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Abstract-—The asymptotic approach presupposing the use of the WKB method is employed to
bifurcations and postbuckling behavior of vibrating of the nonhomogeneous elastic system with
two independent bifurcation parameters. The extension to the more independent bifurcation par-
ameters is a trivial matter. Guided by the principle of the WKB method devised originally for the
linear problem of beams, plates and shells, the solution of some nonlinear problem of non-
homogeneous structures is considered.

1. INTRODUCTION

There are several problems that arise in the investigation of nonlinear phenomena which
exhibit the property of bifurcation and postbuckling behavior of the nonhomogeneous
system.

Especially important from the point of view of theoretical study and applications of
these problems are the structures with variable rigidity or geometry and loaded by multiple
independent bifurcation external forces. The latter is connected with the necessity to con-
struct the fundamental characteristic or boundary surface (Papkovich, 1941; Huseyin,
1978) which separates the fundamental stable region from the unstable region of the
structure.

It should be noted that some important results of the perturbed problem for a system
with constant rigidity were obtained by Kolkka {1984) and Matkowsky and Reiss (1977).

In this paper, the asymptotic approach presupposing the use of the WKB method is
employed to study bifurcations and postbuckling behavior of vibrations of the non-
homogeneous elastic system with two multiple independent bifurcation parameters.

Extension to three or more independent bifurcation parameters is a trivial matter as
shown in Keller (1985).

In spite of the relative simplicity of the WKB or eikonal approximation, surprisingly
little use of it has been made in problems of buckling and vibration of nonhomogeneous
structures, as discussed in Gristchak (1979).

2. FORMULATION OF THE PROBLEM

Consider an imperfect elastic inhomogeneous vibrating shaft, loaded by a constant
axial time-independent force P and rotating with a constant angular velocity w,.

The exact Bernoulli-Euler theory is employed and we seek dynamic equilibrium solu-
tions. The system is considered conservative and the governing equations may be derived
via a variational principle or simple equilibrium considerations. Either way, the governing
equation is:

Y=y =agip(1 =y + P+ 39 (1 -y 3
+A4 S )FA=y?) "2+ Bi(1 =y~ + 2851 -y 7'+ 3575(1 — y?) 2
+A £ (¥)8G(x) = 4, Y () [y~ 890 + L, (X)p.. =0 (1)
T This work was prepared during the author’s stay as a research fellow at North Texas State University,
U.S.A,, during the 1985-1986 academic year.
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where y = y(x)/l is the nondimensional transverse displacement ; x = x// is the arclength

~

B,’

A= B(x) = By[1+ B(x)]

is the bending rigidity of the shaft;

- d 24
S@= 11480 Oe=50 =220 o = poll+5001;
_ i+p(r) _ T

is a function of the initial imperfections or the form of the initial stress-free wrinkling and
& > 0 its amplitude, p, is the mass per unit length;

B(x) Bxy . _d

F=50° =507 =50

denotes differentiation with respect to x;

_ DA+ F@] po
1+ B(x) : do

is the mass density; and
F(x) = Fy(1+F(x) @

is the cross-sectional area of the shaft.
The magnitude of the imperfection is assumed to be small, With this assumption,
retaining terms of almost third degree leads to the problem we solve:

i 7. . . - 3 .
YE(+ ) =455+ 7 + B+ 97 +285(1 + y2) + 37y + &y f(x)y( 1+5 yZ)
+ £ ()0G(x) = 2P () [y +8g ()] + LX)y, =0. (3)

Or, in a more general form, (3) can be written as:

L{y, %, Ay &) = N[, 4
where
LUy, &y, by 2] = 5" + B+ 285+ i f ()7 = 24 )y + A0 ()y (5)
is the linear operator; and
4yyy P35 Afi A f(x)0g(x)

NDI=-G359 ") ~aeD 20+ 0+

APyt A8(R) | 49Xyl
1+ (1+3H) (1+5%)

©®

is the nonlinear operator. The boundary conditions are:
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M[y] = 0. @)
The solution of the governing eqn (3) is chosen to be in the form of periodic vibrations
y{x, 1) = w(x)cosw,! 3]

where m, is the frequency of natural vibrations of the shaft.
After substituting (8) into (3) we obtain:

we[1+w? cos? w,f] — 4w cos? w,t+ W cos? w,t + 2BW(1 +1i2 cos? w, 1)
+3fwhwcos? w,t+ lff(x)w(l + %wz cos? a)zt)-i-i.,f(x)ég'(x) sec w,t
— AP (XIw— AP (x)dg(x) sec w,t— Ap(x)w =0, (9)
where
Ay = Ayt 3. (10

The wrinkling distribution g(x) is taken to be compatible with the boundary conditions
(7) and to satisfy the necessary continuity requirements, so that g(x) corresponds to the
appropriate eigenfunction expansions.

