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1. Introduction

In this paper we investigate the properties of damped trans-
verse vibrations and dynamical buckling of a coupled double-
beam system under even compressive axial loading. The system
models a sandwich structure with an elastic filler. It is composed
of two equal WK-beams (according to the nonlinear model of
Woinowsky-Krieger [37]), which are connected by linear springs
and simply supported at the ends (see Fig. 1).

The in-plane dynamics is ruled by the following nonlinear system:

uty + B0cath + vogy = (¢ + 7 0 2y, ) Ot

+x[u -l =1,

Oty + S0y + vty = (£ + 7 10x0z I

12(0,L) )0xxu2

-kl —wl=F, (M
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where the unknown variables u;: [0, L] x R* - R (i=1,2) represent
the downward deflections in the vertical plane of the midline of the
beams with respect to their reference configuration at rest. Both
beams are hinged at their ends, so that

U0, £) = i (L, ) = 3t 0, £) = delli (L, £) =0, t [0, 0), i=1,2. 2)

The unknown fields are required to satisfy the following initial con-
ditions:

ui(x, 0) = ul®), o, 0)=vx), xel0,L], i=1,2, 3)

where uf, uf, v and v§ are given functions which fulfill (2). The WK-

beams are assumed to have equal length L and unitary mass. In the
reference (natural) configuration they are straight and parallel, and
their spacing is d. They are connected by linear elastic springs with
common stiffness k and free length d. Sources f;, i=1,2, represent the
given vertical load distributions. The positive constants § and v denote
the flexural rigidity of the beams and the viscosity of the external
environment, respectively. Finally, y is a positive constant, whereas the
parameter # summarizes the effect of the axial force acting at one end
of each beam and is positive when both beams are stretched, negative
when compressed.
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Fig. 1. In-plane oscillations of a double-beam sandwich system.

A derivation of the WK-beam model within a thermoelastic
framework can be found in [18]. According to the modeling ap-
proach devised therein, the WK-beam equation is a simplification
of the nonlinear von Kirman one-dimensional model, where
longitudinal (horizontal in our case) displacements are condensed
by integrating the corresponding equation in which longitudinal
inertia is neglected. Unlike the usual Euler-Bernoulli linear theory,
a nonlinear but uniform term accounting for extensibility of the
beam is retained into the equation of the transversal vibration. We
stress that all material constants in (1) are dimensionless (see [18]
for details). In particular

2
5= Lo f=%e[R,

where h and D are the thickness of the beam and its longitudinal
displacement at the ends, respectively. As usual, both are assumed
to be considerably shorter than the length L. Finally, we remark
that the elongation of the coupling springs must take account of
the horizontal displacements of their anchor points. Nevertheless,
in (1) the strain in the springs is approached by the difference
between the vertical displacements of the two beams. This may be
accounted for assuming the maximum horizontal displacement,
IDI, to be negligible if compared with the reference spacing of the
beams, namely IDI<d.

System (1) may be also used to describe out-of-plane oscilla-
tions, both vertical and torsional, of a girder bridge where the road
bed is modeled by an elastic rug connecting two lateral WK-beams
(see Fig. 2). In this case, however, the lateral movements of the
beams are neglected by the model.

Although all results obtained hereafter apply to both material
models, for the sake of definiteness we shall refer to the former,
only. In addition, due to the recasting of the problem into an ab-
stract setting, we stress that the present analysis can be easily
extended to (Berger) plate-type sandwich structures with hinged
and normally loaded boundaries. In spite of a relatively wide lit-
erature concerning statics and dynamics of a single WK-beam (see
e.g. [2,3,5,7,8,14,15,19,22,31,37| and references therein), we are
not aware of analytic studies which consider the elastic coupling of
two or more nonlinear beams of this type. On the other hand,
mathematical models of sandwich beam-type and plate-type
structures raised a wide interest in the literature, due to their re-
levance in many branches of modern civil, mechanical and aero-
space engineering. In particular in the 80s the phenomenon of
nonlinear buckling mode interaction stimulated much interest and
has been investigated by many authors. In particular we recall the
fundamental contribution by Budiansky [11] and the many tech-
nical papers by Sridharan (see for instance [4,32]). Recently, after

Fig. 2. Out-of-plane oscillations of a double-beam girder bridge.

some pioneer works (see, for instance, [23,29]) concerning inter-
action buckling between two beams, a lot of papers deal with
mechanical properties of axially loaded and elastically connected
linear double beam systems (see, for instance, [21,25,26,
35,36,38,39]).

The aim of this paper is to give a contribution on this subject by
scrutinizing statics and dynamics of the initial boundary value
problem (1)—(3). Its novelty and relevance relies on the complete
characterization of the long time behavior, which emphasizes the
different behavior of the nonlinear system (1) with respect to
double-beam linear systems previously considered. It is worth
noting that in a wider context concerning the localization of vi-
bration modes and buckling patterns [24,27,30], nonlinearities
play the same role than imperfections do in linear systems.

