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THE AXISYMMETRIC BUCKLING OF INITIALLY
IMPERFECT COMPLETE SPHERICAL SHELLS*

TaTsuzo KoGa and NicroLAs J. HOFF

Stanford University, Stanford, California

Abstract—Starting out from recent experimental results according to which thin-walled spherical shells subjected
to a uniform external pressure deform in an axisymmetric mode at the beginning of the buckling process, the
buckling and the postbuckling behavior of complete spherical shells were investigated under the assumption
that both the unintentional, random initial deviations from the exact shape, and the following elastic deformations
are symmetric to some radius of the shell. The shell was imagined to be decomposed into a cap which shows
large deformations, and into a remainder in which the displacements are so small that in their analysis a linear
theory can be used satisfactorily. The total potential energy of the system was minimized numerically and in
the minimization process the conditions at the boundary between cap and remainder were enforced rigorously.
Complete and continuous postbuckling curves were obtained in a number of cases and the maximal value of the
pressure parameter was determined in a sufficiently broad range of the geometric parameter to draw conclusions
regarding the practical behavior of spherical shells under external pressure. Comparison with earlier theoretical
and experimental work yielded satisfactory agreement.

NOTATION
Ay As, .. coefficients of stress function defined in equations (27) and (28)
D bending stiffness = Eh3/12(1 — v?)
E Young’s modulus
F stress function
HYV horizontal and vertical components of stress resultants
K;; stiffness coefficients (i, j = 1,2)
M, bending moment resultant in meridional direction
N, T,mn integers
P total potential energy
U strain energy
v, potential of external pressure
Wars Wap, Wy, W, work done by M, H and V acting upon the edge of the remainder and by the external
pressure acting on the remainder
a radius of the spherical shell
bi.b,y,... coefficients of series for g2
h thickness of shell
k parameter defined in equation (31)
P external pressure
Dut classical buckling pressure
u,w horizontal and vertical displacements
v volume displaced during deformation
o edge angle of the cap
B change of angle of meridian tangent
81,05, ... coefficient of series for g*

imperfection amplitude parameter defined in equation (37)

* The contents of this paper are based on the Ph.D. dissertation of the first author submitted to Stanford
University in partial fulfillment of the requirements for the Ph.D. degree. The second author acted as thesis
supervisor. The authors are grateful to the Office of Naval Research of the U.S. Navy whose Mechanics Branch
monitored the work under Contract N00014-67-A-0112-0003 (RR 009-03-01}).
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£, 89 midsurface strains in meridional and circumferential directions

Koo Ky midsurface curvature changes in meridional and circumferential directions
geometric parameter = [12(1 —v))]*(a/h)a

v Poisson’s ratio

I4 nondimensional meridional coordinate
I nondimensional pressure parameter
@ meridional coordinate

Subscripts and superscripts

¢ quantities pertaining to the edge of the shell

r quantities pertaining to the remainder

a geometric quantities measured from the initial shape of the midsurface of the imperfect shell
initial deviations

2 quantities belonging to the primary and secondary states of stress and deformation

> nondimensionalization in accordance with equations (7) and (20

y differentiation with respect to ¢

Y differentiation with respect to &

INTRODUCTION

SINCE the pioneering work of Th. von Karmén and H. S. Tsien [1] who attempted to
explain the discrepancy between the experimentally obtained buckling pressure and the
theoretical classical pressure

pa = (2/3(1 =v})*UER?/a) (1

derived by R. Zoelly [2], E. Schwerin [3] and A. van der Neut [4], the emphasis in the
literature has been largely on the solution of the problem of the buckling of clamped
shallow spherical shells. The methods used in the case of symmetric buckling can be
classified as belonging to one of the following five types: {1} Perturbation method [5, 6];
{2) Power series method [7-117; (3) Finite difference method [12-14]; (4) Method of iterative
numerical integration [15-19]; and (5) Energy method [20]. In the case of nonsymmetric
buckling, the bifurcation point of the axisymmetric equilibrium curve at which anti-
symmetric equilibrium states become possible for the first time was sought in agreement
with Koiter’s theory [21-25]. Accurate solutions of the axisymmetric buckling of clamped
shallow spherical shells were obtained by H. J. Weinitschke [11], B. Budiansky [15],
G. A. Thurston [17], R. R. Archer [14] and D. Bushnell [20]. The most accurate results
relating to nonsymmetric buckling are probably those obtained by N. C. Huang [24]
and H. J. Weinitschke [25]. The values of the buckling pressure are usually plotted against
the geometric parameter A defined as

A= [12(1 = v ¥ a/h)ta 2

where «a is the edge-angle of the shallow spherical shell measured from the axis of symmetry.

