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Abstract

Macroscopic descriptions of instability pattern formation can be obtained by the generic amplitude equations of Ginzburg—
Landau type. In the simple example of beam buckling, a variant of this approach is established, that permits one to account
for the coupling between local and global instabilities. The mean field and the amplitude of the fluctuations are governed by
similar equations. The resulting model is a generalized continuum, where the generalized stresses are Fourier coefficients of the
microscopic stress. 7o cite this article: N. Damil, M. Potier-Ferry, C. R. Mecanique 334 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Une approche de milieu continu généralisé pour décrire des instabilités spatio-temporelles utilisant une analyse d’échelles
multiples. L’ évolution des instabilités spatio-temporelles peut se décrire macroscopiquement par des équations d’amplitude géné-
riques de type Ginzburg-Landau. Dans 1’exemple élémentaire du flambage d’une poutre, on établit une variante de cette approche,
qui permet de prendre en compte des couplages entre instabilités locales et globales et qui traite de la méme maniere le champ
moyen et la fluctuation. Le modele final est un milieu continu généralisé, ou les contraintes généralisées sont des coefficients de
Fourier de la contrainte microscopique. Pour citer cet article : N. Damil, M. Potier-Ferry, C. R. Mecanique 334 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The appearance of cellular structures due to instability is very wide-spread within nonlinear systems [1,2]. Buckling
of long plates [3] or Rayleigh—Bénard rolls [4,5] are typical examples. The response of such systems is spatially almost

* Corresponding author.
E-mail address: michel.potierferry @univ-metz.fr (M. Potier-Ferry).

1631-0721/$ — see front matter © 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.crme.2006.09.002



N. Damil, M. Potier-Ferry/ C. R. Mecanique 334 (2006) 674—678 675

Mean field + amplitude
B o LN A N (i /
AT
AT RS NS o AN,
= avAY AVRTAY TJ \ o ”J}‘f\if'?;‘ =S
EENRY/ AT Y -I Y J VoV N ""*ae;\l 3 \j', r
Mean field *x“i:{;,&?.

Fig. 1. Two main unknowns to describe nearly periodic patterns: the mean value and the amplitude of the oscillation.

periodic near the instability threshold. Classically, the disturbance from the bifurcation point Uy is sought in the form
of product of an envelop function and of the linear instability mode, that is harmonic in the x-direction:

U(x,y) — Up(x, ¥) = a(x)Unode (y)e4* + cc (1

In (1), cc denotes the complex conjugate of the preceding expression. The amplitude a(x) is complex valued and is
assumed to vary slowly with respect to the mode e'9*. According to the asymptotic bifurcation analysis, a(x) satisfies
an equation of Ginzburg-Landau, whose simplest form is [6]:

d’a )

@Jrotl(?»—h)a—awlal =0 )
Within this bifurcation approach, the amplitude is only a scalar multiplier that is the same for all components of the
unknown fields. Furthermore, this bifurcation equation (2), which has the advantage to be generic, has the drawback
to be independent of the underlying physical model.

In this Note, a physically based approach of cellular instabilities is presented, where the slowly variable unknowns
are the mean field Uy and a few Fourier coefficients, see Fig. 1. This leads to macroscopic models that are generalized
continua, the macroscopic stress being defined by the Fourier coefficients of the microscopic stress. In this sense, the
present technique is similar to homogenization theory, where a double scale analysis permits to deduce macroscopic
generalized continua from microscopic classical ones [7,8]. From a practical point of view, the present method could
permit to describe coupling between local and global instabilities, as in the buckling of stiffened plates [9] and of
sandwich structures [10], or to account for the influence of wrinkles on the behaviour of membranes [11].

2. An example: nonlinear beam buckling

Let us consider a nonlinear beam model, within Von Karman approximation. The material domain is the interval
0 < x < L. The unknowns are the axial displacement u(x), the deflection v(x), the normal force n(x), the bending
moment m(x), the axial strain y (x) = u’ + %v’z and the curvature k(x) = v”. If f(x) and g(x) are the components of
the external forces, the differential equations of the system are:

n+f=0 (3)
n / 1 12

A 2 4
ES u + 2v “4)
EIV" — (') —g=0 (5)

where the material data are axial and bending stiffness ES and EI. If boundary forces are disregarded, the variational
form of (3)—(5) can be written as (Principle of Virtual Work):

L L
/(n(Sy + mdk)dx = /(eru + gév) dx (6)
0 0

In this Note, f(x) is given and the lateral force follows a nonlinear elastic law —g(v) = Cv + C3 v3.
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It is well known that nearly harmonic instability patterns can occur in regions where the normal force is com-
pressive. For instance, let us consider the stability of the straight state with a uniform compressive stress A = —n
(i.e. f =~ 0). Hence the linearized form of the bending equation (5) becomes

V" + 2" +Cv=0 @)

The latter equation has harmonic solutions v(x) = e'9*, A(q) = EI ¢*> + C/q>. The critical stress and the critical wave
number correspond to the minimum of the curve A(g):

s C

C
= Ae =2Elg* =2— 8
q EI’ C q q2 ()

If the prebifurcation state is not homogeneous, a similar analysis can be done locally.
3. A generalized beam model including cellular instabilities
3.1. Generalized stress and principle of virtual work

The micro-macro modelization is deduced from the asymptotic double scale method [12]. The nearly periodic
unknowns U = (u, v,n, m, y, k) are written as a Fourier series

u uj(x)
v +00 +00 vj(x)
o1 ]- £ v 5| 1 | o)
y| T = v
k kj(x)

where the Fourier coefficients U;(x) varies more slowly than the harmonic part e/(9%)  So, they can be assumed
constant on any basic cell [x, x + 27 /q]. If () denotes the mean value on a basic cell, these rules permit to define
generalized displacements, stresses and strains:

Uj(x) =(Ux)e 7149}, —co< j < +o0 (10)

Let b(x) and c(x) be two nearly periodic functions, as in (9). By using, first a splitting of the integral, second Parseval
identity and by accounting that the Fourier coefficients b;(x) and c;(x) are constant on a cell, we get

L

/b(x)c(x)dx:Z/b(x)c(x)dx_z Z bjec_j=)_ Z /b c_jdx

0 cell cell j=—00 cell j=—00

cell cell

/b(x)c(x)dx—/ Z bjc_jdx (11)

j=—00

Next the application of the rule (11) to the principle of virtual work (6) leads to a macroscopic version of the principle
of virtual work
L L

+00 T
/( > (anyj—i-ijkj)) dx:/( > (fj(?uj—i—gj(?vj)) dx (12)
0

0 \j=—o0 j=—00

In this way, a generalized continuum model has been defined. In the homogenization literature the equality of the
left-hand sides of (6) and (12) is called Hill-Mandel macro homogeneity condition [8].

3.2. A few calculations rules

If b(x) and c(x) are two functions as in (9), the following identities hold:
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— ) =@)i=|— iq |Ja; = (a; iga;

dx j / dx S J4; ! 1445

d2a ” d .. 2 " . / 22 2

) '=(a )j = a-|-11q aj=(a;)" +2jig(a;) — j°q-a; (14)
J

+00
(ab)j= Y ajbj-j (5)

J1=—00

For example, let us apply these rules to the first term in the left-hand side of (12), where the strain is given by
y(x)=u'+ %v’z. By letting @ = nv’, one gets the identities:

+o00 +o0 d +o0o d
Z njdy_;= Z ”f(a —jiq)&u_j + Z aj<a —jiq)év_j (16)

j=—00 j=—00 j==00
+00
d L
aj= Y. ;1,-](a+(j—jl)u])v,-_j1 (17)
Ji=—00

3.3. Equilibrium equations

Because of the identities (17) and (14), the virtual work equation (12) can be rewritten as:

[ d d d 2
/(jz (n/(a —jiq>6u_j +aj; (a —jiq)Sv_j +m; <a — jiq) 8v_j)> dx (18)
o \j=—

o0

From (18), the equilibrium equations of the extended beam model are

a .
(— +]1q>nj +f;j=0 (19)
d .\’ a .
—\ = tJig) mj+ | —+Jjig)a;j+g;=0 (20)

3.4. Constitutive laws

In the same way, the identities (13)—(15) are applied to the constitutive laws (4), m = EIv”, and to the cubic law
for the foundation —g(v) = Cv + C3 v3. The constitutive laws of the generalized beam model are:

d ES X (d | .. d
nj=ES a—k}lq I/lj"‘?'z a‘f‘]llq Vji a+(]—]1)1q Vj—ji 2D
Jj1=—00
d 2
m (dx+]1CI) v; (22)
400 400
_gJZCU]+C3(U3)j:CUJ+C3 Z Z Ujlvjzvjfjlsz (23)
J1=—00 jp=—00

3.5. A simplified analysis with three harmonics

The simplest model coupling global and local instabilities involves three harmonics j = —1, 0, +1. This model is
limited to a real set of unknowns Uy for harmonic j = 0 and a complex set of unknowns U for the harmonic j = 1
(U_1 = U because U is real). Moreover, one assumes that the linearized force does not fluctuate on the basic cell
(f(x) = fo(x)) so that the normal stress n(x) and the horizontal displacement u(x) do not fluctuate (n(x) = no(x),
u(x) =uop(x),n; =0, u; =0). According to these principles, the simplified version of the proposed model is
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dng

e + fo=0 (24)

"o e 2

E_S=u6+§v6 +|v/1+1qv1| (25)

EIv}" — (novp)’ + Cvo + C3(v3 + 6volv1]*) =0 (26)
d

EI(v{" + 4iqv]’ — 6q%v] — dig>v| + q4v1) — <a + iq) (no(v] +igv1)) 4+ Cvi +3C3(vi v |2) 7

4. Discussion and comments

One checks that the model (24)—(27) permits to recover the starting equations (3)—(5) when the local mode is ne-
glected. The amplitude of the fluctuation appears in the mean constitutive law (25): the last term [v] +igv; | accounts
for the strain increase, due to the local instability. This term could permit to explain the reduction of compressive
stresses in wrinkled membrane. Another coupling local-global appears in the nonlinear foundation term, see (26).

The nonlinear complex equation (27) models the appearance of the local instabilities and it is obviously coupled
with the mean field unknowns vy and ng. So it plays the same role as the Ginzburg-Landau equation (2). The latter
equation (2) can be recovered if the prebuckling stress is uniform (n9 = —A = constant) and if there is no global
deflection (vg = 0). In other words, the Ginzburg—Landau equation is valid only if the cellular pattern takes place
from a uniform state. With these hypotheses, the equation for the fluctuation (27) is reduced to:

EIv]" +4EIiqv]’ — (6 EI¢* — A)v| —2iq(2EIig* — 2)v| + (EI¢* — Ag* + C) v + 3C3v1|v1 | (28)

Furthermore, Ginzburg-Landau equation is generally deduced from an asymptotic approach, and it describes only
the onset of the instability. If the load increment is chosen as a perturbation parameter (A — A, = ¢), the asymptotic
technique requires % =0(/¢), v] = 0(y/¢). With these orders of magnitudes, (28) leads to

&3 (—4ELq*v] — (. — ho)v1 +3C3v1[v1?) + O(e%) =0 29)

and (29) coincides exactly with the amplitude equation established in [13].
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