The occurrence of a very complex structure of the steady states
motivates a global analysis of the longtime dynamics of system (1)
(Sections 4 and 5). In this regard, due to the dissipative nature of
the system (v > 0), we are able to prove the existence of a global
regular attractor of solutions. In particular, when a finite set of
stationary solutions occurs, the global attractor is given by the
union of the unstable manifolds connecting them (Section 5.3).

2. Preliminary results

Introducing a suitable functional framework, we recast the
original system (1) into an abstract setting. Let (H, (-, -), ||-||) be a
real Hilbert space, and let A: D(A)eH — H be a strictly positive
selfadjoint operator, whose distinct eigenvalues and eigenfunc-
tions are 4; > 0 and y;, i € N, respectively. For = € R, we introduce
the Hilbert spaces

H, = DA,  (u,v), = (AT, ATy, lu e = | AT .

The symbol (-, -) will also be used to denote the duality product
between H, and its dual space H_.. In particular, we have the
compact embeddings H,,i€H,, along with the generalized Poin-
caré inequalities

Allwid <liwidy, YweHu,, %)

and we define the family of product Hilbert spaces
H.,=H..»xH xH.,»,xH, t€]l0,2].

In all these notations the index 7 is omitted when z = 0. Then, we
state on H the following abstract Cauchy problem:

deelhy + SAUy + voey + (2 + Yl DA Puy + x @y — up) = f),
Oully + 6AU; + vorlly + (7 + YU DA Uy — k(g — Up) = f, (5)

((0), 9¢u1(0), u2(0), 32 (0)) = W, VP, ud, vd) e . 6

The original problem (1)—(3) can be viewed as a special case of
(5)—(6) by assuming A = dux and H = [?(0, L). We stress that this
abstract formulation cannot be applied when boundary conditions
differ from (2) (for instance, if clamped-clamped or hinged-
clamped ends are prescribed). Really, the original coupled system
can be described by means of a single operator A only if the beams
are assumed to be hinged at their ends. Afterwards, a weak solu-
tion of (5)-(6) will be denoted by ¢: R* — H,

o (t) = (U (D), oetir (B), Uz (D), Olix (1)).

For further convenience, (5) may be rewritten as a system with
a symmetric nonlinear coupling term independent of k. Indeed,
letting

W=1U+ i), V=y-w), f=36(+5) g=50 - h)
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(5) takes the following form:

AtW + SAW + voW + [f + %(H WH+VIF+lw-v |\%)]A1/2W
+ZAW VIR W= vIDA Y =,
otV + 6(A + 2%1)1/ + VotV + [f + %(H WHVIR+[w-v ||12)]A1/2v

+ZUAW VIR~ lw = vIDAPw = g.

@

2.1. Energy norm and semigroup of solutions

Henceforth, ¢ will denote a generic positive constant which
possibly (but implicitly) depends on the structural constants of the
problem. In addition, Q: R§ — R* will denote a generic increasing
monotone function which explicitly depends only on R, but im-
plicitly also depends on the structural constants of the problem.
The actual expressions of ¢ and Q may change, even within the
same line of a given equation.

The total energy of a solution ¢ is defined as

1
E(t) = E@ () + Z[ (¢ +m@BY + (2 +71 uz<t>||%)2]

+ x|l () — wp )P,

where & represents the energy norm of ¢ in H, namely

E@®) = o = st ®IE + 2O 1B) + 19 ©) 17 + 19ett2 (O |
After assuming that a continuous solution & (t), t > 0, does exist,
suitable identities and energy estimates are obtained. They all are
written here in a formal setting and could be made rigorous with
the use of mollifiers (a procedure which involves boring and
routine calculations). The very same identities and estimates apply
to the Galerkin approximation scheme which is required to prove
existence.

The energy identity is (formally) obtained after multiplying (5)1
by o1y and (5); by d:us. It reads

d
EE(U(I)) + 2u (0t (O 1P + ll0e2 (O 1)

= 2((0etr (D), f) + (A2 (1), o)) ®)

Lemma 1. Let f; eH_,, i=12,and ¢ €R, y,5,v, k> 0. Forall t >0
and initial data z = WP, v, ud, v9) € H with || z |l < R, we have

E@@®) < QR).

Proof. We introduce the functional £: H — R given by

L) =E@) = 2({un fy) + (w2, f))- 9
Along any solution o (t) to (5), the time function L(s(t)) is non-

increasing. Actually, from the energy identity (8) it follows

d — 2 2
EL(G(U) = = 2u(lloan®I* + lloe®|*) < 0, 10)

which ensures that
L) < L2)<QM®),

for all z € H with || z |l <R. Since E > &, from (9) we obtain the
estimate

£28-2((ufi)+ (w2 fy)) = 58 = 2005 12 + 1512,

which finally yields

& () < 2L ) + 4dlf 12 + 1122 <Q®.O
Lemma 2. Let f, e H.;, i=12,and ¢ €R, 7, 5, v, k > 0. For all initial

data z € H, the abstract Cauchy problem (5)-(6) admits a unique
solution ¢ € C(0, T; H), which continuously depends on the initial
data.

