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Introduction. Imperfection-sensitivity and post-buckling theory have been the
subject of extensive studies in recent years [4], [6]. In these studies (see for example
[2], [7]) the critical buckling load is defined to be the maximum load attainable on the
pre-buckling portion of the load-displacement curve of an imperfect structure. This
definition leads to various approximations of the load-displacement curve, from which
the buckling load can then be estimated.

In this paper we present a very general iteration procedure for calculating the
buckling load of imperfect structures. The method does not require very special knowl-
edge about the form of the imperfections, and the iterates can be rigorously shown to
converge for small imperfections and to give asymptotically valid estimates of the
buckling load as a function of the imperfection amplitude. The method employs an
alternate definition of the buckling load which for imperfection-sensitive structures
gives the same buckling load as the more standard approach. The method is also valid
for problems which are imperfection-“‘insensitive,” even though the prebuckling curve
does not have a maximum attainable load. In this case, the method determines the
imperfection sensitivity of certain ‘“unbuckling’ Joads. For a treatment of a problem
of this type, see [10].

In the following sections we show how these techniques are easily applied to two
specific problems. In Sec. I we calculate the buckling load of an imperfect column on
a nonlinearly elastic foundation. In Section II we discuss the buckling of a spherical
cap under a number of conditions. Convergence proofs and other theoretical aspects
of the method are given elsewhere [8], [9].

I. Buckling of a uniform column on a nonlinearly elastic foundation. Consider a
pinned uniform column with an initial imperfection resting on a ‘‘softening’’ nonlinear
elastic foundation and subjected to an axial load. For small deflections, the governing
nondimensional equation is taken to be [2]

d'w d’w d’w,

—_— — — 3 _— — —
dz + 2x 9z +w—w 2N\T e

w(0) = w(r) =0, w’0) = w'@ =0, 1.1

where w(z) represents the lateral displacement and X represents the axial loading, with
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A > 0 for compressive loads. The initial imperfection has shape w,(x) and amplitude 7.
This problem has been considered in [2] for columns of infinite length and for some
special imperfection shapes wy(z). The treatment given here requires only very modest
assumptions on w,(x) and allows us to study finite columns.

When r = 0, w(x) = 0 is a solution of (1.1) for all values of A\. The buckling load
for such perfect columns is the lowest bifurcation point of (1.1). This is the lowest value
of A, for which solutions of (1.1) with arbitrarily small amplitude exist in every neighbor-
hood of A\, . A necessary condition for bifurcation to occur is that (1.1) linearized about
A = X, w(z) = 0 has nontrivial solutions. Thus, bifurcation can occur for X = X\, only if

d“¢ ¢ ’ ’
+2)\0d2+¢—0 $(0) = ¢(m) =0, ¢”7(0) =¢"(m) =0 (1.2)

has nontrivial solutions. Clearly, (1.2) has nontrivial solutions only for

)\0=)\k=%<k2+‘k—]2.)’ k=1y2;”'7 (1'3)

in which case
¢(x) = asin kz. (1.4)

Thus the lowest possible bifurcation point is A\ = A, = 1.

For r = 0, there is no “trivial”’ solution of (1.1) for all values of A\, so that, strictly
speaking, bifurcation cannot occur. Instead we define the buckling point to be the
lowest point A, for which, in every neighborhood of A, , two solutions of (1.1) with
arbitrarily small difference exist for the same value of A. If w(x) is a solution of (1.1)
for A = A, a necessary condition that A = ), is a buckling load is that (1.1) linearized
about w(x) have nontrivial solutions. Therefore, the buckling load is defined to be the
smallest value of A for which

L9 1202 4 6= 3w +20 - NIL, 40 = 6 = 0, 970 = ¢"(0) = 0 (1)

has nontrivial solutions, where w(z) and A simultaneously satisfy (1.1).
We solve (1.1) and (1.5) simultaneously for (w(z), ¢(z), A, 7) in a neighborhood of
©0,¢,,1, 0) to give us the buckling load as a function of 7. We write (1.1) in the form

d4
d.+2 Ytw=w +2(1—>\)d2 2xr‘fi“§“,

w(@0) = wlr) =0, w’'0) = w'(r) =0, (1.6)
and note that (1.5) and (1.6) are both of the form
d'y/de* + 2(d’y/d2") +y = k@), Y0 =y =0, y'0) =y '@ =0. (1.7

