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A SURVEY OF BUCKLING THEORY AND EXPERIMENT FOR

CIRCULAR CONICAL SHELLS OF CONSTANT THICKNESS
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A survey of the state-of-the-art for the stability of thin-walled
conical shells is presented. Known theoretical results are summarized

and compared with experiment. The shortcomings of present knowledge
and recommended work for the future are discussed.

INTRODUCTION

Only four years ago, in 1958, the state of knowledge of the

elastic stability of conical shells was described (ref. T) as being

"quite unsatisfactory at the present time". In the ensuing period,

however, a considerable amount of work has been done so that although

not all of the desired information is available, conical shells can be

designed somewhat more intelligently to withstand many of the loading

conditions of imterest. The purpose of the present paper is to review,

as concisely as possible, the available theoretical and experimental

knowledge, to indicate the gaps in the present state-of-the-art, and

to suggest additional problems that should be studied.

A reasonably complete bibliography of papers on the stability of
circular conical shells is included. The entries consist of those in

"Bibliography on Shells and Shell-Like Structures" and the 1954-56

Supplement (both by William A. Nash*), "Structural Mechanics in the

U.S.S.R., 1917-1957" (edited by I. M. Rabinovich +) and ref. 25, and of

other papers that have come to the author's attention.

* David W. Taylor Model Basin Report 863, Nov. 195h, and Dept. of Eng.

Mechanics University of Florida, Report for Office of Ordnance Re-

search (Contract DA-OI-OO9-ORD-hO4), respectively.

+
Translation published by Pergamon Press, 1960.
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SYMBO_

Bending stiffness of cone wall J

Young's modulus of cone material

axial and slant length of cone, respectively

bending moment

applied and critical axial compressive forces, respec-

tively.

theoretical critical axial compressive force

2_ E (t cos =)2

axial compressive collapse force

applied and critical external uniform hydrostatic pressure,

respectively; internal uniform h_static pressure

theoretical critical external uniform hydrostatic pressure

theoretical critical ex't.ernal uniform hydrostatic pressure

for "equivalent" cylinder

internal pressure parsmeter ['i2(1-v" )_ _ _cos "''\ "1_J I
L.-

radius of _.all and large cone cross sections,
respectively

critical torque

cone wall thickness

semi-vertex angle of cone

-_._ RIgeometry parameter ) t cos =

Poisson's ratio of cone material

oo÷ 
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T
max

cone radius of curvature at small end and center of cone

generator, respectively

/cos=, 2cos=/

ratio of net compressive stress due to bending and critical

axial compressive stress

: p.\
2_ E(t cos m)s n E _(t cos a)_" E i)

maximum critical torsional stress [Tcr/(2n _t

SMALL DEFLECTION THEORY

The only load conditions for which theoretical small deflection

solutions are reasonably well established are some of those for which

the stress distribution prior to buckllngis independent of position

around the circumference of the conical shell. The problem of the

buckling of conical shells under axial compression has been studied

in refs. 40 and 49. Both investigations are of the axisymmetric form

of buckling and indicate that the critical axial compression load for

a simply supported conical shell is given approximately by the simple
formula:

p _ 2" E (t cos a)_ (i)

cr j il- )

a value which should be relatively good for cones with clamped edges

as well. Investigation of the axisymmetric state of buckling is ex-

tended to the combined case of axial compression and internal pressure

in ref. 45. The results are not given by any simple expression, but

can be represented by a series of curves for the variation of an axial

load parameter as a function of a pressure parameter for various values

of a geometry parameter for the small end of the cone. The results are

not very dependent on cone length, but do depend strongly on the bound-

ary conditions at the small end of the conical shell. Values for a

particular kind of simply supported edge and a particular kind of

clamped edge are shown in Fig. 1.



For other types of loading, more general modes of deformation have

to be taken into account. Many sets of equations have been derived for

this task, with the rigorous theory of ref. 28 at one end of the spectrum

and the Donnell-type theory of refs. 23, 41 and 53 at the other. Success

in obtaining reasonably accurate, but simple, solutions appears to depend,

however, on the use of a high speed digital con_uter and a combination

of luck and educated guesswork to correlate the resulting mass of data

depending on at least three independent parameters. The correlation

process has been carried out for simply supported conical frustums under

external hydrostatic pressure in ref. 43 where the critical pressure is

shown to be given approximately by the expression

-Pcr _ p f(l - (2)

where _ is the critical pressure of the "equivalent" cylinder having a

length equal to the slant length of the cone, a radius equal to the

average radius of curvature of the cone, and the same thickness, and

f(1 - _/_) is given by the solid curve of Fig. 2. The pressure p can

itself be _pproximated by

_ o._i2 E

("-L"/"Pav"5/2 (3)
\Pavt

The same problem has been studied in numerous other papers (refs. 3, 8,
9, ll, 14, 26, 27, 28, 30, 31, 32, 35, 38, 50, 55, 56 and 59)which give

similar results. Some results for external _ressure which varies along

the generator but is uniform around the circumference are given in ref.

