequence, the experimental
program described in this report was conducted on machined
orthotropic cylinders of aluminum alloy under axial com-
pression. In all cases, the stiffening system consisted of
circumferential rings.

The test data obtained in this program, when compared
with the predictions of the linear stability theory, revealed a
most significant trend. Most of the test cylinders failed at
85 to 100% of the linear theory, in remarkable contrast with
the behavior of isotropic cylinders, which generally fail at
10% of the linear theory for R/t = 2000 to 40% of linear
theory for R/t = 100. Furthermore, the test data on the
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Fig. 1 Experimental cylinders (circles) in a. — y domain
for moderate length stiffened cylinders
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circumferentially stiffened cylinders (which were obtained
primarily on 8-in.-diam cylinders) exhibited relatively little
scatter, particularly as the flexural stiffness in the circum-
ferential direction was increased over that in the longitudinal
direction. A corresponding test on a larger diameter cylinder
(24 in.) indicated no scale effect.

The theoretical reasons for the behavior of the circum-
ferentially stiffened cylinders advanced in Ref. 3 are related
to the fact that such cylinders should buckle first in the
axisymmetric mode. Since this mode is stable in the post-
buckling region, the deleterious effects of initial imperfections
should be minimized, and circumferentially stiffened shells
should fail close to the predictions of linear theory.

Instability Characteristics of Moderate-Length
Cylinders

Linear orthotropic stability theory yields predictions of the
buckling load and buckle mode geometry of an axially com-
pressed ring-stiffened elastic circular cylinder of moderate
length. The type of structural performance to be expected
from a particular cylinder may be assessed by means of two
parameters derived from asymmetric theory which are de-
pendent upon the structural properties of the cylinders.
These parameters1 are

7 = U/4tfIs (1)
Using a as the abscissa and 7 as the ordinate, the chart of
Fig. 1 is obtained which depicts the zones in which various
types of instability may be expected in moderate length
cylinders.

The buckling parameter of a cylinder is

k = 0.702ZU (2)

where

a = kir*EI./t.L*

Z2 = tfL*/12LR2

(3)

(4)

Since it is assumed that t = ts in the present program, then
ft = ft and

The wavelength ratio ft is a function of a and 7. Details
concerning the theoretical calculation of ft may be obtained
from Ref. 1, Eqs. (30-32). The buckling parameter may be
obtained from Eq. (2) only if (a,7) lies in the real range of
Fig. 1. If (a,7) lies in the imaginary range (i.e., imaginary
values of ft), then the axisymmetric buckle mode governs the
buckle load, and U is equal to 1. More complete discussion
of the relationship of the real and imaginary ranges of ft and
U to values of a and 7 appears in Ref. 3.

The relation

k = 0.702Z (8)
is the theoretical axisymmetric result. For all cylinders
tested in connection with this program 0 was imaginary, and
consequently Eq. (8) applies. This is equivalent to

a = Q.577E(tstf)l/*/R (9)
which reduces to the theoretical isotropic result for v = 0:

a = Q.577EI/R (10)

Experimental Procedure

Previous test data on general instability were obtained on
cylinders that did not have the structural characteristics of

the linear theory with which the test data were compared,
as discussed in Refs. 1 and 4. Partially because of this fact,
buckling modes other than general instability occurred in
those early tests. In order to obtain a valid comparison of
orthotropic theory with experimental data, it is necessary
that no mode but general instability occur in the cylinder
during buckling. For that reason, the present program of
experiments on monolithic cylinders was designed and carried
out.

In this program the theoretical investigations of Refs. 1 and
2 were used to design cylinders for tests such that no mode
but general instability would occur when the cylinders were
loaded in axial compression. The details of this selection
process are understood best by an examination of the roles
played by the various structural parameters pertinent to
general instability.

Models and Equipment

Two isotropic and 12 ring-stiffened circular cylinders were
loaded to instability in axial compression. The cylinders
were nominally 8 and 24 in. in diameter. The program also
included an analysis of an experiment performed on a cylinder
7 ft in diameter.5

The major variables in the test specimens were the ring
spacings, ring details, and shell thicknesses. These are em-
braced in the two structural parameters, a and 7, which
characterize a stiffened cylinder. Table 1 contains the geo-
metric data for all cylinders, whereas the structural param-
eters appear in Table 2, together with the theoretical and
experimental buckling stresses. The sketch on Table 1 de-
picts the cross-section geometries for the test specimens, all
of which buckled elastically in the moderate length range.
Young's modulus for all models was 10.6 X 106 psi. The
minimum proportional limit stress was 35 ksi, and the yield
strength was 44 ksi. This applied to all cylinders, which were
2024-^3 aluminum alloy with the exception of numbers 4
and 10, which were 2014-T6.