The proof is omitted in that it can be obtained by paralleling
Proposition 1 in [9], and relies on a standard Faedo-Galerkin ap-
proximation scheme (see [2,3]) together with a slight general-
ization of the usual Gronwall lemma. In particular, the uniform-in-
time estimates needed to prove the global existence are exactly
the same as in Lemma 1.

According to Lemma 2, system (5)-(6) generates a strongly
continuous semigroup (or dynamical system) S(t) on H, i.e. for a
given initial data z € H,

o) =Sz, &) = IS®zlE.

Moreover, S(t) admits a Lyapunov functional, according to the
following result.

Lemma 3. If f; € H,, i=12, then L, defined in (9) is a Lyapunov
functional for S(t), that is a function £ € C(H, R) satisfying the fol-
lowing conditions:

(i) £L@) — oo ifand only if || z |lg — oo;
(ii) LS )2) is nonincreasing for any z € H;
(iii) £S()z) = L(z) for all t > 0 implies that z € S, where

S={zeH:St)z=2z,Vt>0}

is the set of all stationary solutions.
Proof. By the continuity of £, and by means of the estimates
%E(z) -c<L(2)< %E(z) +¢c, VzeH,

assertion (i) can be easily proved. The nonincreasing monotonicity
of £, along the trajectories departing from z, namely (ii), has been
yet shown in the proof of Lemma 1. Finally, if £ is constant in time,
from (10) we have o, (t) = o.uy (t) = 0 for all t > 0, which implies
that u;(t) = tl;, uy(t) =1, are constants and that they satisfy (1).
Hence, z=S(t)z = (i, 0, @i, 0) for all t > 0, and then ze€ S. ©

3. Steady states

In this section we analyze the stationary problem related to (5)
in the homogeneous case (f; = f, = 0). Depending on the model
parameters k and 7, there exist nontrivial (buckled) solutions, both
unimodal and bimodal. In spite of the perfect symmetry of the
system, for special values of the parameters we obtain non-sym-
metric static solutions where the elastic energy is not evenly
distributed between the two beams. The proof of these results can
be found in [16] and is summarized in the Appendix. The non-
homogeneous case can be handled according to [15].

Let Sy be the set of stationary solutions to the homogeneous
problem. It is made of vectors zy= (uy, 0, Uy, 0) € H such that
(iy, ) € Hy x H, are weak solutions to the system

Aup + G(ll i DA + k@i - 1) =0,
{Auz + Gl uz DA ?uy — k@ —up) =0, an
where
Gllui ) =@ +yluiIHfs, k=xls, i=1,2.
In particular, it reduces to

u” - Gui + k@ —wp) =0,

w' — Guy — k@ — up) =0,

w0 =ul) =u/ O =u/ L) =0, i=12 12)
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when A = oy and 4, = n*z?/14, y, (x) = sin(nax/L). Of course, the
trivial solution u; = u, = 0 does always exist.

3.1. Unimodal solutions

First, we look for solutions where each field involves only one
eigenfunction, namely we consider

Uy (X) = by, (), m,neN.

u1(X) = apy, (X),
After replacing these expressions, from (12) we achieve the system
Gn + G + Ky, — kbpy, =0,
(Am + Czrm + K)bmyy, — kapy, =0, 13)

where
L > L >
G= f+5yanm s, G= If’+§}’bmm é.

When m # n, it easily follows that a, = b, =0 and u; =u, =0.
Accordingly, if a nontrivial solution (4, u,) of this kind does exist
then it is unimodal, in the sense that both u; and u, should involve
the same eigenfunction,

WX) = Ay, (%), U X) =bpy,X), neN. (14)

In the sequel, we consider a fixed n € N.

Theorem 1. Depending on the values of # € R, there exist at most
nine unimodal solutions to (11) involving the n-th eigenfunction of A.
In particular:

® when ¢ > — 6iy there exists only the null solution
(ai, b?) = ©, 0);
® at £ = =51, the null solution bifurcates into a couple of in-

phase solutions,
(atg])v br(ll)) =(x oy +ap),;

® at ¢ = — 62, — 2k//2, the null solution bifurcates into a couple
of out-of-phase solutions,

(a2, bP) = (£, F fy),

® at ¢ = — 6 —3k/\JA, each out-of-phase solution bifurcates
into a couple of solutions with unequally distributed energy,
namely

(a2, b2) = (2o, Foq),  (aP, b)) = (xo,, F o).

e minimum B
. n
+ saddle point

Summarizing, there are

e one solution (the null solution) in the range #/6 > — /iu;

e three solutions in the range —/4, — 2k/(6/2n) < £[6 < — \In;
e five solutions in the range -7, - 3k/(6\an) < 2[5 < — An — 2k|(6n);
® nine solutions in the range #/6 < — A, — 3k/(6:/2n).

Remark 1. This situation occurs also in the study of buckling for a
rectangular plate under in-plane loading. This phenomenon is
named mode jumping: its buckling pattern exhibits a symmetric
breaking (secondary) bifurcation, that is the symmetry group of
the equations remains unchanged, but the solutions which bi-
furcate break the symmetry (see [34, pp. 149, 242]).