50 and for thermal buckling of conical shells under axisyn_etric temper-
ature distributions in ref. 52.

Investigations have also been carried out for simply supported

cones under torsion (refs. 29 and _) and combined external hydrostatic

pressure and axial load (refs. 26 and _6). For the latter loading

condltions_ the interaction curves appear to be a function of the taper

ratio 1 - _I/P_ and are shown in ref. 46 to lie between the limiting

curves shown in Fig. 3. For the former loading condition, an approxi-

mate expression for the critical torque is given in ref.. 44 by

'°" "+ + I:, 16.2 (-_1½ + / _ cos,=_>5/4(4)



It is obvious that much work remains to be done to complete small

deformation investigations of only the loading conditions which yield

axisy_netric stress distributions, let alone such asymmetric cases as

pure bending. In all of the investigations3 membrane theory has been

used to define the stress state prior to buckling. For those cases in-

volving internal pressure, it would be desireable to know if consideration

of bending effects changes the results to any great extent, since buck-

ling is confined to the immediate vicinity of the small end of the cone

where the pre-buckling stress distribution may differ considerably from

the membrane state. Large deformation investigations are known to be

necessary and have been attempted in refs. i0, 37, and 39. Present

knowledge of both small deflection results and test buckle patterns

indicate, however, that these analyses are probably quite inaccurate,

so that this area of stability theory remains to be explored.

COMPARISON OF THEORY AND EXPERIMENT

Axial Compression and Internal Pressure

As is usual for the stability of thin shells, experimental results

are in qualitative, but not quantitative, agreement with theoretical
results. In Fig. 4, the available experimental load coefficients (refs.

19 and 47) for conical shells in axial compression are shown as a

function of the small radius of curvature-thickness ratio, together with

a lower bound curve for cylinders. The agreement between theory and

experiment appears to be about the same as for cylinders, possibly a

little better. It would appear that the usual e_pirical cylinder

formulas, with the substitution of the small radius of curvature of the

cone for the cylinder radius, can be used to design conical shells under

axial compression. _ore test data is needed, however, to establish the

effect of cone length and to verify the conjecture that no other para-

meters are important.

When internal pressure is added to cones under axial compression,

the critical compressive loads tend to approach those predicted theor-
etically. The results of refs. 4, 20, and 47 for clamped cones (see

Figs. 5(a)to 5(e)) indicate, however, that discrepancies may exist

between theory and experiment at all pressure levels. For low values

of internal pressure these discrepancies are most likely due to the

decreasing effects of initial imperfections as for cylindrical shells

and parameters other than those shown should be investigated. For large

values of internal pressure, the discrepancy between theory and ex-

periment is suspected to be due to plastic yielding at the small clamped

edge which makes the results fall closer to those for cones with simply

supported edges. Thus, more test data is needed to establish design
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curves for cones of various materials as well as for those of various

geometries and end conditions.

External Pressure

Considerable test data is available in refs. 12, 13, 15, 16, 22,

34, 47, _8, _ and 57 for cones subjected to uniform external hydro-

static pressure. While it is almost gospel that theory and experiment

compare favorably for this loading condition, the comparison shown in
Fig. 6 indicates that such is actually not the case for either cylinders

or cones since the scatter is considerable, with experimental values

ranging from 60_ to 140_ of the values predicted for simply supported
ends. Some of the scatter is due to the fact that the end conditions

are not the same for all of the test specimens, a good many being

clamped rather than simply supported. Since it is known that clamping

theoretically increases the critical pressure of a cylinder by 40%, it

may be presumed that clamped cones will, on the average, have higher

critical pressures than simply supported cones. Initial imperfections

are very likely another cause of scatter since they undoubtedly differ

from specimen to specimen. Still another cause of scatter is the

difficulty of determining the so-called buckling load. Buckling under

external pressure is not a collapse phenomenon defined by a maximum

•load, as is the case for axial compression, but a phenomenon usually

defined by the visual l_rception of large skin deformations and as such,

depends on the variable Judgement of the observer. It is obvious,

therefore, that further investigation of the problem of buckling under

external pressure is required.