Since (1.2) has the nontrivial solution ¢, = a sin z, we know, according to the Fredholm
alternative theorem, that solutions of (1.7) exist only if h(x) satisfies

f " h(z) sin z dz = 0. (18)

If h(x) satisfies (1.8), then all solutions of (1.7) can be expressed as
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y@) = Asinz+ [ g, DHE) ds, 19

where 2/7 [," y(x) sin  dz = A. Here G(z, ¢) is the generalized Green’s function [5,
pp. 354-358], which in the present case is

9@, ) = - & + (¢ = m" — 4a* — Dsin fsinz + sin { cosz
—(g‘_r)xcosg'cosx-{—(g'_w)cosg‘sinx 0<z<¢<Lm (110
27 2m ! = =0 )
1 2 2 'Y
=Er(x—1r) + - i ——)smg‘smx+——cos§‘smx

27

—g;(x—w)cosg“cosx+(x W)sing'cosx, 0<¢t<z<m.

Our method consists of solving (1.5) and (1.6) by iterations in a neighborhood of
the known “trivial’”’ solution (w(z), ¢(z), A, 7) = (0, sin z, 1, 0). To do this we let the
initial iterates be

w(z, €) = esin z, ¢°(¢, ¥) = sin z, (1.11)

and define the » + 1st iterates by

N = 1 — 1—3: f " W'z, €)%z, O sin  dx, (1.12a)

e = [ f (w'(z, &)’ sin z dz + (N (¢) — l)] (1.12b)

)\.+1( )W

"z, & = sinx + j; S(x, {)[3(10'({, e’ (¢, € + 2(1 — N*(e) 9 ¢(;—:(:;’ 5)] dg,

(1.12¢)
w*(z, €) = esinz + f Sz, §‘)[(w &, &) + 2(1 — M) 'w (i, €)
— 2\ e) " (e) d g;({)] ds.
Here we have assumed that [,* (d*w,(z)/dz’) sin z dr = —(W,x/2) # 0. Clearly,

(1.12a, b) specify N’*'(¢) and 7"*(¢) so that the orthogonality condition (1.8) is satisfied
at each iteration. The form of the Green’s function G(z, {) insures us that ¢"*'(z, €
and w *'(z, ¢) are four times continuously differentiable whenever ¢"(z, ¢) and w'(z, €)
are also four times continuously differentiable. Therefore, the iteration scheme (1.12)
is well defined.

It is easily shown [8] using the contraction mapping principle that this iteration
procedure is convergent for all ein 0 < [¢| < ¢, provided e, is sufficiently small. Further-
more, the limit is the unique solution of (1.5) and (1.6) of the form

w(z, &) = esinz + €w,(z, ¢), ¢, ¢ =sinz + E¢(x, ¢,

o) = 1 4+ €n(e), () = €m(e),

(1.13)
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where
f wi(z, & sinzds = 0, f 6z, O singdr = 0, (1.14)
0 0

and where w,(z, €), ¢:(z, €), \i(¢), 71(¢) are uniformly bounded on 0 < |¢] < ¢, . The
errors in the yth iterate are of the form

ll’ID'(x, €) - ’U)(x, e)”w = 0(62”3)’ Hd’ (z e) - d)(:L‘ e)llw = 2v+2)’
!)\'(e) —_ )\(e)l = 0(€2r+2), lT (e) _ -r(e)l - 0(62”3).

Note that (1.15) implies that the vth iterate is asymptotic to the exact solution. Thus

we can eliminate ¢ between N (¢) and 7"(¢) to get an asymptotic representation of the

buckling load A = A(7) (valid for + — 0). Furthermore, by using higher-order iterates,

we can determine A = \(r) as accurately as we wish for some sufficiently small range of r.
To explicitly evaluate the iterates, we write wy(z) in the form

(1.15)

wo(x) = Y W,sin kz, (1.16)
k=1

and require that W, # 0. (Note that if W, = 0, then the iteration scheme (1.11)-(1.12)
is not well defined.) The first two iterations now become

AN =1 — gez,

3

T = 4W(1—9/8e)’

(1.17)
. 3
1 — — —
¢ (x,¢) =sinzx 256 € sin 3z,
@ 2
w'(z, € = esinz — ¢ [QW ;; - W, zsin kx — Eé—ﬁsin 3x:| ,
and
v =120+ ()2 - 8] 1 0w,

(1.18)

T = W,)l\ % [ € +e (10:;4)(27 % B 2)] +06).