By replacing (14) into the expression of the total energy E, we get

2 2
E(an, bn)=/1r%5(a§+b,%)+l £+/1na% +l é+/1nb,%
2\y 2\y

+ k(an — bn)z

and using the level-set representation we infer that (see
Figs. 3 and 4)

e in the range # > - 62, the null solution is the unique mini-
mum of E;

e in the range -6.\/2, — 2k//4;, < ¢ < — 6.4, the energy E admits
two minima and a saddle point (the null solution);

e in the range —6./4, — 3k/\JA, < ¢ < — 84, — 2k//2, the energy
E admits two minima, two saddle points and a maximum (the
null solution);

e in the range 7 < - 64, — 3k/\/2, the energy E admits four
minima, four saddle points and a maximum (the null solution).

If we restrict our attention to the amplitude a, of u,, Fig. 5
shows the corresponding bifurcation diagram depending on the
values of q, = — 7 — 6\/,.

Remark 2. After the secondary bifurcation, the double-beam
system exhibits steady-states where the beams have different
elastic energies. Such non-symmetric equilibria correspond to
unstable branches and cannot be observed. In spite of this, their
occurrence is relevant in the longtime global dynamic of the two
beams, for it may lead up to non-symmetric energy exchanges

o maximum B
o e n

e minimum

+ saddle point
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o maximum
e minimum
+ saddle point

Fig. 4. The energy level setsof Eat /= -5 (y=6=x=4p=1).

between them.

3.2. Bimodal solutions

It is well known that all the steady states of a single extensible
beam are expressed as unimodal functions (see, for instance
[7,15]). We scrutinize here whether this is the case even for the
double-beam system under consideration. At a first attempt, we
are looking for bimodal solutions. Of course, if solutions of this
kind do exist, they cannot take the in-phase shape because of the
system uncoupling. A more general approach is devised in [16].

3.2.1. The resonant set
Let

Hn = 5\/Z' vn(K) = py + ZK/mv

which represent the eigenvalues of the operators A2 and
8A2 + 2kA112, respectively. According to the previous section,
system (12) exhibits unimodal in-phase bifurcation when# = - y,
and unimodal out-of-phase bifurcation when ¢ = — v, ().

Without any loss of generality, we assume m,neN, m > n.
Then p,, > u,, but v, (x) could overlap either py, or vy (x) if K is
properly chosen. In the former case,

newy,

s
Ky = 5[,\//1,1/1"1 - /1,1].

Un (Kn);n) SHn =

In the latter case,

an

Fig. 5. The buckled solutions a,(li), i=1,2,3,4,forafixed neN.

o
Vn(K;m) = Vm(Krler) = Kriln = E\Mnﬁm

and then v,(xh,) = p, + py- The set R of all the values of « that
produce some overlapping is named resonant set:

R = { k € R*: either x = k,, Or x = K, for some integer m > n}.
Now, we look for nontrivial bimodal solutions of the form

UX) = Anyy (X) + Gy X)), Uz (X) = by, () + diny, (%),

where ay, by, ¢, dyy # 0. When both beams have the same elastic
energy, the following result holds (see the Appendix).

Theorem 2. Given m>n, bimodal solutions such that
|ty lh = || up | are allowed only if x € R. In particular,

® when « =, there exist oo! bimodal solutions, where both modes
are out-of-phase, provided that ¢ < — (u, + py);

® when k = K, there exist co! bimodal solutions, where the m-mode
is in-phase and the n-mode is out-of-phase, provided that
< = -

It is apparent that after bifurcation infinitely many (n,m) bimodal
solutions just occur instead of n and m unimodal ones when their
critical values v,, and v, overlap.

A different result holds if the total elastic energy at equilibrium
are unequally distributed among the beams. After introducing

Snn = AJAm[An > 1 and

Gnn + 1D + Gnn = DA = 2x5,/6)?

P = Cmn(1 = ZK%H/K) ' (15)
v (k) = Cmn + 1) = Gmn = DA = 2x50/5)?
" 1 = 2ihn/x ' (16)

we are able to prove (see the Appendix).

Theorem 3. Given m > n, four distinct bimodal solutions such that
Il ug |1 # || up |l exist if and only if either

Khn <k < 2k and - £5(k) < £ < £5(k)

or
K <kpp and ¢ < i),
where
1+ ¢y () 1+ Y ®)
£ - _ mn , £k - — — Tmn77
() vp(K) + & Jin 5() vm (k) + & T

4. The exponential decay

Within this section, we restrict our attention to the homo-
geneous system, namely we assume f;=0 into (5). It is easy to
check that the linear part of the differential operator acting on u;
fulfills the following lemma.

Lemma 4. (See [6, Lemma 4.5]) Let F,(u;) = sAu; + ¢AV%u; (i =1, 2)
and

if £>0,

C, =
‘ (1+L) if -6/ <¢<0.

3\h a7
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(Fowi), ui) > 6C lluill3,

provided that ¢ > — §\4.