In this program, strong emphasis was placed upon the
attainment of models of high quality. Because of the un-
certainty of dimensional accuracy which was anticipated
in the fabrication of a model with separate rings, specimens
3-8 were formed by threading on a lathe. The continuous
cutting operation obtained in this fashion was felt to yield a
more uniform cylinder wall and rib geometry in the cylinders
in which the rib spacings were close enough to permit this
procedure.

End Conditions on Cylinders

In order to avoid local buckling at the cylinder ends and
uneven circumferential distributions of load, it was important
to insure flatness of each end surface. Consequently, all
cylinders were fabricated with rings at the ends either in-
tegrally machined on the cylinder or cemented to the cylinders
after machining. The ends were faced in a lathe to a maxi-
mum variation of 0.0005 in. throughout the entire end plane.

In order to observe any possible circumferential variation
of axial stress distribution during a test, model 12 was en-
cased in a pair of transparent epoxy rings, which were exam-
ined with a polariscope during the test. No significant cir-
cumferential variations in photoelastic fringe patterns were
observed during the test. Furthermore, the axial loading
obtained from the photoelastic data agreed with the load
indicated by the testing machine.

Analysis of Data

Effect of Thickness Variation on Instability Stress

The principal datum in each compression test was the axial
force P at which failure was observed. However, in order
to compare theory and experiment, it is pertinent to examine
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Table 1 Geometric data for test cylinders

Specimen
no.

1
2
3
4
5
6
7
8
9

10a

11
12
13
14

R,
in.

3.80
3.73
3.81

12.23
3.73
3.73
3.75
3.75
3.78

42
3.74
3.74
3.74
3.74

L,
in.

5.75
5.95
2.13

15.5
5.75
1.82
3.10
1.62
4.30

48
1.87
2.65
5.78
1.78

t,
10~3 in.

7.72
9.83

19.5
34.6
10.6
10.4
12.3
12.2

5.01
55.0
10.5
10.5
12.5
12.3

r

Based
tfj

10~3 in.

27.4
49.0
15.27
14.88
18.11
17.94

6.38
69.9
16.15
16.25
19.40
19.12

^

on average dimensions
IS) Jf) J,

10-7 in.3 10~7 in.3 10~7 in.3

6.179 26. 1 43.5
34.6 152.3 261
0.992 4.59 7.90
0.936 4.34 7.13
1.551 18.44 14.01
1.513 18.37 13.84
0.1050 1.568 1.040

138.7 2320 1061
0.965 21.3 27.3
0.965 21.6 28.2
1.678 49.0 19.40
1.551 49.6 17.83

- d —————— - a

\
h i

b 1

Based on
t,

10~3 in.

7.49
9.65

18.8
33.8
10.4
10.2
11.8
11.9

4.66

10.3
10.4
12.3
12.2

minimum
tf,

10~3 in.

25.9
48.6
15.1
14.7
17.6
17.6

6.02

15!?
16.2
19.2
19.0

dimensions
Is,

10~7 in.3

5!54
32.2
0.936
0.884
1.370
1.403
0.0844

0.910
0.936
1.551
1.513

a Reference 5.

the ratio U = <rexp/o"th. For a ring-stiffened cylinder, ts =
t and, therefore,

crexp = P/2irRt (11)

(12)

(13)

where

(v = 0)

U = P/1.154ir^8'V>2

tf = (dt + A)/d = t(l + A/dt)

on the other hand, would be expected to decrease crth and
thereby increase U.

Structural Parameters

In plotting & as a function of Z, the position of a test point
was determined using the relations

Consequently,

U = P/[1.1547r#Z2(l + A/dt)1

(14)

(15)

Z = (tf/12Is)^L2/R
k = 0.702Z[7

(16)

(17)

The cylinders that were tested in this program were fabri-
cated with relatively thin walls {t = order of 0.010 in.).
Variations in t of the order of several percent were observed
throughout each cylinder. This led to some uncertainty as
to the proper value to use in Eq. (15), and therefore the test
data are presented in terms of both the average measured
value of t and the minimum measured value.