Axial Compression and External Pressure

For cones under combined external pressure and axial compression,

some data is available in ref. 47. If the results are plotted as ratios

of applied external pressure to critical external pressure and critical

axial compression to critical axial compression in the absence of

pressure, as in Fig. 7(a) and 7(b), the various interaction curves are

seen to closely a6ree with the theoretical curves. Such behavior in-

dicates that the ratio of experimental to theoretical critical compressive

loads is relatively independent of pressure, a result which differs

from that obtained for cylinders under combined axial compression and

external pressure. Cones also exhibit an elastic phenomenon which

does not appear to be obtainable for cylinders, the non-coincidence of

axial buckling and collapse loads for external pressures near the

critical value. As indicated in Fig. 7, cones can withstand additional

axial load after buckles appear in the shell wall and continue to do

so at external pressures considerably larger than the critical value.

The behavior seems to depend on the seal-vertex angle of the cone.

Since the axial load carrying capacity of a buckled cone can be signi-
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ficant, about 40% of the critical compressive load for a 60° cone buckled

at the critical external pressure, this asi_ect should be investigated
further.

Torsion

Experiments on conical shells in torsion are reported in refs. 21

and 47. While the cone of ref. 21 did not differ enough from a cylinder

to test the theory of ref. 4_, the results of ref. 47 (see Table l)

indicate that the agreement between theory and experiment for cones in

torsion is about as good as for cylinders in torsion. On the average
the 10 clamped shell specimens buckled at about 95% of the torque pre-

dicted by the theory for simply supported conical shells, with indivi-

dual specimens buckling at torques ranging from 68% to 122% of the

theoretical velues. Thus it would appear that eq. (4), multiplied by

the ssme reduction factor as for cylinders, may be used to determine

critical torques of cones with the same degree of confidence as for

cylinders.

ADDITIONAL _ RESULTS

Some additlons.l load cond/tions_ for whlch no theoretical results

are available, have been investigated experimentally in ref. 47. Al-

though the number of tests is small, enough is available to allow some
tentative conclusions to be drawn.

Pure Bending

The results for clamped conical shells in pure bending are ex-

pressed in terms of a moment coefficient M

" _I (t cos m)s

and the ratio of the small radius of curvature to the wall thickness,

P
-_ The moment parameter is a constant times the ratio of the maximum
t "
membrane compressive stresses due to bending and to axial compression,

the reasoning being that a theoretical solution for the problem would very

likely yield the same result as for cylinders, that buckling occurs when

the maximum compressive stress due to bending is equal to the critical

axial compressive stress. When corresponding values of the parameters

are plotted (Fig. 8), the resulting chart is similar to that for cylindri-

cal shells in bending, for which a suggested lower bound curve is also
shown.
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Despite the success in correlating the data, it is entirely possible

that additional parameters, such as semi-vertex angle and length, may be
important. In addition, the effect of the type of edge restraint should

be significant. The data available is insufficient or lacking, however,

to permit any decision to be made concerning these questions.

Bending and Internal Pressure

The addition of internal pressure to conical shells causes the

bending moment carrying capacity to increase by a very significant a-

mount, as is the case for cylinders. The data is given in terms of a

net membrane compressive stress parameter a_/_ which is plotted in
Fig. 9 as a function of a pressure paramete_ p_. Elsewhere in the

present compilation +, collapse of pressurized cylindrical shells in bending

is explained in terms of collapse of cylindrical membranes and the test

results are shown to fall between the limits, expressed in the notation

of the present paper,

C

where the lower limit corresponds to the theoretical membrane collapse
load and the upper limit to a modified membrane collapse load. The

same upper and lower bound lines are plotted in Fig. 9 and are seen to

bound the data for cones as well. Thus, at high pressures the bending

collapse of conical shells can very likely also be explained in terms
of a membrane collapse theory.

For cylinders, a good lower bound to the available data is shown

in the cited paper to be given for the entire pressure range, by

_b 1

C

(6)

This does not, however, appear to suffice for conical shells since re-

sults for some of the specimens lie below this bound, closer to the mem-

brane collapse moment. For pressurized cones in the intermediate range

of pressure values, therefore, additional testing is needed to establish

important parameters and values of collapse moments suitable for design
purposes.