As a consequence, letting Sy(t) be the semigroup which is generated
by (5) when f;=0, we are able to prove the following result.

Theorem 4. Let ze€ H, | z |y < R. Provided that ¢ > — 6%, all
solutions Sy (t)z decay exponentially, i.e. there exists a positive con-
stant c¢ such that

&) < QR

Proof. We introduce the functional

& =E+ e<u1, atu1> + e<u2, a[u2> - lfz,
Y (18)

and we choose

£ = min{], v, 64 Cp, 25/11Cf}
v

19

Taking into account (17), this constant is positive provided that
¢ > — 6,k . After recalling the definition of E, we remark that

@ = <Tf(u1). u1> + <ﬁ(uz). U2> + llogun 1P + lloeuz |7
5 (Il + Mol ) + e(un, o) + e, auz)
+xllu - | (20)
The first step is to prove the equivalence between & and @, that
is

C
76 <P <QRE. @1

Indeed, a lower bound is provided by virtue of (19) and Lemma 4,

@ > |1 =S| o P + Nl 1P| +| 8C — =— || ual3 + 213
2 24

c
> —=&.
-2

On the other hand, by applying Young inequality and Lemma 1
tailored to Sy(t), the upper bound of @& follows:

rfQ®)
21162

2
o<|2+ =+ 1, e
W6 8k 2khé

]8 =Q®Ré&.

The last step is to prove the exponential decay of @. To this aim,
we obtain the identity

d .
3@ TP+ 2w = oloan P + 1o IP) + gﬂnulni‘ + ualif)

+ (v — &)(9rlty, Ur) + (drllz, Up)) = 0,

where € is given by (19). Exploiting (4), (21) and the Young in-
equality, we have

d (v—oe)
@+ b + W — &) (|10 P + 10z |2) < e2——| I[wl} + llu2 1B
dt 4n

821/

<
= 261C,

from which it follows
d & €

Loy & |2snC - eavlo<o.
dt 25/11@[ 1~ Sb] =

Letting ¢ = e[ 264C, — ev]/264C,, which is positive by virtue of
(19), we conclude

%S(t) <o) @0 <Q®e .0

5. The global attractor

The existence of a Lyapunov functional (see Lemma 3) ensures
that bounded sets of initial data have bounded orbits. In this
section, we provide the existence of the global attractor by
showing a suitable (really, exponential) asymptotic compactness
property of the semigroup. Namely, we prove the following.

Theorem 5. Let f; € H.», i =1, 2, be fixed. Then, the semigroup S(t)
acting on ‘H possesses a connected global attractor A c H. In par-
ticular, A is bounded in H,, so that its regularity is optimal.

By standard arguments of the theory of dynamical systems (see
[1,20,33]), the first part of Theorem 5 can be established by ex-
ploiting the following:

Lemma 5. Assume that S(t) fulfills the asymptotic compactness
property. That is, for every R > 0, there exist a function yg: R* — R*
vanishing at infinity and a compact set Kz c H such that the semi-
group S(t) can be split into the sum L(t) + K(t), where the one-
parameter operators L(t) and K(t) fulfill

LDzl <yp®), Kbz e K,

whenever ||z |l <R and t> 0. Then, S(t) possesses a connected
global attractor A c Kz, for some Ry > 0.

According to the scheme first devised in [19], we split the so-
lution S(t)z into the sum

Sitz=L({t)z+ K(t)z,

where

L(t)z = (uf (t), ot (©), uz (£), ouz (1)),

K(®)z = @f ©), o ©), uf ©), o (1))

respectively solve the systems

ottt + sAut + vouf + (f G )A”zulL +auf =0
3 Ol + SAUS + voud + (f + y||u2||%)A1/2u2L +aui =0

(W (0), 0t (0), u5(0), o3 (0)) = z, 22)

ol + SAUK + voruK + (¢ + yllu A 2uK - aul + k@ - u2) = fi,
oeuk + sAUK + voruk + (2 + Plu2 AV 2uK — auf - k1 - u2) = f,
@f(0), oruk (0), uk (0), 9k (0)) = 0, 23)

where a > 0 is large enough that the following inequality holds
(see [19])

12 2 2 2
shulls < llullz + Zllully + allul? < mijull (24)

for all u € H, and for some m = m(, a) > 1.

The proof of Lemma 5 is carried out in the next two subsec-
tions, and the last part of Theorem 5 follows from the compact
embedding HreH.

5.1. The exponential decay of L(t)

We prove here the following lemma.

Lemma 6. Let || z ||;x < R. There is ¢ = c(R) > 0 such that
1Lz Il < QR)ECE
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Proof. Let & be the energy norm of the one-parameter operator L
(t), namely

EoL®ODIL Ozl = sluf O + I[uz OIB) + lloeut )2
+ lloqg (0112 5)
We introduce the functional
Do(t) = Do(L(D)z, U (1), Uz (1)) = Eo(L(1)2)
+2(ut @R + 1 OR) + a(il uf O + 1l u ©)1P)
+7 (I OB It OF + w1 1uf ©O1F )
+e((out @), uf ©) + (uf (), uF ©))).