Other factors also may be involved, such as the influence
of Poisson's ratio and the effect of placing stiffeners on one
side of the shell. It was assumed, in deriving Eq. (12), that
v = 0. Actually, it may have a small finite value that would
tend to increase crth and decrease U. One-sided stiffeners,

where U was calculated from Eq. (15). The sensitivity of Z
to changes in t is considerably less than the sensitivity of U.
For the values of A/dt applicable to the test cylinders of this
investigation, hZ/Z was the same order as kt/t. This may
be seen in Figs. 2 and 3, in which the shift of Z is significantly
less than the shift in k for a pair of points at average and
minimum dimensions of the test cylinders.

The two structural parameters a and j are also functions
of t. However, in the present study, only the axisymmetric
buckle theory was applicable. Consequently, a and 7 serve
only to characterize the cylinders on the graph of Fig. 1.
The precise position of a point on this graph is relatively un-
important. For this reason, only average values of t were
used to compute a and y.

Table 2 Structural parameters and buckling stresses of test cylinders

Speci-
men
no.

1
2
3
4
5
6
7
8
9

10a

11
12
13
14

Based on average dimension

a

1.00
1.00
3.01
3.11
3.21
3.24
8.07
8.26

11.7
13.2
14.0
14.5
18.8
20.6

7

1.00
1.00
1.25
1.33
1.38
1.33
1.53
1.56
1.95
1.51
4.60
4.73
1.86
1.85

0"exp,
ksi

5.38
10.13
32.2
18.30
18.57
18.86
23.5
22.3

7.34
7.96is! 40

17.82
23.4
24.5

crth,
ksi

12.42
16.17
37.1
20.7
20.9
20.5
24.4
24.2

9.17
9.03

21.3
21.4
25.8
25.2

U
0.433
0.626
0.869
0.885
0.888
0.920
0.963
0.920
0.801
0.883
0.865
0.834
0.916
0.973

*exp

342
424

44.1
420
627

66.0
171.3

44.8
620
696

67.0
130.8
565

58.6

Z

1127
966

72.4
676

1007
102.2
253

69.5
1102
1123

110.5
223
878

85.9

Based on minimum dimensions

ksi

5.54
10.32
33.3
18.72
18.77
19.24
24.5
22.9

7.89

18.60
18.03
23.8
24.6

crth,
ksi U

12.06 0.459
15.86 0.651
35.5 0.939
20.3 0.924
20.6 0.910
20.1 0.957
23.6 1.038
23.6 0.969

8.61 0.914

20.8 0.895
21.1 0.855
25.2 0.947
24.9 0.987

/Cexp

374
450

49.0
452
654

70.5
193.2

48.8
766

70.5
135.0
603

60.0

Z

1162
985

74.3
697

1025
104.8
265

71.6
1195

112.2
225
907

86.7

A*,
in.

0.90
2.50
0.62
0.62
0.56
0.48

3.10
0.40
0.40
0.32
0.35

in.

1.95
4.33
1.10
1.04
1.30
1.88

1.95
1.51
1.48
1.63

ft

0.462
0.578
0.564
0.596
0.431
0.255

0.205
0.265
0.216
0.215

(is) R112

6.70
7.80
6.38
6.40
5.35
4.60

3.95
4.19
4.20
3.06
3.39

a Reference 5.
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Fig. 2 Comparison of data based on average dimensions
with theory of Refs. 1 and 3

The values of // were computed from the measured geo-
metric data in the usual manner, as was £/. For these ring-
stiffened cylinders, /s and I were chosen equal to t. The
values of / were obtained by the procedure described by
Lyse and Johnson.6

In addition to the general instability load, records were
made of the buckle geometry and the general character of the
postbuckling behavior of each cylinder. Numerical data
pertaining to the buckles appear in Table 2.

Discussion of Data

General Character of Data

The cylinders investigated in this program failed in gen-
eral instability with no other buckle mode present, as they
were designed to do. All cylinders were in the moderate-
length range (Figs. 2 and 3), with a range of a from 1 (iso-
tropic) to 21 and a range of 7 from 1.0 to 4.7.

The results are summarized in k-Z form in Figs. 2 and 3,
in which the excellent agreement of theory and experiment
is evident. The mean value of U based on average dimen-
sions is 0.893, whereas for minimum dimensions it is 0.940.
Since local imperfections would be expected to govern the
buckling load, it is feasible to regard the minimum dimension
data (Fig. 3) as representative of the true structural behavior.