Eliminating ¢ in (1.18), we find

The term in (1.19) involving r*® is the same as that given in [1] for the special case
W, = 1and W, = 0 for k > 1. In addition, (1.19) gives us the +** correction term and
shows the effect of the third harmonic W; . Additional harmonics appear in higher-order
terms which are easily obtained by continuing the iteration procedure.

If we know the distribution of the imperfections for some ensemble of imperfect
columns, we can compute ensemble averages of the load-imperfection relation. That is,
since (1.19) is valid for each member of the ensemble, we find the expected value of
the buckling load to be

M) =1-—
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<x( )> . 1 _ 2/3( 9 ) (W 2/3> + 4/3 (l)l/3<81<W W l/3> + _5_2?. (W 4/3)) + “ e
= T \av2 128 \6 s 2 V!
(1.20)
This can be compared with other approaches for random imperfections as in {1] or [2].
Through each of the solutions (1.13) of (1.5) and (1.6) with e fixed in 0 < |¢] < ¢

we can determine a unique solution of (1.1) on which 7 is a nonzero constant. We write
(1.1) as

D+ 20+ (1 - 3@, 9y = u, 99 + ¥

— 20 — )\(e))(r(e) a0 4 duls, ) 4 4 )

¥(O0) = y(m) =0, ¢'(0) = ¢¥"@ =0, (1.2

where ¢ = w — w(z, ¢) and where w(z, €), A(¢) and 7(e) are the solutions of (1.1) given
by (1.13). Eq. (1.21) is of the form

+ 2>\(6) + (1 — 3wz, 9y = k@), YO =y@ =0, ¥’ =y"'@ = 0.
(1.21)
Since (1.6) has the nontrivial solution ¢(z, €) given in (1.13), we know that solutions
of (1.21) exist only if
f h@)é(z, ¢ dz = 0. (1.22)
V]

If h(x) satisfies (1.22), and ¢, is chosen sufficiently small that ¢(z, ¢) is the only eigen-
function of (1.5), then all solutions of (1.21) can be expressed as

V@ = 40, 9 + [ 8w, D) dr (123

where [," (y(z) — A¢(z, €))d(z, €) dz = 0. Here G.(2, {) is the appropriate generalized
Green’s function for (1.21) which can be calculated in principal.

We find solutions of (1.21) by iterations in a neighborhood of the known solution
(1.13). To do this we let the initial iterate be

wO(I’ 6 0) = w(z, ¢ + ‘po(x; ¢ 0), ‘,’o(zt €, 5) = 5¢(i€, €) (124)
and define the » 4 1st iterate by

[ Bue, 9w, & O + (W, ¢ )o@, 9 da,

Ne, 8) = Me) + 2@( >

&'(e, 8) = ‘/;r o(z, ¢ W (r(Qwo(x) + w(z, & + ¥ (x, ¢, 6)) dr, (1.25)

'Pv”(x: €, 6) = 64)(113, o+ ‘/‘0’r ge(x; f)[3w(g-y e)(lﬁ’(f, €, 5))2 + (W e 6))3

— 2007 = 3@ T () + e, 9+ ¥ ¢ 9 ] .
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It is easily shown that the iteration scheme (1.25) is well defined and is convergent
for all 8in 0 < |8 < 8o(e) provided §,(e) is sufficiently small. Furthermore, the limit is
the unique solution of (1.1) of the form

w(z, ¢, 8) = w(x, ) + 36z, &) + 8"wa(z, ¢, 8), Mg, 8) = Ne) + 8°u(e, 8),  (1.26)

where w,(z, ¢, 8) and u(e, 6) are uniformly bounded on 0 < {3] < 8(¢). The errors in
the vth iterate are of the form

|[w (2, ¢ 8) — w(z, ¢ O)ll- = O"), N (e, ) — Me, )] = 0. (1.27)

Since this implies that the vth iterate is asymptotic to the exact solution, we find the
form of the solution by examining \'(e, 8). Applying (1.24) and (1.25), we find

1 _ _ ?’_ 2 (3 + 5/5) 2 ]
Mg, 8) = Ne) 3 8 [(——1 ¥ o/ + O() (1.28)
Combining this with (1.18), we see that
.y 9. 21+a/3e)>
x(67 6) - x0 8 (e + 6 (1 + 6/6 + ) (1'29)

which is a representation of the load-displacement curve when r = 7(e) in a neighborhood
of Ay . Clearly, A(e, 8) is maximized when § = 0, so that A = A(e, 0) is the buckling load
in the sense of other authors [2, 7] as well. A plot of (1.29) is shown in Fig. 1.