In 1961, A. G. Gabriliants and V. I. Feodosev [26] treated the problem of the buckling
of the complete and perfect spherical shell by dividing it into a shallow spherical cap and
a remainder. They solved the nonlinear differential equations of the shallow spherical
shell with boundary conditions derived from the solution of the linear differential equations
governing the bending of the remainder. The numerical calculations were performed by a
finite difference method and only the minimal value of the postbuckling equilibrium
pressure was sought.



The axisymmetric buckling of initially imperfect complete spherical shells 681

In 1962, J. M. T. Thompson [27] presented the results of an experimental and theoretical
investigation. The experiments were performed on polyvinyl chloride shells of a radius-
to-thickness ratio of about 20 with a loading device which was extremely rigid. In the
theoretical work, the complete spherical shell was divided into a shallow spherical cap
and a remainder. The bending deformations were assumed to be confined to the cap,
and the remainder was assumed to undergo only a membrane contraction. Thus, the
matching of the cap and the remainder was accomplished by enforcing the conditions
that the meridional displacements of the cap and the rotation of the meridian should
vanish at the boundary of the two regions. The calculations were carried out with the aid
of the Rayleigh-Ritz method and the normal displacement was assumed in the form of a
finite polynomial with three undetermined coefficients. The total potential energy was
minimized with respect to four free parameters, namely the three undetermined coefficients
of the polynomial assumed and the parameter representing the edge angle of the cap.
The effect of initial imperfections was also studied for a particular shape of the imperfection.
Good agreement was observed between the theoretical results and the experiment.

In 1964, A. B. Sabir [28] investigated the interaction between a uniform external pressure
and a point load applied to a spherical shell. He assumed that the dimple formed by the
application of the point load has a shallow spherical shape with the initial curvature com-
pletely reversed. He stipulated that the bending deformations were confined to edge zones,
and the edge zones were very narrow both for the dimple and the remainder. Thus, the
essentially nonlinear problem of large deformations was treated by the linear bending
theory of shallow spherical shells. The boundary between dimple and remainder was
taken as the point at which the tangent to the meridional section is perpendicular to the
axis of rotation of the shell. Assuming that the imperfection has the same shape as the
dimple formed by the point load, Sabir reinterpreted the effect of the point load as the
effect of the initial imperfection.

In 1964, J. M. T. Thompson [29] applied Koiter’s ideas to an investigation of the initial,
axisymmetric postbuckling behavior of a complete spherical shell by using the strain-
displacement relations valid for shallow spherical shells. A closed-form expression was
derived for the initial slope of the postbuckling path. This slope was found to be negative
indicating sensitivity to initial imperfections. The Koiter approach was also employed
by J. W. Hutchinson [30]. His analysis, published in 1967, was not restricted to axisymmetric
buckling, but took into account the coupling of all the buckling modes associated with
the bifurcation point.

More details of the historical developments can be found in a survey article written
by Th. von Karman and A. D. Kerr [31).

A series of experiments on the buckling of complete spherical shells was recently
performed in the Department of Aeronautics and Astronautics of Stanford University.
The test results obtained by R. L. Carlson, R. L. Sendelbeck and N. J. Hoff [32] and by
L. Berke [33] seem to indicate that the buckling shape is axisymmetric, at least in the
important early phases of the buckling process. In the present study, use is made of these
experimental observations. It is assumed that the shell has an axisymmetric initial im-
perfection. In the analysis, the complete spherical shell is divided into two parts ; the shallow
spherical cap in which the initial imperfection exists and the dimple forms, and the remain-
ing portion of the shell most of which deforms in simple contraction. It is further assumed
that the deformation in the cap is large. Hence the nonlinear theory of finite deformation
is used for the analysis of the cap. The bending deformations of the remainder occur in an
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edge zone and are assumed to be small. Hence the linear bending theory is used for the
analysis of the remainder, but the effect of the prestress of the fundamental state is duly
considered.

After the major portion of the work here described was completed, the authors became
aware of four additional papers whose topics are related to that of the present report.
In the first one of these, Thurston and Penning [34] describe tests carried out with forty
aluminum alloy spherical caps after their exact shape had been carefully measured. The
authors also developed a method of numerical integration of the large-displacement
Reissner equations which permitted them to calculate the changes in the shape of each
specimen as the external pressure was increased. Comparison of calculation and experi-
ment proved the correctness of the basic assumptions and of the method of analysis
although the maximum of the pressure predicted by theory often differed considerably
from the collapse pressure measured, particularly when the a/h ratio of the shell was large.