Using Lemma 1 and (24), we obtain the following lower and
upper bounds for @:

180 < @0 < Q(R)&o. 26)
The time-derivative of @, along a solution to system (22) reads

d
E% +ePo+2( - 8)( lloeut 17 + llogus IIZ)

= 2r(<atul. APu)uf 7 + (o, A”2u2>||u%||%]

—ew— e)(<u]", atu” + <u2L atu2L>),
where the second term can be estimated in terms of &g as follows:
2r<0fuf, AR luf I - e - e)(uf. ouf)

L
—= llowws I Iluf 1B + = /1 |I AP P luf 1B + @ = e)llouf I
i

+ eZw —e)lluf I?

1
< QB IolIEo + 2QRIEo + (= e)llout 1> +

e(u—e)

Choosing ¢ as small as needed in order that £Q (R) +
obtain

<7WE

d
dtfbo + e®p < *Q(R)(Ilt?tulll + II@tuzll)So + %So

and finally, since l80 < @g, we can infer

d
o+ S < —Q(R)(Ilt?fulll + llocuz ] |Po.
dt 2

In order to estimate the r.h.s. we need some control on the dis-
sipation of the original semigroup. Hence, by following the pro-
cedure of [9, Lemma 6.2] we obtain,

Lemma 7 (Integral control of dissipation). For any >0 and

t>s>0,

fst ( (et (y)]| + Hatuz(y)\l)dy <e(t -9+ Q).

The exponential decay of @, is then entailed by exploiting a
generalized Gronwall Lemma (see [12, Lemma 2.1, 13, Lemma 3.7]).
Finally, from (26) the desired decay of & follows. o

5.2. The compactness of Ky

Now, we prove the existence of a compact set Xz which con-
tains all orbits K(t)z, || z |l <R, t > 0. This result is achieved by
two steps: first the boundedness of these orbits in a more regular
space, Ho, is proved in Lemma 8, then the compactness of % is
ensured by the compact embedding H,eH (see [9,10]).

Lemma 8. Let fi e H,, i=1,2, be fixed and let ze H, || z |l <R
Then, there exists Kz > 0 such that

Kz llpy <Kr, VE>0. 27

Proof. Let introduce the energy norm of order 2 of K(t), namely
EX = s (Iuf 13 + Nuf 13 ) + lloauf 18 + Nlous 1.
For any ¢ € (0, 1) we define the functional
JK = &K 4 FK 4 28(<atu{<, uk >2 + (o, uf >2)
where
F = (€ + I 1t 1B + (€ + rlua @1 ) 1u 1B
= 2((f ), + (o uf),)
Choosing € small enough, the following bounds hold true:
-QR) <JK <28+ Q®). 28)

We estimate the time derivative of J¥ along a solution K (t)z. To this
end we first compute

d
E(SK + FK) = — 21/(||0ru1 15 + llocu} ||z)

+ Za( <0fu{(, ut >2 + <atu2’(, uk >2)
20 W B, O+ 1 1B (s, 0

- 2K<Ll1 — Uy, o (uf — u2’<)>2.

We deal with each term at the r.h.s. separately. By virtue of the
interpolation inequality

Kb, w)el <M1 Ml ll 97 lle-1, 29)

taking into account (4) and Lemma 1, we easily obtain (i = 1, 2),

N3 (ui, deuin < J—””K”“ Il ui I lloe; I < QR 1I0eu; 1EX,

K L Colpe o € ok % £ gk
a<a[u, , U >2 < glluz 5 + ]68 s= 16(8 '
Analogously

<u1 g, ol — )> Q(R) 4 881(

In addition, a straightforward calculation leads to
i[@tu{(, u{(> + <atu2’(, u2’<> ]
dt 2 2
= llocu{ 15 + llous I3 — 6(||u{‘ I + ||i)
- u(<atu{(, u1’<>2 + <aru2’<, u21(>2) + a( <u]’<, ulL>2 + <u2’(, uk >2)
+(uf ), +
- (f + y||u1||%)||u{‘||% - (f + yuuzn%)nuz"n%.

<u2’<,f2> - K<U1 — up, uff — uf >

From interpolation inequality (29), we have

(1 = vl = ), | < s =z Il uf = uf s < QER)VEF,

hence
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d K K K K
E[@[u] k) + (o, uf),
)
<+ u)(natu{‘ 15 + llocuf ||%) - i(nufni + ||uz’<||i) +Q.(®

+ Q(R) VEK.

Collecting all these inequalities we end up with

d

Frealy 2[u —e(l+ u>]( llocuf 115 + lloquf ||%) + eé(nu]“ui + ||u£<||%)
- gaK <QRVES + Q(R)aK(uatulu + ||atuzu) +Q.(R.

Choosing now & =g > 0 small enough, in light of (28) this
turns into

S s o Qo JIF + Q(R)(Ilatuﬂl N ||afuz||)(1 +J'<) L Q).