II. Buckling of a spherical cap. In a given physical problem, the buckling load may
be sensitive to a number of different parameters which are either naturally occurring
or artifically introduced as, for example, in [11]. In this section we will consider the
effect of general axisymmetric imperfections on the buckling load of a spherical cap,
and we will also investigate the change in buckling load resulting from a change of the
boundary constraints of the cap.

Suppose the surface of a shallow, thin elastic spherical cap is subjected to a uniform

e+ A R

N . PERFECT COLUMN (r=0)

Y

Fic. 1. Plot of load-displacement. curve for column (Eq. (1.29)).
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pressure directed toward the cap’s center of curvature. The nondimensional equations
for axisymmetric deformations of this initially imperfect cap are [3]

LW = p(WV + P2* + 7VW,), LV = p(a® — W* — 2:W,(W — 2)). 2.1)

Here W(x) is proportional to the slope of the tangent plane of the deformed surface,
V(z) is a stress function, and Lu = xz(d/dzx)(1/z(d/dz)(zu)). The other dimensionless
quantities are

z=r/a, 0<r<a, W) = (R/a){dwr)/dn),

=20E) r-a@n c-mis @2

where a, R and ¢ are the radius of the base, the radius of curvature and shell thickness,
respectively, and w,(r) is the initial slope of the imperfection with amplitude r. The
uniform pressure is p. Requiring regularity and symmetry at = 0 and allowing no
rotation at = 1 gives the edge constraints

w@©) =V(@©) =0, W) = L 2.3)

An additional edge constraint must be imposed at * = 1. We will consider two
possibilities:

V(1) —»V(Q) = (fay — 1)(1 — »)P, r=faz, o +ay =1, (2.4a)
V(1) = —P, (2.4b)

Physically, these conditions imply that the meridional displacement in (2.4a) or the
meridional stress in (2.4b) is proportional to the external pressure. When {a;, = 1, (2.4a)
implies that the edge of the shell is clamped, while when ta; = 0, the edge is allowed
to move freely in radial directions. For {a, between 0 and 1 there are certain elastic
restoring forces applied at the edge. Finally, by appropriate choices of o; and a, , we
can examine the effects of combinations of imperfections and changing boundary con-
straints on the buckling load. The bifurcation problem (r = ¢ = 0) for (2.1), (2.3) and
(2.4a, b) has been treated in [13]. It is also possible to treat the bifurcation problem
using an iteration procedure similar to the method used here, as, for instance, in [10]
and [12].

We first consider (2.1) subject to the edge constraints (2.3) and (2.4a). A uniform
compression, W(z) = z, V(z) = (fa; — 1)Pz, satisfies the edge constraints, and satisfies
the equation for ¢ = 0. With the transformation

W@ =2+ w@), V(@) = (far — )Pz + v(2), (2.5)
the problem becomes
[L 0] w] [ X —1J [w] [(P0 — P)aw + wv + £g(P, w, v) + szh(P)’
+ pz =p
0 L 2 0 —w’ — £f(P, w, v)

v (2.6a)

R(P, &, w,v) + z’h(P)]
RZ(P} E) w} v)

w(0) = v(0) = w(l) = (1) — w(l) = 0 (2.6b)
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where
g(P, w,v) = anPr(w(x) + 2) + :Wo(2)(0(z) — P2),
h(P) = ai.PxWo(x), (P, w,v) = 2a,W,(x)w(z),

(2.6¢)

and P, is arbitrary.

Asin Sec. I, if w(z) and »(x) are a solution of (2.6) at the “buckling’ load, then (2.6)
linearized about this solution must possess nontrivial solutions. Therefore, we seek
nontrivial solutions of

W A
0 Ljly 2 0/ ¥ _
-, [(P0 — P)x + v + tg.(P, w,v) w -+ £g.(P, w, v)] @
—2w — £f.(P, w, v) —(P, w, v)
RiP, &, w,v, 0, ¥)
R(P, &, w,v, 0, ¥)

When ¢ = w(z) = v(z) = 0, (2.7) is an eigenvalue problem which determines the possible
bifurcation values of P. The eigenvalues and eigenvectors are

Po, = (\2/0) + @p/N),
J,(‘/f”).]l(xn) TiO )J,(‘/f" )

2.7

] y @0 = ¥(0) = (1) = ¢¥'(1) —»y(1) = 0.