In the second paper Bushnell {35] used a numerical integration scheme for the solution
of finite difference equations to determine the collapse pressure of hemispheres with a
flat spot. His calculations were also based on Reissner’s equations and only axisymmetric
deformations were taken into account. In a follow-up paper, Bushnell [36] used the digital
computer to determine first the changes in the axisymmetric mode of prebuckling deforma-
tions of spherical shells with a flat spot, and then the possibility of a bifurcation of the
equilibrium into a multilobed state of deformations. At a distance of 3-3(ah)* from the
edge of the flat spot the radial displacement and the slope of the displacements accompany-
ing buckling were taken as zero. This was assumed to represent a satisfactory approximation
to the behavior of complete spherical shells. Further reference to Bushnell’s work will be
made in the body of the paper.

In a fourth paper Krenzke and Kiernan [37] reported on tests carried out at the David
Taylor Model Basin with sixty-two aluminum alloy shells machined very accurately out
of bar stock. Thirty-six of these had predetermined imperfections in the form of a flat spot.

BASIC EQUATIONS

The basic equations governing the axisymmetric large deformations but small strains
of rotationally symmetric shells were formulated by E. Reissner [38]. They can be simplified
to hold for shallow spherical shells with finite displacements and small rotations of the
meridian. If there exists a small initial imperfection characterized by the initial angle
B, between the tangents to the meridians of the imperfect and perfect shells and if the
geometric quantities measured from the midsurface of the initially imperfect spherical
shell are designated by the subscript a (for additional), the strain—displacement relations
and the compatibility equation become (see Figs. 1-3):

{a) Strain-displacement relations
Epa = (Uy/@)+ @B+ (B2/2)+ Bifas

Egq = U, /0O,

Kou = —Pafa,

Koa = — Ba/ae,

where u 1s the horizontal component of the displacement.

i

(3)
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TOTAL POTENTIAL ENERGY

The total potential energy of the complete spherical shell can be separated into the
following parts:

(a) Strain energy stored in the cap;

(b) Potential of the external pressure acting upon the cap; and

(c) Total potential energy of the remainder.

(a) Strain energy stored in the cap, U

U can be given as the sum of the strain energy due to membrane stresses and the strain
energy due to bending. It can be written in terms of F and §, as

U = (w/ER) j [(F /@) +(F')? — (2vFF' /)l do + (xa?D) f [(Bu/a)’
0 4]

+(Bo/ap) +(2vBBu/a’@))e do, )
where D = Eh?/12(1 —v?) is the bending rigidity of the wall of the shell.

(b) Potential of the external pressure acting upon the cap, V,
V, is given in the shallow-shell approximation by

Vv, = ——27ra2pj ow, do, (10)
0

where w, is the vertical component of the displacement measured from the midsurface
of the initially imperfect shell and p is the external pressure.
Integrating equation (10) by parts, one obtains

V, = —n(aot)"‘pwa('aHnazpf o*w,do . (11)
0

As it will be shown under (c), it is permissible to omit the first term in the right-hand
member of equation (11). In other words, one is allowed to take
W) =0 (12)

without loss of generality, if the work done by the vertical component of the stress resultant
acting upon the edge of the remainder is also omitted. Thus one has

]

v, = ﬂ:a**pJ. @*B, do (13)

0
where the relation
B = (1/a}(dw,/de)

has been used.

(¢) Total potential energy of the remainder, P.

The quantities characterizing the deformations of the remainder will be represented
as the result of the superposition of a primary state and secondary state.
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REMAINDER

F1G. 3. Sign convention for edge loads and edge displacements.

{b) Compatibility equation
80a+(p8;9a_8(pa = —'(pﬁa_(ﬂg/z)—ﬁiﬁas (4)

where the prime indicates differentiation with respect to ¢, and a is the radius of the
spherical shell.
The stress function F is defined by the equations

F = apN,,
F' = aNy.
Then the quantities ¢,,, &, and u, can be written in terms of F:
&pa = (1/Eha)[(F/@)— vF'],
&os = (1/ERa)[F' — (vF/o)], (6)
U, = (1/ERN@F' —vF),

where E, v and h are Young’s modulus, Poisson’s ratio and the wall-thickness of the shell,
respectively.