÷

McComb, Harvey, G., Jr, Zender, George W., and Mikulas, Martin M., Jr. :
The Membrane Approach to Bending Instability of Pressurized Cylindrical
Shells.
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Bending, Axial Compression, and Internal Pressure

The final set of data is for a single 30° conical shell subjected

to combined bending, axial compression, and internal pressure. The re-

sults, are shown in Fig. l0 in the form of combined values of the moment

divided by the critical moment for no net axial force at the small end

and the net axial force at the small end divided by the critical net

axial force for no moment. The data for zero internal pressure and two

other values of pressure indicate that there is a single interaction

relation between three loads which is very similar in appearance to that

obtained theoretically for combined axial compression and uniform ex-

ternal hydrostatic pressure. When the net axial force is compressive,

this relation may be approximated by

M P'"P_
+ --1 (7)

M( p._p - o) (P- -

More data is needed, of course, to firmly establish this relationship

and to indicate other parameters that may be significant for other cone

geometries.

CONCLUDING REMARKS

Although a good deal of territory has been covered in trying to

establish design and analysis criteria for the buckling of conical shells,

the number of unanswered and bypassed questions is still considerable.

Many elastic small deflection problems remain to be investigated as well

as large deformation and plastic stability problems which appear to be

necessary for our understanding of the experimental results for several

loading conditions. The large number of parameters in all of the prob-

lems makes it necessary for theory and experiment to proceed together.

Thus far the theory has been necessary to provide correlation para-

meters for the experimental data. In many of the problems that should

be considered, however, the theoretician will need experimental data

to guide him in making his analyses.



_lO

BIBLIOGRAPHYON STABILITY OF CIRCULAR CONICAL SHELLS

IB

e

e

_e

e

e

e

e

,

10.

Alfutov, N. A. : Stability of Reinforced Cylindrical and Conical

Shells Loaded by External Pressure. Avtoref. Kand. dlss., Moak.
vyssh, tekh. uch., 1956.

Alfutov, N. A., and Razumeyev, V. F. : Dynamic Stability of a

Conical Shell Supported at One Edge and Subjected to Axially

Symmetric Pressure. Izv. Akad. Nauk SSSR, otdel, tekh. nauk,
no. 10, 1955.

BiJlaard, P. P. : Critical External Pressure of Conical Shells

that are Simply Supported at the Edges. Bell Aircraft Corp.,
Technical Report No. 02-941-027, February 1953.

Brown, J. K., and Rea, R. H. : The Elastic Stability of Thin-

Walled Pressurized Conical Shells under Compression and Com-

pression-Bending Interaction. M.S. Thesis, Institute of

Technology (Air University) Wright-Patterson Air Force Base.

August 1960.

Dill, E. H. : General Theory of Large Deflections of Thin Shells

with Special A_plicatlons to Conical Shells. NASA TN D-826,
March 1961.

Esslinger, M. : Uber das Ausbeulen von Kegelschalen_Der Stahlban

(Supplement to Bautechnik). Berlin, vol. 22, no. ii, 1953,
pp. 254-257.

Fung, Y. C., and Sechler, E. E. : Instability of Thin Elastic

Shells. Structural Mechanics, Pergamon Press, 1960, pp. ll5-168.

Grigolyuk, E. I. : The Elastic Stability of Orthotropic and
Layered Conical and Cylindrical Shells. Gosizdaten Structures

and Architecture, collection "Space Systems", vol. 3, 1953.

Grigolyuk, E. I. : On the Stability of a Closed Two-Layered Conical

Shell Subjected to Uniform Normal Pressure. Inzhenerny Sbornik,

vol. 19, 1954, pp. 73-82. (Also available in English as David

W. Taylor Model Basin Translation 265, March 1956).

Grigolyuk, E. I. : Loss of Stability in the Case of Finite De-

flections of a Closed Laminated Conical Shell Subject to the

Action of Uniform Pressure Normal to the Surface. Inzh. Sb,

vol. 22, Moscow, izd. Akad. Nauk. SSSR, 1955.



411

Ii. Hakansson, A. : Calculation of Cylindrical and Conical Shells

Under External Overpressures. Teknish Tidskrift, Stockholm,

Sweden, vol. 81, no. 13, 1951, Pp. 261-263.