:: n ) Xp_ <\/2p) o) — T00, (% x) ,
o] s (‘/2”>J 02) — L (\/2p ) (2.8)
Yol . "x,.“’ (\/2,))(,10 - A J(x W, <\/2p )
where the numbers A, are roots of the transcendental equation
0= X L(‘%‘—’)(M{(» W) — D5 ()\)(\/2,, y <\/2P> . ( Ve )) |
2.9)

and where ($:1), is the solution of corresponding adjoint equation. Since we are interested
in the smallest value of P for which nontrivial solutions of (2.7) exist, the bifurcation
point P, of interest is that value of P,, which minimizes P,, = (\.?/p) + (20/\.).

As in Sec. I, the Fredholm alternative theorem is applicable for finding solutions of
(2.6) and (2.7). Specifically, since the problem (2.7) is not selfadjoint when ¢ = w(x) =
v(z) = 0, Egs. (2.6) and (2.7) have solutions only if their right-hand sides, say (3)),
satisfy

[0 l (eo*(@)Q(x) + ¢o*(x)R(2)) dx = 0, (2.10).
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where ¢,*(z) and ¥,*(z) are the components of the adjoint eigenfunction corresponding
to P, . If (2.9) is satisfied, then solutions of (2.6) and (2.7) are given in terms of the
generalized Green’s matrix G(z, ) as

w(z)| _ A[wo(x)] + fl G O [Q(f)J de. (2.11)
2(z) ¥ol) ‘ E()

The Green’s matrix for this problem is given in the Appendix.
As in Sec. I, we propose an iteration scheme with initial iterate

wo(x) 6) = E‘Po(x); vo(xy 5) = 61//0(1'),
Oz, & = o), ¥z, & = ¢o(@), (2.12a)
P’(e) = P, , £ = 0.

The » + 1st iterate is defined by
j; [e*@R(P (), £ (), w'(z, ), v"(x, €)) + 0*(@)(E ()*h(P"(e))
+ Y @)R(P (), £ (), W, ), (2, )] dz = 0,  (2.12b)
[0 [ee*(@R:(P" " (e), £ (e), w'(x, €), V' (x, 6), ¢'(x, €), ¥'(x, ©))
+ ‘I/O*(x)R4(Py+l(e)) £v+l(e), wv(x) 6), vr(x’ é), (pv(x’ 6), ‘pv(x’ e))] d.’l) = 0 (2120)
r“@a]={%w’
vz, € Yo(®)
+f@%nﬁwwmwmmw@wmm+wwwmﬂa’(m%
’ R.(P""(9), £ (e), W'(5, %), v°(k, ©))

[W(% e)] _ [wo(:c)]
¥z, o ¥ (@)
+ fl G, O [Ra(P”“(E),E"“(e), w(§, 6,v°(F, o, &£, 9, ¥(L, e))] i, (212
° Ry(P7(e), £ (e), w'(E, 0, V'(5, €, €°(5, 0, ¥'(§, €)

The iteration scheme (2.12) is well-defined, and it can be shown that for all € in
0 < |¢| < ¢, with ¢, sufficiently small, the iteration procedure is convergent to a unique
solution of (2.6) and (2.7) of the form
Soo(x)] + & [wl(x} f)) ,

|w(x, e)] = ¢
v(x, €)

Yo(2) 0z, €
[M%Q]=[%@]+E%@ﬂﬂ’ (2.133)
'l/(xl 6) 'I’O(x) ¢1($, €)

P(e) = P, + €P\(¢),
e = ¢E(o).
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Here

[ s @iz, 9 + vo*@mG, @) do = 0,
° (2.13b)

[ e @ate 9 + vr@wte, 9 ds = 0,

and w,(z, €), 0,(z, €), ¢:1(2, €), ¥.1(z, €), Pi(¢), £1(e) are uniformly bounded on 0 < |¢] < ¢, .
The error in the »th iterate satisfies

va(x) e) - W(I, é)”a, = O(ev+2); va(x, E) - v(x) 5)““’ = 0(6v+2),
ez, & — oz, dlle = OE™), |z, & — ¥(z, 9l = O™, (2.14)
|P*(e) — P(e)] = O(™), €@ — &) = O(™).
The first iterate yields
P@ = Py + 2P, + @ 32 + @0(),
0 Py (2.15a)
£ (é) = ?k)

where

Q= [ @) — @) da,

P = @/ [ zei@ ds,

01 . (2.15b)
W, = a f P (@) dz — o f Wol@)oo* (@) da,
rn=£3m@MM%@—2%w»m.