The compatibility equation (4) can now be written in terms of F and f,. If the
dimensional quantities are nondimensionalized by introduction of the relations

(5

{=¢/o, p*=p/a, F*=F/Eha’, (7
then the compatibility equation can be written in the nondimensional form
F¥ 4+ (F* /)~ (F*(E%) = ~ B —(BY'/28)~ (B2B1/0), ®)

where the dot indicates differentiation with respect to &.
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TOTAL POTENTIAL ENERGY

The total potential energy of the complete spherical shell can be separated into the
following parts:

(a) Strain energy stored in the cap;

(b) Potential of the external pressure acting upon the cap; and

(c) Total potential energy of the remainder.

(a) Strain energy stored in the cap, U

U can be given as the sum of the strain energy due to membrane stresses and the strain
energy due to bending. It can be written in terms of F and §, as

U — (w/Eh) j [(F/g)? +(F')? — vFF'/)}p dp + (xa®D) f [(Bu/a)’
0 0

+(Bo/ap) +(2vB.B/a’0)le do, )
where D = Eh*/12(1 —v?) is the bending rigidity of the wall of the shell.

(b) Potential of the external pressure acting upon the cap, V,
V, is given in the shallow-shell approximation by

Vv, = ~2na2pf ow, do, (10)
0

where w, is the vertical component of the displacement measured from the midsurface
of the initially imperfect shell and p is the external pressure.
Integrating equation (10) by parts, one obtains

vV, = —n(aoc)zpwa('oc)+na2pf o*w,do . (11)
0

As it will be shown under (c), it is permissible to omit the first term in the right-hand
member of equation (11). In other words, one is allowed to take
wy(e) = 0 (12)

without loss of generality, if the work done by the vertical component of the stress resultant
acting upon the edge of the remainder is also omitted. Thus one has

2

V, = na**pJ. 0B, do (13)

0

where the relation

Ba = (1/a)(dw,/do)

has been used.

(c) Total potential energy of the remainder, P,

The quantities characterizing the deformations of the remainder will be represented
as the result of the superposition of a primary state and secondary state.
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The primary state of stress and deformation, indicated by the subscript 1, is defined
as the membrane state of stress and deformation of the perfect shell. It can be represented
entirely by the normal stress resultants N,,; and Ny, and by the horizontal displacement
. The secondary state of stress and deformation, indicated by the subscript 2, is defined
as the state of stress and deformation produced by the addition of edge force and moment
resultants to the state of loading of the primary state. Since M,,, My,. ff;, Ky, vanish
identically in the present approximation, M,, M,, f, k, and Kk, are quantities appearing
in the secondary state only. Thus these quantities will be written without the subscript 2.

In addition to the subscripts 1 and 2, the subscripts e and r are introduced to characterize
the quantities pertaining to the edge and to the remainder. No subscript is used to denote
the quantities pertaining to the cap, except a for the displacements and rotation of the
meridian of the imperfect shell.

The strain energy U, stored in the remainder when it distorts in the secondary state
under the action of the stress resultants acting upon it from the cap is

Ur = WMr+WHr+ WVr+W

pre

(14)

where Wy,, Wy,, Wy, and W, are the work done by the stress resultants M,,,, H,, and
V,. and by the external pressure p, respectively. The distortions are assumed to begin
after the remainder had been compressed uniformly by the pressure p; hence W, is the
work done by the constant pressure p during the deformations caused by M, H,, and
V... Since the total potential energy P, of the remainder is

P=U+V,,
and because
V= —W,,

when the external pressure is constant, one can write
PP: Ur_Wpr: 7Mr+W,Hr+WVr' (15)

Two terms are still missing from this equation, namely the strain energy stored in the
remainder during the deformations corresponding to the uniform compression of the
primary state, and the corresponding potential of the external pressure. But these quantities
are independent of the values of u,,, and f,. and thus they do not make any contributions
when the total potential energy of the entire system is varied. It is permissible, therefore,
to omit these terms from this analysis.

The first term in the right-hand member of equation (11) can be written in the form

{ - n(aa)zpwlae' n(aa)zpwme}' “6)

The second term of this expression is the same, except for the sign, as the last term in the
right-hand member of equation (15). Since the potential energy expressions for the cap
and remainder must be added to obtain the total potential energy of the entire spherical
shell, the term W, cancels the second term in the expression (16). The remaining term of
(16), — m(aa)*pw,,., is independent of u,,, and j,, and thus, for the reason stated previously,
can be omitted. This justifies the assumption of equation {12). One may, therefore, calculate
the total potential energy of the remainder from the equation

‘Pr = WMr+WHr

. {1
= naoc[u 1reH tre+ U lreHre -H 1retbre — ureHre + ﬁreﬁ’{wre]
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where the subscript 1re indicates a quantity related to the edge of the remainder in the
primary state, and re indicates a total displacement or force quantity (sum of primary and
secondary) for the edge of the remainder.