Since JK(0) = 0, once more from Lemma 7 and the generalized
Gronwall Lemma (see [12, Lemma 2.1, 13, Lemma 3.7]) we get the
thesis. o

5.3. The structure of the attractor

As well known [1], when a finite set of stationary solutions
occurs, the global attractor of the semigroup S(t) consists of the
unstable manifolds connecting them. Due to Theorems 1-3, we
can conclude:

Corollary 1. Provided that ¢ < - 8\/i and « # R, the global at-
tractor A c H consists of the unstable manifolds connecting the
steady states of S(t).

Even if we restrict our attention to unimodal solutions (in this case
H reduces to R*), a complete picture of A is hard to achieve.
Really, some informations may be sketched by means of Poincaré
sections, which are obtained by intersecting trajectories in the
original phase-space with a lower dimensional subspace trans-
versal to the flow of the system. This technique may be exploited
for both the damped and undamped (v > 0) system, although it is
a routinary tool of the latter case. Unfortunately, there is no gen-
eral method to construct a Poincaré map.

Here, we may take advantage of the representation (7) of the
system. Indeed, when f=g=0 and assuming suitable initial
conditions, this system admits special dynamical solutions of the
form (w(t), 0) and (0, v(t)), corresponding to perfectly symmetric
(t; = @iy) and antisymmetric (il; = — i) oscillations. If this is the
case, then w and v satisfy the uncoupled first order systems

{atf + AW + V€ + [£ + 7|WIF1A2W = 0

{afﬁ + AT + v + [£ + 7|[TIP1AV20 = 0
V=7 31

and the phase portraits of their unimodal solutions

WX, £) = Wp Dy, x), VX, 1) = Oy, x), neN,

can be scrutinized as in [31]. For instance, assuming

¢ k
—<=JA -3 ,
5 <~ VA =32 e
we conclude that in each sub-space (wy, &) and (vp, #,,) of the four-
dimensional phase-space H there is a branch of the attractor A,
and the basins of attraction of the stable steady-states relying
therein may be easily depicted (see Fig. 6).

6. Conclusions

In this paper we scrutinized both statics and dynamics of a
damped elastically coupled WK double-beam system under even
compressive axial loading.

A complete characterization (in closed form) of solutions to the
nonlinear stationary problem with vanishing sources is achieved.
As well as the null solution, the system may exhibit unimodal
(only one eigenfunction is involved) and bimodal (two eigen-
functions are involved) buckled solutions. In Theorem 1 the
number of unimodal solutions is proved to depend on the ratios
¢[s and «/s. In spite of the perfect symmetry of the system, for
special values of the parameters we obtain non-symmetric static
solutions where the elastic energy is not evenly distributed be-
tween the two beams (see also the Appendix, Fig. 8).

Since the axial displacement D and the thickness h are com-
parable and considerably shorter than the length L and the spacing
d of the beams, under reasonably physical assumptions on the
stiffness of the elastic core we may conclude that I#l and «k share
the same order of magnitude h/L, whereas & is much smaller.
Accordingly, the order of magnitude of 1#/sl and «/s is L/h>1.
Hence, inequalities on A, in Theorem 1 are not narrowed by the
modeling assumptions and all the stationary solutions exhibited
here are physically consistent.

The complete analysis of buckling bifurcations (see Fig. 5) and
the related picture of the energy level sets (see Figs. 3 and 4) re-
veal that stability of unimodal stationary solutions strongly de-
pend on the coupling constant k. This is not surprising when
nonlinear equations are involved. In nonlinear electroelastostatics,

Fig. 6. A branch of the global attractor (on the left) and basins of attraction (on the right) in the phase-subspace (wy, &;), when n = a = 1. The same picture holds true in the

phase-subspace (vy, 7,), when n = g =1 (a and g are the same as in Fig. 7a).
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for instance, the stability of steady states may be crucially de-
pendent on the magnitudes of the electromechanical coupling
parameters (see [17]).

The occurrence of a so complex structure of the steady states
motivates a global analysis of the longtime damped dynamics.
When -#/6 is larger than the first eigenvalue A, of the Laplacian
operator A2, then in Theorem 4 we prove exponential stability of
the (unique) trivial solution. On the contrary, when 7 < — 64
buckled steady-states occur and we prove in Theorem 5 the ex-
istence of a global regular attractor of dynamical solutions. If in
addition x # R, the resonant set defined in Section 3.2.1, then there
exists a finite number of stationary solutions and the global at-
tractor A c H consists of the unstable manifolds of trajectories
connecting them (see Section 5.3 and figures therein).