3. THE BIFURCATION PROBLEM
The bifurcation problem is given by
Gw, i, 4., 4,,0] =0 (11)
Glw, s, 4, 4,0 = Flw, As, 4,,4,] = 0, (12)
where
G = w"(1 +Ww? cos? w,t) — 4w cos? myt + W’ cos® w,t + (1 +1w? cos? w,1)
+2B7(1 4+ w? cos? w,1) + 3w cos? w1+ Ao f (x)w+ [l + %wz cos? wzt:]

+ 4, f (x)0g(x) cos’ @yt — [AY(x) + A, $(X)]w— [AY (x) + 4@ (x)]g(x) secwt = 0, (13)

subject to the boundary conditions (7). Following Kolkka (1984) and Plaut (1979), we seek
the asymptotic solutions of (13) via the double perturbation parameter expansion :

1
w(x) = 8W|(X)+5[82W|1(x)+28'1wnz(x)+ﬂzwzz(x)]
1
+‘3‘5[53”’11l(x)+ﬂ3W222(x)+33'12W122(x)+3'732W21|(x)]+0(54) (14a)

1,
Ap = A+ A+ A+ 5;(/”Ie’+2/1.zsn+z1nn2)+0(s’) (14b)
A=A+, (14¢)

where
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5P = (e+n)°.
The perturbation parameter ¢ is defined by
et = (w,w). (15)

where ¢ f,§) is an appropriate inner product, given by

gy = L F(x)g(x) dx. (16)

The perturbation parameter n is defined by (14¢). The leading order terms in (14b, ¢c),
Af, Af, A¥ lie on a path

(&, 4,4%) =0 (17)

in the 4, 4,, 4, surface and I' is determined by the linearization of (13). The linearization
of (13) for a perfect system, which is

W 250+ B+ A f () — [2,4 (X) + A p()]w = 0, (18)

together with boundary conditions (7), which will be taken to be understood from this
point on, yield the path along which the bifurcation takes place.

For the solution of the equation with variable coefficients (18) we can introduce the
natural large parameter & = //c, where c is the size of the cross-section of the shaft, or another
type of parameter. In this case eqn (18) looks like the equation with small parameter near
high derivatives (Gristchak, 1979):

iy . 11, - -
(5) [w" + 267 + fw]+ [E] AL — Ly (x)+ 4,¢(x)]w =0, (19
where
- P - Powi  « _ ioFy
Ap = y A . A= . 20)
f E f_‘g. E gOEIZ (
In this problem the large parameter A* is
pe= L
To

In accordance with the WK B method (Steele, 1971 ; Keller, 1985), the solution of eqn (19)
is chosen to be in the form:

EY

w(x) = expf E(x)dx n

Xo

where

Ex) = 3 B E ().

i=0

Equation (19) is transformed into the following equivalent equation:
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R A&+ 6828 +ALE"+ 38+ &7+ 2B+ 38+ )+ BE + 8]

+h A0 +n)] =LY+ Lo(0)] =0. (22)

The first approximation £, will be obtained after the necessary estimation of the order

of the magnitude of the terms in eqn (22). The corresponding solution is
W (x) =expf K 1 (x) dx

as for the approximation of the first order.
The function £,(x) is obtained from the equation

S+ LSS -1y +Lex)] = 0.

From eqn (24) we have

L [1 £ 1+ 2-;2—(;)[I,~l/(x)+m(x)]]
or
g=—r
where

" J’%ﬁ[u 1+Zz7‘%x—)wwx)+zv¢(x)l]

ry = fo;(") [1 ~ |1+ T}ff(y)[zw(x)%w(xn]-

The solution of the initial eqn (19) in the first approximation is

X

wi(x) = C,sinF,x+ C,cos Fix+ C; sinFx+ C, cos 7p.x, F=J rdx.

*g
The corresponding differential equation in the first WK B approximation is
W AW — A, w =0,
where
A(x) = T (x),  An(x) = K DAab(x) + Lo (x)].
The nontrivial eigenfunctions are
Wi (x) = du(x) = /2sin(nnx), n=1,2,3,...

for the case of simply supported ends.
Substitution of (29) into (7) gives the sequence of paths

(23)

24

2%

(26)

@7

(28)

29

&)

€1)

(32)
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Fig. 1.

Coltri s boyt) =0, n=12,... (33)

along which bifurcation takes place.
It is physically understandable that the critical integer #., is determined from

nCl’ = mnin ["mln pn()vfa ;'rv /1)]3 (34)
e Aps Ay

where p, (4, 4,, 4,) is the distance from the origin of a point 4, 4,, 4. which lies on the path
Tolds, Ay 4,).
In this case we found that n., = 1 and thus (Fig. 1)

FA 2L A8 =T (A5, 45, A%) = 0. (35)

Equation (35) represents a straight line between 47, 4. and a straight line between
Af, A¥ and A7, A* (Fig. 1) which intersects the axes at their respective *‘single” bifurcation
points and the frequency of natural vibration of the system.