Harris, L. A., and Whinery, R. 0.: Buckling of Conical Shells

Under Uniform External Pressure. North American Aviation Inc.,

Structures Technical Report no. 28, October 1955.

13. Harris, W. F., and Leyland, J. : The Strength of Conical Vessels

Subject to External Pressure. Transactions of the Institute of

Chemical Engineers, vol. 30, 1952.

14. Hoff, N. J., and Singer, J. : Buckling of Circular Conical Shells

Under External Pressure. Proceedings of the IUTAM Symposium on

the Theory of Thin Elastic Shells, Delft, Holland, Aug. 24-28,

1959, North-Holland Publishing Co., Amsterdam, 1960, ppo 389-414.

15. Homewood, R.H., Brine, A. C., and Johnson, A. E.: Buckling

Instability of Monocoque Shells. AVCO Technical Report RAD-

TR-9-59-20, August 1959.

16. Jordan, William D. : Buckling of _in Conical Shells under Uniform

External Pressure. Technical Report, Bureau of Engineering

Research, College of Engineering, University of Alabama, Feb-
ruary 1955.

17. Kempner, Joseph: Stability Equations for Conical Shells. Journal

of the Aeronautical Science, vol. 25, no. 2, February 1958,
pp. 137-138.

18. Kurzweil, A. C. : The Bending and Buckling of Shells with Special

Reference to Truncated Cones. Fn.D Dissertation, Stanford

University, 1939.

19. Lackman, L. and Penzien, J. : Buckling of Circular Cones Under

Axial Compression. Jour. Appl. Mech., vol. 27, no. 3,
Sept. 1960, pp. 458-b,60.

20. Lofblad, R. P. : Stability of Thin-Walled Cylinders and Cones with

Internal Pressure under Axial Compression. Massachusetts Insti-

tute of Technology, Technical Report No. 25-29, May 1959.

21. Lundquist, E. E., and Schuette, E. H. : Strength Tests of Thin-

Walled Truncated Cones of Circular Section. NACA W_ L-_42,

December 1942.



412

22. Magula,A. W.: Structural Test-Conlcal ReadAssembly,Test No.
815. North AmericanAviation, Inc., Downey,Missile Test Lab.
Report _rL-531, 1954.

23. Mushtari, 10a. M. : Some Generalizations of the Theory of Thin

Shells with Applications to the A_sis of Problems of the

Stability of Elastic Equilibrium. Prikladnaya Matematika i

Mekhanika, Moscow, vol. 2, no. 4, 1939, PP. 439-456.

24. Mushtarl, Kh. M. : The Appro_hmate Solution of Certain Problems

of Stability of a Thin-Walled Conic Shell with a Circular Cross

Section. Prikla_a Matematlka i Mekhanika, vol. 7, no. 3,
19/,3, Pp. 155-166.

25. Muahtari, Eh. M., and Galimov, K. Z. : Non-Linear Theory of Thin

Elastic Shells. Academy of Sciences, USSR, Kazan Branch, 1957,

pp. 287-307. (Translated and available as NASA-TT-F62, 1961).

26. Muahtari, Kh. M. and Sachemkov, A. V.: Stability of Cylindrical

and Conical Shells of Circular Cross Section, with Simultaneous

Action of Axial Compression and External Normal Pressure.

Prikladnaya Matematika i Mekhanika, vol. 18, no. 6, November-
December 1954, Pp. 667-674. (Also available in English as

_l i_33, kprll 1958).

27. Niordson, F. I. N. : Buckling of Conical Shells Subjected to

Uniform External Lateral Pressure. Transactions of the Royal

Institute of Technology, Stockholm, _eden, no. i0, 1947,

pp. 1-21.

_e

9 •

PTI_r, A. : Stabilita't d'_Iner Ke_ischalen. Ingenieur Aruhiv,

vol. 13, no. 2, 1942, pp. 59-72.

Pfl_r, A. : Zur Stabilitat der d'unnen Kegelschale. Ingenieur

Archly, vol. 13, no. 2, 1942, pp. 59-72.

30. Pittner, E. V., and Morton, F. G. : Stress an_ Stability Analysis

of Cylindrical and Conical Shells, Final Report.

a) Volume I, An Infinitesimal-Buckling Analysis for Truncated

Conical Shells Subjected to External Pressure.

b_ Volume ii, A Method of Analysis for Buckling of Monocoque

Conical Shells Subjected to Hyd__ostatic Pressure.