In Table I we present some values of P, , @ and P, for various values of the physical
parameter which were determined with Young’s modulus chosen as » = 0.3 by numerical
evaluation of the appropriate integrals.

TABLE I
Values of the coefficients of (2.15) for the boundary-value problem (2.1), (2.3), (2.4a). P; = ['z%*(z) dz.

\/p A Po P1 Q P2

1.0 3.882 15.21 0.119 0.000318 0.0190

2.0 4.591 5.65 1.47 0.0392 0.0551

3.0 6.111 4 .63 2.05 0.0413 0.0206

4.0 6.780 3.49 0.696 0.00159 0.000697
50 7.628 3.19 —1.36 —0.00686 0.000901
6.0 9.037 3.15 —2.16 —0.0143 0.00107
7.0 10.078 3.04 —0.222 —0.000018 0.00000804
8.0 11.164 2.97 1.59 0.00542 0.000249
9.0 12.497 2.96 1.48 0.00309 0.000142
10.0 13.538 2.94 —0.390 —0.0000667 0.00000795
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Eliminating e in (2.15) gives

1/2

P.©) = Py % 2P1(—‘%@) + 0. (2.16)
Here P_(¢) is the imperfection-sensitive buckling load and P.(¢) corresponds to an
“unbuckling” load. Of course, we must require that ¢P,W,/Q < 0. For each value of
the physical parameter p, this places a restriction on the sign of the ‘“imperfection”
W, for which (2.16) is valid. Problems for which ¢ is of the opposite sign give rise to
buckling-load solutions which do not have nontrivial solutions of (2.7), and therefore
are not locally maximal solutions on the load-deflection curve. Instead, the buckling
load must be defined in some other way.

We recall that this did not occur in Sec. I. For the buckling load of a column, r(e)
in (1.18) is an odd function of ¢, and A(e) is an even function of e. Thus, changing the
sign of the imperfection does not affect the buckling load. Physically this is clear because
of the symmetry of the column. However, one does not expect this to be the case for
the spherical cap, since symmetry is lost due to the initial curvature of the perfect cap.

Through each of the solutions (2.13) of (2.6) and (2.7) with € fixed in 0 < |¢] < ¢,
we can again determine a unique solution branch of (2.1) on which £ is a nonzero con-
stant. Following the procedure given in section I we write (2.1) as

Looj|e o, Ploz — v, e — t(daPldr  —z — w(z, & — EHJaWo| (@
0 L (® 2x + 2w(x, € + 2t(e)aWo(x) 0 ]
-, 0 — glzw(z, §+rP—E(9 (mz(w(z, €)+‘1’+x)—aszo(x))—Ez(e)alaszo(x)]] ’
— 3
®(0) = (1) = 6(0) = 8'(1) —»6(1) = 0, (2.17)

where w = w(z, ¢} + &, v = v(z, &) + 0, P = P(e) + q and w(x, €, v(x, ¢), Ple), £(e)
are solutions of (2.6), (2.7) as given by (2.13).
Using (2.6b) and (2.7), it is easy to see that the left-hand side of (2.17) has the

p(z,€)

nontrivial solution (§;'5)) as given in (2.13). Therefore, we can use the Fredholm
alternative theorem to solve (2.17) by iterations. Let the initial iterate be

w(x, ¢, 8) = w(x, & + B(x,¢ 8), x,¢ 8) = oz, ¢,
V(z, ¢, 8) = v(x, & + Oz, ¢, 6), 0%z, ¢, 8) = d¢¥(z, ¢,
and define the » 4+ 1st iterate by
Q'(x, ¢, 8) = zw(x, ¢) + xd"(x, ¢, )
— e (mz(w(z, & + ¥(x, ¢, 8) + 2) — axW,(@)) — E(daua:zWo(z),

(2.18a)

f [o*(z, OF'(z, ¢, 0)O’(x, ¢, 8) — ¢*(z, dO'(x, ¢, 8))"] d
g, 8) = ., (2.18b)

fo oz, OQ(@, ¢, 8) dr

q>’(§', €, 6)®v(§-7 €, 6) - q””(f, 6)Q'(§‘7 €, 6)
—(@'(¢, ¢, 9))°

dg,

¥, ¢, 6>[= o [ Gz 9
®v+l(x’ €, 8) ’




184 J. P. KEENER

where G.(z, {) is the appropriate generalized Green’s matrix for (2.17), and ¢*(zx, €),
¥*(z, €) are components of the solution of the adjoint of (2.7).