This type of boundary surface need not always be the case, however, especially when
dealing with nonconservative problems (Huseyin, 1978); it depends on the changing of the
wave numbers of the system in its postbuckling configuration.

Substitution of (14) into (13) leads to a sequence of linear boundary value problems
to solve for the unknown w(x), w;;(x), wu(x) and 4, 4, 4, j, k = 1,2,..., etc.

The first-order equation satisfies

L(3, 4, 48w, =0, (36)
where L(%,, 4,, A,) W is defined by
LUy, Aey 2)W = L (b AW+ Ly (3 ) W+ O(sY), €7

where L,(4;, 4,) W is the linear differential operator which includes terms of magnitude up
to the third order,
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1
L(A)W=— ;ﬁv @(X){SW: + “2‘;(52W1|+28’IW12+712W22)
l#

[

1
+ 3 (EWi +1 Waaa+3en’wias + 3087wy l)}- (3%)

Collecting terms with the same power of ¢, # and equating these terms to zero we
obtain the system of the equations for the functions w;j:

g Wi+ Bw, +28%, + A1 ()W, — AP (x)w, — Ax@(x)w, = 0. (39)

The term {4, f(x)d§(x) sec w,t} must be included in the discussion of the case of an
imperfect beam :

L[, 2, A¥lw, = 0 (40)

e wih +Bw, +2B8%, + AL )W — Y XIwy —Are(x)wy, = =24, f (X)W, ;
{=34 f(X)8G(x) secw ) (41)
LU, A2, A% wi = =24, f (xp#,

en: Wi BW 280+ S (W - AP XIw —Arex)wy = A f ()W +Y (0w, ;
{= 4412/ ()0g(x) secw,t}  (42)
LA, 25, 40wy = — A f ()W + ¢ (x)w,

Nt Wi Bay +2BWa + A f ()W — AP (X)W — A2 @(X)wsy = 0;
1422 f(x)0g(x) secw,t}  (43)

L[;'.}, if-& lv*}w22 =0.

We see that (41), (42) are inhomogeneous forms of (40) evaluated at the singular point,
and the Fredholm alternative requires that the inhomogeneous terms be orthogonal to all
solutions of the corresponding homogeneous adjoint problem. The linear problem con-
sidered here is a self-adjoint one so we have

—24,fx)($,¢) =0, (44)
where
#(x) = wi(x) (45)
=24, f(x)(D, $) +¥(x)(¢, ) = O, (46)
A =0, @7

2, VDG.9) ¥

SI0@6) - Fy “8)

where
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yix)

p(x) = o

(49)

and & , is the result from the Fredholm Alternative requirements. In the limiting case of a
homogeneous system

[B(x) =const], Fg = —n® and ¥ =1, (50)

the same as for the first WK B approximation.
The problems for w,,(x) (i. j = 1, 2) with (47), (48) become

LS, 25 A, = 0, (51)

so we take

wyx) =0, ij=12. (32)

Proceeding in this recursive fashion, we obtain the third-order equations:

3. 2

1 1
- W|W1+ W“l+41’V|H|H«1+W1+B(W1W' +§il‘1"l]|>

3!
1 1 3
+3Bwlw +ZB W|W| *{'"3 W]]l 3f/jwl||+2/LjW]l.t’

|
+E"~1‘.’:ll+2’/lf”t)f(x)"' S AW (x) — _)vf(/’(x)wm =0 (53

| - 1 .. 1 .
§W'|LI|1+ ﬁﬁwm‘f' yzﬁwnﬁ’ 3,3-/W1||f(x) /f“vml//(x)
1 1 W 3
‘?4 Fo(xX)w 1 = “"nf(‘)w!‘”wl"l‘ml“iw: —iﬂfwl“’!f(’f)

= ey s b, .
"‘Bﬁ}lwf"*:;ﬂwlw?‘zﬂwlwf“ El'lf(x)wll =0, (54)
where
( )=( )cosPwy, 4 =0 (55)

LU, 2, 2 winy = =320 f () — (6077 +248$é +6¢°
+94$P* £ (x)+65$* + 18834 + 12847 E*,  (56)

where
E* = cos? wyt (57)
| S . " ve - e .
?13 : 3—' [Wgzz +BW222 +2,3w222 +/.ff(X)W222 - /v,ll’(x)u‘zll —Af.k(P(x)szz]

1, . l

4 = Ay X — (X =0
2! pAl
L — (58)
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L%, 45, A )W = 0 (59)