Lockheed Aircraft Corp., Report No. I/_S_-89h_308, May 1961.



413

31.

_e

33.

34.

35.

36.

37.

38.

39.

_0.

4_.

Radkowaki, P. P. : The Stability of Truncated Cones. Proceedings
of the Second Conference on the Mechanics of Elasticity and

Plasticity, Washington D.C., Feb. 1957, PP. 121-157.

Radkowski, P. P. : Buckling of Thin Single- and Multi-Layer

Conical and Cylindrical Shells wi_h-Botati_Sy_metric

Stresses. Proceedings of the Third U. S. National Congress of

Alyplied Mechanics, Providence, R.I., June ll-14, 1958, pp. 443-

Radkowski, P. P., and Johnson, D. R. : Buckling of Single- and

Multi-Layer Conical and Cylindrical Shells Subjected to Axial
Loads and Lateral Pressure. AVCO Corp., Technical Report

RAD-TR-61-36, Dec. 1961.

Reed, G. Wo, and Pipes, E. J. : Structural Reliability Methods for

Cylinders and Cones. Lockheed Aircraft Corp., Report no.

LM_D-4507, May 1959.

Ryayamet, R. K. : Stable Equilibrium of Elastic Conical Shells

Subjected to Uniformly Distributed External Pressure. Trud.

Tallinsk. Politekh. Inst., no. 65, 1955.

Sachenkov, A. V. : Some Problems of the Stability of Conical Shells
Within the Elastic Limit. Avtoref. Kand. Diss., _osk. Aviats.

Inst., 1954.

Sachenkov, A. V. : Approximate Determination of the Lower Bounds
of the Critical Loads of Thin Conical Shells Subjected to Axial

Compression. Izv. Kazansk. fil. Akad. Nauk SSSR, Seriya fiz.-
mat. i. tekh. nauk, no. 7, Kazan, Tatknigoizdat, 1955.

garanti, Y. : Theoretical Investigation Concerning the Collapse
of Bound Conical Shells by Pressure. Thesis, Kyushu Imperial

University, Japan, 1942.

Schnell, Walter: Die D_nnwandige Kegelschale unter Axial- und
Innendruck. Dissertation Hheinisch- Westf_lischen Technischen

Hocrschule, Aachen, 1960.

Seide, Paul: Axisymmetric Buckling of Circular Cones Under Axial
Compression. Jour. Appl. Mech., vol. 23, no. 4, Dec. 1956, pp.

625-628.

Seide, Paul: A Donnell-Type Theory for Asymmetrical Bending and

Buckling of Thin Conical Shells. Jour. Appl. Mech., vol. 24,

no. 4, Dec. 1957, PP. 547-552.



_e

_3.

Seide, Paul: Note on Stability Equations for Conical Shells.

JAS, vol. 25, no. 5, May 1958, p. 342.

Seide, Paul: On the Buckling of Truncated Conical Shells Under

Uniform Hydrostatic Pressure. Proc. IUTAM Symposium on the

Theory of Thin Elastic Shells, Delft, Holland, Aug. 24-28, 1959,
North-Holland Publishing Co., Amsterdam, Holland, 1960.
pp. -363-388.

4_. Selde, Paul: On the Buckling of Truncated Conical Shells in

Torsion. Jour. Appl. Mech., vol. 29, no. 2, June 1962, .
_. 3_-328.

/

45. Seide, Paul: on the Stability of Internally Pressurized Conical

Shells Under Axial Compressio_ (to be published in Proc. 4th.

U.S. National Congress of A_pl. Mech., University of California,
Berkeley, Calif, June 18-21, 1962).

46. Seide, Paul: Calculations for the Stability of Thin Conlc_l

Frustums Subjected to External Uniform H_drostatic Pressure and

Axial loads. Jour. Aerospace Sci., vol. 29, no. 8, Aug. 1962,
PP. 951-955.

4?.

_e

50.

51.

Seide, Paul, Weingarten, V. I., and Morgan, E. J. : Final Report

on the Develol_nent of Design Criteria for Elastic Stability of

Thin Shell Structures. Space Technology Laboratories, Inc.,
Report No. STL/TR-60-0000-19_5, _ 10-26, _/TR-61-7,
Dec. 31, 1960.