The assumption of small deformations for the remainder enables one to make use of
the well-established solutions of the linear equations governing the deformations of the
pressurized spherical shell. According to the solutions of the linear theory, H,, and M,
are related linearly to u,, and §,,. The relations are written in the form

Hre = Kllr(ure—'ulre)+K12rﬁre+H1re’
A'[(pre = K21r(ure_u1re)+K22rBre?

where K;;, (i, j = 1, 2) are the stiffness coefficients for the remainder, which are presented
in the Appendix. The sign convention for the edge loads and edge displacements is shown
in Fig. 3.

(18)

MATCHING CONDITIONS

Since the cap and remainder are parts of the complete spherical shell, there should
not exist any discontinuity in the physical quantities characterizing the state of the shell
at ¢ = a. Therefore, the following four conditions are imposed to ensure the proper
matching of the cap and remainder:

ae = Upes ﬂae = ﬁre»
He=Hre’ A’[tpe:M(pre

u
(19)

The first two conditions can be satisfied simply by substitutions. The remaining two
equations can be reduced to two equations in F, and f,, with the aid of equations (6) and
(18). The dimensional quantities are nondimensionalized through introduction of the

following relations :
K%, = (aia/EWK,,

KTZ = (i{/Eha)K 129

K%, = (A*/a’Eh)K 55, (20)
K3, = — K%,
p = p/pa-
Then the two equations become in nondimensional form:
(K$1JOFE — (0Kt JAFE = F¥ + (Kt /A0 +2p/2) [(1 - v)(KY,/H)~1]1 = 0, (21)
WK, (FE —vF¥)— B —vB% — iK%, B+ 2p(1 = v)KT,, = 0. (22)

The total potential energy can now be written in terms of F and f8, only. The result
is in nondimensional form

1
p* = (22/2)f [(F*/&)* +(F*)? — 2v(F*F* /)¢ d&
0

1 1
+(1/22%) fo [(B2/S)* + (B ) +2v(BXBY /61 dE+2p f pr* d¢
0

+[p(F¥ —F)—(A2/2)(F¥ —vFHF¥ —(1/22%) (B, + vBX)B%]. (23)
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METHOD OF SOLUTION

The Rayleigh-Ritz procedure is used to obtain the approximate solution of the non-
linear problem. ¥ is assumed in the form of a finite polynomial in ¢ with undetermined
coeflicients. It contains only odd powers of ¢ because the deformations are axially sym-
metric:

N
pr= % b (24)
n=1,3.5
where N is an odd integer and b, are the undetermined coefficients.
The initial imperfection is also assumed to be given in the form of a finite polynomial

pE= 3 8 (25)

where the o, are prescribed for a particular imperfection shape. In practice, some of the
d, will be chosen as zero, but having the upper limit N the same in the sums of equations (24)
and (25) is convenient when programming for the computer.

f* and f*, as assumed in the form of equations (24) and (25), are substituted into the
right-hand member of the compatibility equation, equation (8). Then equation (8) can
be easily integrated. The result can be written in the form

2N+1

Fr= Y A2 (26)
n=1

where 45, A, ... are defined as
Ay = @1 +3)b, +(3)b1]
As = —GU1+38)b3+3b, +bb3] 27
Ay = —({g)[(1+8)bs+3b3+8sb, + (33 +bbs] .. .,

and A, is the integration constant which will be determined with the aid of one of the
matching conditions.

Substituting F* and $7 into equations (21) and (22), one obtains the matching con-
ditions written in terms of b, and A4,. The result is

2N+1

N
Y (=K}, /A) = 1A, +(K¥3,/2%) Y, byt (2p/2%)[(1 = v)(K¥,,/A—1] = 0, (28)
n=1 n=1

1=
2N+1

N
Y 2K n=v)A,— Y (K%, +n+vb,+2p(1 —v)K¥,, = 0. (29)
n=1 n=1

From one of these matching conditions, say equation (28), the integration constant A4,
is determined. One has

2N+1

N
A== Y (Rn=v)(Kty,/2) = DA, — (kK ,/22) 3, b= (2p/2%)  (30)
=1

n=3 n=
where

k= (1= A(K*,/0)—1. 31)
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Substituting F* and B* into equation (23), one obtains the total potential energy
written in terms of b, and A4,:

A A

n'm

. 2N+12N+l ( n2)+v(m_n)
g o)