It is easily shown that the iteration scheme (2.18) is well defined and is convergent
for all 6in 0 < |8] < 8,(e) provided &,(¢) is sufficiently small. The limit is the unique
solution of (2.1) of the form

w(x, €, 6) = 'LU(SL', G) + B‘P(x) 6) + 62’!1)2(17, €, 6))
U(I, €, 6) = v(x; e + 5‘#(-’”: 6 + 52”2(1:; €, 6)’ (219)
P(e, 8) = P(e) + 8°q(e, 9),

where w,(z, €, 8), v.(2, ¢ 8) and u(e, 8) are uniformly bounded on 0 < |§] < d4(¢), and
[ 2(e*(x, Qwe(x, € 8) + ¥*(z, €)v:(2, ¢, 8)) dr = 0. The errors in the vth iterate are of
the form

Wz, ¢, &) — w(z, ¢, 8)||- = O, ['(z, ¢ 8) — v(z, ¢ 8|l = 0@,
|P*(e, 8) — P(e, 8)] = O(38""7).
We find the asymptotic form of P(e, §) by examining P'(e, §). Applying (2.18), we find

(2.20)

Pl(e, 8) = P(¢) + 52(7—%_5 + 0(1)) for [8] < le|. (2.21)
Combining this with (2.15), we sec that
— éf 1 ) - _f@_ 3
P<e,6)_P0+€Pl<l+621+5/6 +7 E(e)_PoW1+O(€), (222)

which is a representation of the load-displacement curve when ¢ = £(e) in a neighborhood
of P, . Clearly, setting 6 = 0 gives extremal values of P(e, ). A plot of (2.22) is given
in Fig. 2. This can be related to the load-displacement curve in the original variables
by (2.19) and (2.5).
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F1a. 2. Plot of load-displacement curve for spherical shell given by (2.22).
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One reason for studying this problem was to study the buckling of a clamped spherical
cap. The solution (2.13) is valid only for small e and hence for small £. However, one
might try to find a valid extension of (2.16) so that we may allow £, = 1. Our method
gives results pertinent to this problem when £(¢) in (2.13) is positive. Examination of
Table I shows that this is the case for some values of the physical parameter p and not
for others.

Now that we have determined the solution of (2.1), (2.3) with boundary condition
(2.4a) it is a simple matter to find the corresponding solutions for any other boundary
condition. In order to treat (2.1), (2.3) with (2.4b) we set + = £in (2.11) and set @, = 0,
a; = 1. Then we apply the transformation (2.5) to find Eq. (2.6) with the new boundary
condition (2.4b). Apparently, the possible bifurcation values of P are determined by
the eigenvalue problem (2.7) with ¢ = »(x) = w(x) = 0 and (2.4b) replacing v'(1) —
w(1) = 0. The resulting eigenvalues and eigenfunctions are

Py, = (\/0) + (20/M0),

J 1 ()\nx)
Po

2
Yol u )\_[)2 Ji(\2)

)

(2.23)
¢0* Jl (knx)
2 PR e AN

Here N\, = ji. is the nth zero of the Bessel function J,(z), and (£°1), is the solution of
the corresponding adjoint equation. We let P, be that value of P,, which is minimized
over \, . With the generalized Green’s function corresponding to boundary condition
(2.4b) the results (2.13)-(2.22) are valid when the eigenfunctions (2.23) are appropriately
substituted for the eigenfunctions (2.8). The generalized Green’s function is given in
the Appendix. In Table II we present some values of P, ,  and P, for various values
of p, which were determined with Young’s modulus chosen as » = 0.3 by numerical
evaluation of the integrals given in (2.15b).