Shroeder, F. J., Kusterer, E. T., and Kirsch, R. A. : An Experi-
mental Determination of the Stability of Conical Shells. Air-

craft Armaments, Inc., Cockeysville, Md., Report ER-1361,
M%y 1958.

Shtayerman, I. Ya. : Stability of Shells. Sb. trud. Kazanak.

aviats. Inst, no. l, 1936.

Singer, Josef: _Ackling of Circular Conical Shells under Axisym-

metric External Pressure. Israel Institute of Technology,
Haifa, Israel, Technical Note #I, November 1960.

Singer, Josef: The Effect of Axial Constraint on the Instability
of Thin Conical Shells under External Pressure. Israel

Institute of Technology, Haifa, Israel, Technical Note no. 2,
December 1960.



419

52.

53.

54.

55.

56.

5?.

58.

59.

60.

61.

Singer, Josef: Buckling of Thin Circular Conical Shells, Subjected

to Axisymmetrical Temperature Distributions and External Pressure°

Israel Institute of Technology, Half a, Israel, Technical Note

no. 3, July 1961.

Singer, Josef: A Donnell Type Theory for Bending and Buckling of

0rthotropic Conical Shells. Israel Institute of Technology,

Kaifa, Israel, Technical Note no. 5, December 1961.

Singer, Josef, and Eckstein, Abraham: Experimental Investigations

of the Instability of Conical Shells under External Pressure.

The Bulletin of the Research Council of Israel, vol. llC, no. l,
April 1962, pp. 97-122.

Taylor, C. E. : Elastic Stability of Conical Shells Loaded by

Uniform External Pressure. Proceedings of the Third Midwestern

Conference on Solid Mechanics, University of Michigan, 1958,

p. 443.

The Staff of the Applied Mechanics Branch, Watertown Arsenal

Laboratories, under the direction of Oscar L. Bowie, Burton

S. Parker, Peter P. Radkowski, and Joseph I. Bluhm: A Study

of the Buckling of the IRBM (Jupiter) Bo//aheads. WAL 880/5_,

August 31, 1956.

Tokugawa, T. : Experiments on the Elastic Stability of a Thin-

Wall Cone under Uniform Normal Pressure on All Sides, and an

Approximate Method for Computing its Collapsing Pressure.

Applied Mechanics League, Congress Shipbuilding Association,

Japan (Zosen Kiokai), Miscellaneous Publication no. 125, 1932,

pp. 151-169 °

Tokugawa, Takesada: Approximate Method of Calculating the Collap-

sing Pressure of Thin Cylindrical Conical, and Spherical Shells

under Uniform External Pressure. Journal of the Society of Naval

Architects, Japan (Zosen Kiokal). vol. 66, 1940, pp. 251-240.

Trapezin, I. I. : Stability of Conical Shells Subjected to Hydro-

static Pressure. Collection "Analysis of Strength, Stiffness,

Stability and Vibration", Moscow, Mashgiz, 1955.

Trapezin, I. I. : On the Stability of a Thin Walled Conical Shell
of a Circ%Llar Section under Loads Symmetrical about its Axis.

Trudy Mosk. aviats, instituta, no. 17, 1952.

Westmoreland, R. T. : Model Test of Conical Bu/_khead, Test No.
1098. North American Aviation, Inc., Downeyj _[issile Test Lab.

Report MTL-652, 1955.



_16

Table i. Comparison of Theory and Experiment for Steel Cylinders and

Cones in Torsion (Par. 47).

t _ _ L

(in.) (in.) (In.) (in.)

T

(experimental)

psi

T

(oo=putea)
psi

T
e_

T
CO_rp

= 30°

0.010 k i0 10.39

0.010 _ i0 10.39
0.020 _ i0 10.39
0.020 4 i0 10.39

zz_9o

23_oo

lllO0

11100

26570
26570

1.05

1.03
1.22
0.88

0.010

0.010

0.010

0.010

0.010

0.010

2

2

3
3
5
5

i0

lO

I0

i0

lO

i0

_.62
&.6z
4.o_
_.o_

2.89
2.89

==60 °

143O0

I_300
zo8o0

13600

8390
690o

2103o
21030
12_o
Le_6o

7850
7850

0.68
0.68

0.87

1.09
1.07
0.88
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Figure 1.- Theoretical variation of axial load parameter with internal

pressure parameter for conical shells with clamped or simply supported

edges (v = 0.3).
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Figure 3-- Theoretical interaction curves for cones under combined

axial load and external uniform hydrostatic pressure.
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