(12 i i [1—n2)+v(n—m):|bnbm

w1 me1 n+m

2N+1 N
+ Y pn—1A,+2p Y b/n+3) (32)
n=1 n=1
For given values of p, A and B} the total potential energy P* must be a minimum
with respect to all b, in the presence of the constraining condition, equation (29). The
minimization is performed with the aid of a Lagrange multiplier; it yields a set of the
nonlinear algebraic equations in b,, which is solved with the aid of the Newton-Raphson
iterative procedure.
Once the b, are obtained, the A4, are calculated according to equations (27) and (30).
Then the basic quantities fF, uy, wi, H* and M¥ can be calculated for the cap.
The volume displaced during deformations is given in nondimensional form as

1
=2 ped (33)
0
Substitution from equation (24) and integration yield
N
v* = =2 b,/n+3). (34)
n=1

NUMERICAL RESULTS

A computational program for the minimization and the Newton-Raphson processes,
valid for power series of ¥ and f¥ of any odd number of terms greater than three, was
developed and written in ALGOL machine language. The computations were carried out
on the Burroughs B5500 Digital Computer of the Computation Center of Stanford
University.

The computations were performed for two types of initial imperfections; one was in
the form of a dimple and the other was a spherical region whose radius of curvature was
larger than that of the perfect spherical shell. The former is called the imperfection of
type 1, and the latter the imperfection of type 2. The approximate shapes of these im-
perfections are sketched in Figs. 4a and 4b. In this analysis ¥ is taken in the form:

For the imperfection of type 1:

B¥ = —6[12(1 —v))1}(1/A%)6¢(1 - &%) (35)
and for the imperfection of type 2:

Br = —2[12(1 —v)}(1/2%)6¢ (36)
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Fi1G. 4b. Imperfection of type 2.

where 0 is the ratio of the initial deviation at the axis of rotation, w,(0), to the wall-thickness
of the shell, h:

o = wi(0)/h. (37)

The effect of imperfection 1 was studied by Budiansky [15], and that of imperfection 2
by Bushnell [35, 36]. Krenzke and Kiernan [37] carried out tests with specimens having
imperfections of type 2.

For each of several pairs of values of A and § the values of b, were guessed for a prescribed
value of 8. These values were improved through repeated solution of linear equations in
accordance with the Newton—Raphson procedure until the changes in the absolute values
of the three most important coefficients were less than one-hundredth of one per cent of
the absolute values obtained in the previous iteration. Next the number of coefficients b,
was increased by two, and the procedure outlined was repeated. The volume displaced
in consequence of the bending deformations was calculated and a comparison was made
between the values obtained for g terms and for g +2 terms of the b, series. When the
absolute value of the difference was smaller than one-hundredth of one per cent of the
absolute value of the displaced volume obtained for g terms, the values of b, obtained
in the last calculation were considered as the solution of the equilibrium problem for the
values of 4, § and p chosen.
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Next the values of p were increased stepwise and the calculations were repeated. The
increment was first taken as 0-1, and when the maximal, or critical, value of p was closely
approached, the increment in p was reduced to 0-01. The critical value of p was defined
as the largest value of p for which the procedure first outlined converged.

The results of the calculations are presented in Figs. 5 and 6 in the form of p,, vs. 4

- CLAMPED SHALLOW CAP
7\ { BUBIANSKY WEINITSCHRE, ARCHER. >

yd \\THURSTON AND BUSHNELL
Io —T T — T - T T vy A - T Ll
I ,—Io“"'—'o
L -~ \\ ’/ .{
r 1
o]
7

L // 4
el‘ " // 4
0.5 ~

T
n

0 5 10 15

1.0 ——

1
T
.

0 5 10 15

FiG. 6. Critical pressure parameter p,, vs. geometric parameter 2 ; imperfection of type 2.
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curves. For large values of A, serious difficulties in finding convergent solutions were
encountered. Values of p,, calculated in this range are shown by circles connected with
broken lines. It is worth noting that Bushnell [36] found bifurcation into a multilobed
pattern at these high values of 4.

From Figs. 5 and 6 one can see that there exists a minimum of p,, in each p,, vs. /
curve. It occurs at about 4 = 4 for the imperfection of type 1, and at A = 3 for the im-
perfection of type 2. If a/h is given, the angle a, which indicates the angular extent of the
initial imperfection, can be calculated for each given value of 4. Thus the most dangerous
angular extent of the imperfection can be determined by assigning the values 4 and 3 to A
in equation (2) for the two types of imperfections. For example, if the shell is characterized
by a/h = 10°, then the most dangerous angular extent of the imperfection is obtained as

a = 4° for the imperfection of type 1
o = 3% for the imperfection of type 2

In the case of the particular values 4 = 4 and 3 for the imperfections of type 1 and 2,
respectively, additional calculations have also been performed.