TABLE II
Values of the coefficients of (2.15) for the boundary-value problem (2.1), (2.3) and (2.4b). P; = (P,/Q)'2
Ve P, P, Q Py
1.0 14.82 0.207 0.0167 6.15
2.0 4.21 0.827 0.067 6.56
3.0 2.86 1.86 0.151 8.10
4.0 3.10 3.31 0.268 11.24
5.0 2.98 1.25 0.056 9.09
6.0 2.83 1.79 0.081 10.62
7.0 2.99 2.44 0.110 12.75
8.0 2.85 1.67 0.052 12.49
9.0 2.84 2.12 0.066 13.89
10.0 2.90 1.43 0.034 13.19
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Appendix. The Green'’s functions used in Sec. II are the solutions of the equation

T

L 0
0 L

2 20" _
G+ 2N T pG=5@—QI—A4%@ (A.1)

[%*(E)
Yo*(®)

with appropriate boundary conditions as given in (2.3) and (2.4). Straightforward
calculation shows that with boundary conditions (2.4a), we have

Gz, §) = [G“(x’ £ Gulz, b
Gu(z, £) Gz, §)

where

( J,(\z)

7r$2

A 2P2) @(.’L’, 5) + % ‘PO*(s)hl(x))

Gu(z, ) = apo(z) + < ) 0<2<EL],
Ji(\x TEN’ A
GO0 Tan -2 06 9 T 5 @ OME,

0<t<z<1,

J1(A\x)
Ji(N)

xZ
+ g 8,9 + Aper O,

—2p
2 G

GZl(xyé) =a¢o(x)+{ OSx<£ < 1,

—2p Ji(Ax) TN
X Ci(®) J.(\) + N — 2p2 B, 2) + Apoo*(Hho(2),
0<L <1
sE<rsl g
J.(\x) wEp\’

—Cz(g) Jl()\) - 2()\4 — 202) @(x) E) + A b? hl(x)r

Ghra(z, £) = Beo(x) + < 0<z<EtEL],
J1(\x) wEp\’
_Cz(g) J1(>\) - 2()\4 — 292)

o, 2) + 4 Y0 ),
0<t<z<1l,

wEN’ ®(\/2p V2p >

1)\
J(x)‘f‘ X x, )\235

i) 200 = 2p%)
+ AP‘I/O*(E)hQ(x), 0<zr<tL 1;

N’ V2, V2 )
®< X £ ° x

L,
= C®)

Ganl, B = B40@) + 1 (
Ji(\x)
.00 T 207 — 2.9

—2p
5 0,

+ AP¢O*(£)h2(x): O S E < x S la
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h(z) = 2 Jl(ﬂ))\']o()‘x) . Jl()‘);‘]O(ux) Cu= V20
o) = 2 TB0D M)
Pz, §) = Yi(\)J.(Ax) — Y, (ub)J1(u2),
O, &) = >\2Y1(>‘£)J1()\x) - M2Y1(I-‘£)J1(#x); (A.3)

0O = 7 (L, + 5 et Ok,

00 = 5o ys 20,5 + 4 L 1),

i B fol 2(po(@)eo* () + ¥o(@)¥o*(2)) dz,

and the constants ¢ and 8 are chosen so that

fo 2eo* @G0, &) + Yo* @Gz, D) do = 0,

fo z(po*(@)Gio(z, §) + o*(@)CGa(z, §)) dz = 0,

respectively. The eigenfunctions ¢,(z), ¥o(z) and ¢,*(x), ¥,*(z) are found in (2.8).
The Green’s function associated with the boundary condition (2.4b) is easier to
calculate, since a simple transformation diagonalizes the system (A.1). In this case

—\?

Gz, ) = N |11 [G‘(x’ H 0 ] ER (A.4)
TN vl 0 G2
\z P X
where
6,8 = 5 700000 — (5% + 52070000
+ i‘(’,“(i)) Ji0) + xﬂ(*(i)) 2l0a), 0<a<i<l,
= 20.00%:09 ~ (57205 + 5 2D)1007,00
E']O()\E)Jl ()\x) JIO‘E)
+ )\2J02()\) + )\J02()\) xJO()\x); 0 S E < z S 1>

CE)

Gale, ) = 5 (LW Yawd) — L)V T 05

0<z<tLI,
(A.5)

= 1_2"!]1(#) (i Yi(pz) — Yiw)iua)), 0<t<z<1,
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where 4 = v/2p/A and

fl . ["’C'*(x)] "G, 8 dr = 0.
¢ t//0*(-73)
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