L1, L, 1 L .
en’: ng‘fzz*' }Egﬁzzz‘??i‘!‘gwszz‘% é‘g(i}f(x)wszz—ﬁfiif{x)“‘zzz—f‘v?ﬁf»‘{-‘f)“’szz) (60)

i 1 . i
+ Elzzw’xf(x)*** fﬁuzwu- 52'/’(36)'“:2 =0

~0 (61)
L(%, 8, i)W 22 = — A f ()W (62)
L(§, 45, iwiza = ~ A (0 (63)

| B T . - e
net: ‘2—,(W'§n+Bﬁ’2nzn+"~fff(x)wzu+2lxzf(x)wx"‘f-r‘l’(x)wzn

] N 1 . 1
—re(xX)wyyy) + 'zj}-tf(x) *2Wy, + iizf(x)wn" i*l’(x)wn =0

=10 =0 (64)
L(45, A7, AWy = =242 f (X)W, (65)
L(3g, 25, 29wany = =212 f (0. (66)
Invoking the Fredholm alternative on (60), (63), (66) we obtain that
Ay = 2 g3 [—3: AFo+ (B, B, fﬂ)]E*(coz, 0, (67)
S 2
where the function ¢(8, f, # o) depends on the solution ¢(x) = w(x),
A3 =0, 4;,;,=0. (68)

For the case of the homogeneous shaft, when ¢(x) = w (x) = ﬁ sin zx, we obtain:
4 3 Cop
}q] =2n" — ‘2‘}\.}'7[ E'((X)zf). (69)

For another simple case of slowly changing functions of B(x) the derivatives of B(x)
are considered to be equal to zero, i.e. f(x) = f(x) = 0.
Therefore the solution is

P(x) = wi(x) = ﬁsin X, (70)
In this case we obtain
PRSI PR SND 71
It '_f(x)wz f?t (w2 )’ ( )

In the limit case of bifurcation of the shaft without vibration, we obtain the value of
A1y, which was derived by Kolkka (1984):
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. 3.,
Ap = 2rt— 5/.;:71'. (72)

&

Higher order terms are calculated in exactly the same manner.
Summarizing results up to the present order we have:

w(x) = ed(x)+0(s%), andw,, =w, = wy =0; (73)

Ay e '/;(x)" ( )

3
[4 AF o+ 3 ¢(B B, F o)]E*(wzl)}S +0(s) (74)

3= 340, (75)

The dependence of the amplitude ¢ on the parameters i, A, can now be ascertained by
simply eliminating 5 from (74), (75), resulting in :

F 1 3
& Jz )[ MNF o+ 5 ¢(B B, F o)]E*(wzf)} = Ar— //‘f‘ 'l;( )(/t —4) (76)
F o(ly—A5) + ¥ ()G — &) }
e = el bno2) = & {9' @7 3= (57, 1 20 WE T 7
Here we note that
Fi— ( AF o+ 5 ¢)f(x)E*(wz,t)>0. (78)

We also note that in the limit as either parameter approaches zero, we recover the
individual single parameter bifurcations

oy F oy —4) +Y () (2, — &) }2
Wt = 1271 ("){3«'0[493—(3»1;970+2¢)f(x)1 7

0= 2T e s ) 0
W hed) = 2247 {m[49“3%82;"?2;3}})(2)5*(%r)}l e
(0100 = 22/ T LI Z L )

The response diagram for the case 4, = 0 is represented in Fig. 2 (Kolkka, 1984). For the
case of a homogeneous system we obtain:
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Resporse diagrom

<

€ [

€(h; X} >0

ki €{d; X, <0

Fig. 2.
f =Ly =1,4=T k=0 F,=-1II" (84)
4=
e(3s,0) = r—lf(;.,—nz)”z, (85)
+1
80, 4,) = o (4, —T1H 1. (86)

Thus the problem (59)—(66) exhibits a supercritical bifurcation from the path (35).

The outer expansions for an imperfect system and the inner expansions in the vicinity
of the critical path using a double small parameter expansion are calculated in the same
manner as in Kolkka (1984).

4, CONCLUDING REMARKS

Guided by the principle of the WKB method devised originally for linear problems
of beams, plates and shells, we considered how to solve some nonlinear problems of
nonhomogeneous structures. It is worthwhile mentioning that the present paper gives a
survey of a small part of the vast area where the WKB method would be applicable, at least
in principle.

We note here that there is a practical problem in obtaining computer-calculated
solutions of the nonlinear partial differential equation with variable coefficients and with
small parameters near the highest derivative. As the parameter A~ takes on smaller and
smaller values, oscillations in the solutions become more closely spaced and it becomes
necessary to introduce additional space steps to accurately describe the solution. Coupled
with such factors as numerical accuracy and stability, this places a severe restriction on the
total evolution time of the solution that can be computed.
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