There results indicate that linear theory is satisfactory for
predicting reliably the axial load-carrying capacity of the
monolithic ring-stiffened circular cylinders tested.

Effect of Imperfections

The effect of initial imperfections would be expected to be
strongest at a = 7 = 1, which corresponds to the isotropic

k io2
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"ftTf U
Fig. 4 U vs a for data of Table 2

case, and to dimmish with increased a. The test data that
are plotted on Fig. 4 show that two isotropic cylinders yielded
the expected low value of U, whereas for a > 3 the value of
U lay essentially within 0.8 < U < 1.0. Apparently, the
transition from U considerably less than 1 to U approaching
1 occurs in the range of 1 < a < 3.

Isotropic Tests

Isotropic tests were performed for reference data upon
two 8-in. cylinders (see Table 2 for data). Naturally, for
these cylinders a = 7 = 1. The results are shown plotted
on Fig. 4, which reveals the significant decrease below classi-
cal buckling stress to be expected for these two cylinders.

In Table 2, the results are compared to the predictions of
o-exp using Fig. 7 of Ref. 7. The experimental data indicate
the relatively high quality of fabrication of the models tested
in this program.

Buckle Patterns

The buckle patterns observed in the cylinders after test were
principally asymmetric, of which a typical result may be seen
in Fig. 5. The wavelengths and values of ft appear in
Table 2.

In some cases, the axisymmetric mode may be that in which
buckling originally occurs, after which there is a transition

Fig. 5 Cylinder 9 (a
= 12, Z = 1100)

Fig. 3 Comparison of data based on minimum dimen-
sions with theory of Refs. 1 and 3 b) Post-buckled state
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a) Outside view Fig. 6 Cylinder 13 (a
19, Z = 878)

b) Inside view

to the asymmetric mode as the final form. For imaginary
values of /5, theoretically the axisymmetric mode is the only
mode in which buckling should occur. This applies to all the
cylinders investigated in this program. However, because
of the speed at which a cylinder usually buckles under axial
compression, it may not be possible to observe any buckle
mode except the final form, as discussed in Ref. 1.

There was an indication of axisymmetric buckling in four
tests (11-14). The final buckle modes for these cylinders ap-
peared to be combinations of axisymmetric and asymmetric
patterns, as shown in Fig. 6.

The longitudinal wavelength for axisymmetric general
instability may be determined from an expression in Ref. 1
which, in the case of elastic general instability of a ring-
stiffened cylinder, may be written in the form

(tf/Is)1/4\x/R112 = 7T (18)

The left-hand side of Eq. (18) was determined from the
wavelength measurements made on cylinders with permanent
buckles and is plotted in Fig. 7, which reveals a trend of
asymmetric data toward the value of TT as a increases.

Because of the decrease of buckle wavelength to be antic-
ipated with increased postbuckling and shortening, the left
side of Eq. (18) would be expected to be larger for cylinders
with buckle stresses considerably below the proportional
limit if \x is measured immediately after buckling. Conse-
quently the trend of the data in such a case might be similar
to that shown in Fig. 7, except that the curve might be
higher and tangent to the TT line at a different value of a.

O

/- FAfRED

^

CURVE

"̂"̂ -̂ _ OO

POST-Bl
O ASYM

— -̂ .

CKLE SHAPE
METRIC (DIAM

AXISYMMETR

o

DND)

0 5 10 15 20 25 2C

Fig. 7 Axial buckle dimension data compared to theory of
Ref. 1, (tf/Isy>* \X/RV* = TT

Con elusions

1) The excellent agreement between linear orthotropic
theory and experiment obtained for ring-stiffened circular
cylindrical shells failing under axial compression in the gen-
eral instability mode has very significant implications, since
it is in direct contrast with the corresponding situation for
isotropic cylinders. The small experimental scatter evident
in these tests is an important indication of the potential reli-
ability of this type of construction.

2) In view of the good correlation that was obtained for a
as low as 3 (the lowest value tested), this tentatively may be
selected as the current lower limit of applicability of linear
ortho tropic theory. The transition from isotropic to ortho-
tropic behavior in the region 1 ^ a ^ 3 requires further
investigation.

3) Most of the cylinders of this program were nominally
8 in. in diameter, for which theory agreed well with experi-
ment in the majority of the cases. The test data for the 24-
in. and 84-in. cylinders corresponded closely to those for the
8-in. cylinder, and consequently no significant size effect ap-
pears to be associated with the circumferentially stiffened
cylinders tested.
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