In the neighborhood of the maximal value of p the convergence of the procedure could
be improved by prescribing the volume parameter v* rather than the pressure parameter p.
The same approach was used near the minimal values of p when the complete equilibrium
curves for § = 0-1 were calculated. The results are presented in Figs. 7 and 8. The equi-
librium-states of prebuckling, unstable postbuckling and stable postbuckling are indicated
by the numbers (1), (II) and (II]), respectively.

The portions (1) and (II) of the complete equilibrium curves are presented in Figs. 9
and 10 for various values of J. In these figures the crossed lines indicate the solutions
obtained by prescribing the values of the volume parameter v*. The change in volume due
to the change in the fundamental state of uniform compression is not included in the
figures.

lﬂ T T T T T T T

0 L i 1 1 A 1 1
0 .2 4 .6 .8
'¥
F1G. 7. Complete pressure~volume curve; A = 4,8 = 01, imperfection of type 1 (volume changes caused
by changes in the membrane stresses in the remainder are not included).
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F1G. 8. Complete pressure-volume curve ; 1 = 3,8 = 0-1, imperfection of type 2 (volume changes caused
by changes in the membrane stresses in the remainder are not included).
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FiG. 9. Early phases of pressure-volume curve; A = 4, imperfection of type 1. The crossed line + + +
indicates the part of the curve obtained by prescribing ¢* in the iteration process (volume changes caused
by changes in the membrane stresses in the remainder are not included).

The relation between & and p,, is presented in Fig. 11. This shows that the spherical
shell is sensitive to both types of imperfection. The results of the present study are com-
pared with those obtained by A. B. Sabir [28] and J. W. Hutchinson [30]. When the minimal
values of p,, were cross-plotted from Bushnell’s [35] Fig. 7, the points obtained fell on the
curve labeled ““Type 2" of Fig. 11 of the present report so accurately that no separate curve
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1.0 Y Y T T "*‘! T ¥ v

F1G. 10. Early phases of pressure-volume curve; 4 = 3, imperfection of type 2. The crossed line + + +
indicates the part of the curve obtained by prescribing v* in the iteration process (volume changes caused
by changes in the membrane stresses in the remainder are not included).

could be drawn. This is a satisfactory check of the accuracy of the calcuiations because the
two solutions were obtained in quite different ways.

A second check was made by comparing the experimental buckling pressures of
Krenzke and Kiernan [37] with the p,, values shown in Fig. 6. In this comparison only
the thinnest shells of the experimental series were included. In the others the elastic limit
of the material must have been exceeded and the present theory is valid only for perfectly

‘-0 . T Y L L} T v ) 1
N T

FiG. 11. Critical pressure parameter vs. imperfection amplitude.
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elastic shells. Great accuracy cannot be claimed for the comparison because values of p,,
had to be interpolated, and in some cases even extrapolated, from the curves of Fig. 6.
Nevertheless satisfactory agreement was obtained between theory and experiment as
the experimental buckling pressures always fell between 69 per cent and 117 per cent of
the theoretical values.

CONCLUSION

The maximal values of the pressure parameter p in the equilibrium state before
buckling have been calculated for many combinations of the geometric parameter 4 and
the imperfection parameter 8. It can be seen that for all values of é the lowest buckling
pressure is reached when 2 is about 4 for the imperfection in the shape of a dimple, and
when / is about 3 for the imperfection in the shape of a spherical region.

In the manufacture of spherical shells for industrial purposes imperfections cannot be
avoided. They are distributed in a random manner over the entire surface of the spherical
shell. If the imperfections are of the two types that have been investigated in the present
study, buckling is most likely to be observed at that point on the spherical shell where the
initial imperfection corresponds to A = 4 or 3. The maximal value of the pressure that can
be reached in a pressurization test is then given by the two almost coincident curves
shown in Fig. 11,
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APPENDIX
Influence and stiffness coefficients for internally pressurized spherical shells were
obtained by G. Cline [39]. D. Bushnell [40] provided a supplement to Cline’s development
by investigating the externally pressurized spherical shells. His coefficients can be simpli-
fied to hold for shallow spherical shells by approximating sin ¢ and cos ¢ by ¢ and 1,
respectively. The simplification yields the following stiffness coefficients:

Ky, = (Ehjala)(A*/A%) {[1-p*HRT+ 1)}
Ky = =Ky, = (2ERZ2)(A*/A§){[(1+p)/21H(Rol | — 1R —[(1 - p)/21HI oI | + RoRy)}
Ky = —(a® EAN)A*/A$){[1 = p*THRG+ 15)+ (1 =v2)(1/23)[1 = p?HRI+ D)
+Q2/A[ = p(1+M][(1 +p)/2]R 1o~ Rol})
= /A1 +p(1+ ][ = p)2TH(RoRy + 151 ,)}

il

i
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where
A* = (1+2p)[(1 — p)2THR R +11o) +(1=2p) [(1 + p)/2]*(I {Ro — R, 1)
+(v=D/D1 = p’HRI+17)
A§ = (1 =v)(1/23) (1= p*) (R} + 1)
+(2/A[1 = p(1+ (1 +p)[(1 — p)/2H(R To— Rol1)(RT +1})
~ (/A1 +p(1+ ] = p)[(1+p)/21H(R R+ o) (R +1)
+ @D +2p)(1 = p)(RoR ) +(Io1,)°]
+(B (1 =2p)(1+p)[(IoR1)* +(Rol1)*]+2pRoloR1
~[1=p*P{Rolo(RT = ID) + R, I, (I5— RY)}.
R,, 1, Ry and I, are defined as

R, = ReH
11 = ImH(ll)
R, = ReH!"
I, = ImHY

where H{" and HY{" are the Hankel function of the first kind of order zero and one,
respectively.
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AGcTpakT—HIcxoAs M3 IOCTEAHMX JKCIIEPUMEHTANBHBIX DE3YNBTaTOB W3BECTHO, YTO TOHKOCTEHHBIE
chepuyeckue 060104KH, ITOABEPXKECHHbBIE ONHOMEPHOMY BHELIHEMY OABJICHHIO, AeGOPMHPYIOTCH B OCECHM-
METPHYECKOM HaIpaBiIcHHH, B HayaJie IPOLECCA BbINYYMBaHUsA. 3aTeM UCCNEAYETCA NPOLECC BbIMyYyuBaHUs
¥ TIOCNEKPHTHYECKOE MOBENEHHE MOJHBIX chepudeckux obonovek. [peanonaraioTcs mpu 3TOM, YTO Kak
HEYMBILLIEHHbIE, TIPOU3BOJTLHBIE, HAYaTbHBIE OTKAOHCHMS OT TOYHOM GOPMBI, TAK M IMOCNEAYIOLIUE
ynpyrue nedopMaLiuu ABIAIOTCH CHMMETPHYECKUMH ITO OTHOILIEHHIO paauyca obonouku. Janee npeanonar-
aercs, 4To 060J104Ky MOXKHO Pa3IOKHTD Ha KPBILLKY, KOTOPast XapakTepu3yetcs 6ombiuumu gehopmanyamu
M HA OCTATbHYIO YaCTh, B KOTOPOH MEPEMELLIEHUS SABIIAIOTCA TaK MaJbIMK, YTO MOXHO YIOBIETBOPHTEIBHO
HCIOMB30BATh NPU MX ONPEAC/ICHWH JMHERHYIO Teopuio. TTpUBOOUTCH YMCAEHHO K MHHHMYMY INOJIHAas
MoTeHUHaNbHAS IHEPTHs CUCTEMBbI. B mporiecce MUHUMAN3AUMH YCIIOBUSL HA IPaHULE MEXIY KPbILIKOK
M OCTAJIBHO# YacThIO TOYHO BINONHSAOTCA. [TOy4aloOTCA OJIHBIE M HEMPEPHUBHbIE KPUBbIE MTOCITIEKPUTHYEC-
KOTO BBIMy4HMBAHHUS 171 HEKOTOPBIX cllyyaeB. OnpezensieTca MakCMMaITBHOE 3HAYEHUE NIapaMeTpa AaBJIEeHHs
B JIOCTATOYHO IINPOKHM OMAMa3OHe TeOMETPHYECKOrO NapaMerpa, ¢ LENbIO MONyYeHUs Pe3ybTATOB
KacaloWMXCA TNPAKTHYECKOrO TOBEAEHUS ChepHYecKUX 0GONOYEK, 3aTPYKEHHBIX BHEUIHBIM JIABIICHHEM.
JaroTca yAOBNETBOPUTENBHBIC CPaBHEHMS C MNMPEABIAYLUMMU TEOPETHYECKMMU U IKCIEPUMEHTAIILHBIMU
paboramu,