Appendix A

A.1. Proof of Theorem 1

When m=n from (13) we get the system

{bn = wnan(pn + ar%)v

n = wnbn(p, + b}), 32)
where
Pn= Ly,ZM(f + 60 + %] Wy = L;Zy.
Assuming ay, b, # 0 and putting Y, = p, + a2, from (32) it follows
vi-pyi+ Py, Lo
5 o,

Accordingly, this equation can be written as a product,

1 1
(yg _ _2][y,3 Cpta+ _2) ~0,
@n W

so yielding four solutions
o= = 1/wn‘

Yo = (pyon = \Prog — 4)[20;. 33)
Letting q, = — ¢ — /A, and

Ul,-,:\/z qn
AN
B, = 3 9 _27’(

"N Vo A

+ 1 qn K qn K[[ qn 3K:|
Wy = |— - — % + — - |
" Lme n J[ﬁ | R

from (32) and (33) we obtain the following expressions for the
amplitudes a, and b:

(algll), br(11)) =(xoap+ay) if q, >0,

2K
o
@®, b =(+ o}, Foy) if qn>i,

JAn
@ p@y _ BN 3
(ay vbn )—(iwn""wn) if qn > ——

N/ (34)

which provide all real unimodal solutions involving the n-th
eigenfunction.
When n=1 and ¢ < -48Jk4 - 3«/\1, these solutions are

@?, b= (£, %y if g, >

represented in Figs. 7 and 8 (the subscript 1 is omitted). The
buckling modes here depicted resemble a study carried out in [28]
within the framework of the “buckling localization”.

A.2. Proof of Theorem 2

From (12) we achieve

[ + GZn + K@y = kbyly, + [Gm + GAm + k) — kdply,, = 0,
[(n + GfAn + Kby — kan [y, + [ + GJ2m + K)dm — ke, = 0,

where
¢ L 2
C1=g+£xly X = 0o + ciim = 7w I,

4 L 2
cz=g+ﬁxz. Xo = by an + diyam = T 1l w2 1R

Because of the orthogonality of distinct eigenfunctions, we obtain
the system

kby = anldn + k + 2,28 + 20 LyXa[26],

kdm = culm + k + JAn €16 + mLyXi/261,

kay = buln + k + JIn €6 + JanLyXz[26],

kem = dm[Am + k + Am€]6 + LAmLyXa[265].

For the sake of simplicity, we let

2,k Ly
O}—ry(&ﬂ%-ﬁ'f'f} fJ— 2 ,

and we rewrite the previous system in the compact form

j=mn

bn =& an(on + X1),

dm = &n Cmlom + X)),

an = ¢ bn(o'n +X),

Cm = &m dm(om + X2), 35)
from which it follows

A = & an(on + X0)(on + X2),

by = & an(on + X),

Cn = &G (om + X1) (om + X2),

dm =& Culom + X). (36)

From the first and third equations of (36) we obtain a system in-
volving X; and X,, only,

1= &2 (on + X0)(on + Xa),
1 = & (om + X)) (om + Xa). 37)

If it admits positive solutions (Xj, X3), then the four amplitudes of
the bimodal solutions u; and u, follow by solving

by = & an(on + Xp),

dmn = &n Cmom + Xp),

in 02 + I B = X,

o b + hm d, = Xs. 38)

When the beams have the same elastic energy, system (37) pro-
vides

{X: igﬁl_an-
X= +&3! - om. (39)

These relations are satisfied provided that
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Fig. 8. Asymmetrical out-of-phase static solutions (n=1).

_1 -1
& —on= &5 —om

which leads to the following four occurrences:
(@) &= 6, =& — oy SO that 4, = 4, which contradicts the as-
sumption m > n and then no bimodal solution exists;
(b) &1+ op= &' + o, from which it follows « =k, and then
vn (k) = vm (k). If this is the case, (38) takes the form
b, = - ay,
dm = —Cmn
a2 + GanCor = = 2(2 + py + 1)) [Ly T,
b2 + Gundiy = = 2(Z + pty + 1)Ly,

where &nn = +/Am/An > 1, and admits real solutions provided
that

Z/ﬂ<_(ﬂm +uy) = _Vn(Kr]er)-
Letting a, = - b,=U,¢cpn= —d, =V and

268

C+p +/4),
Lyrm( m *hn

pE&) = -

we obtain the following (elliptic) relation between the ampli-
tudes

Uz + Cmn Vi= /’3 ©@).

Accordingly, in this case there exist infinitely many out-of-
phase solutions;

(c) Elon= — &1 = om, from  which it  follows
& = 6(\JAndm — Am)[2: since k must be positive, its expression
contradicts the assumption m > n and then no bimodal solu-
tion exists;

(d) &'+ on= — &' + om, from which it follows « = «, and then
vn (k) = p,,. If this is the case, (38) takes the form

bn = —dp,
dm = Cm,

ag + fmnChp = — 2(1,’ + ﬂm)/Lifm‘
bE + Cmndpy = — 2(f + ﬂm)/LJ/\/Z
and admits real solutions provided that

C<—pp= — Vn(Knt:n)
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Letting a,= — b, =U, ¢y =d, =V and

26
2= — ——|v¢ ,
Py (&) LNZ[ +um]

we obtain the following (elliptic) relation between the ampli-
tudes

U2 + GnaV2 = p2 (0).

Accordingly, in this case there exist infinitely many asym-
metric solutions.

A.3. Proof of Theorem 3

To prove this theorem, first we establish a preliminary result.
Letting

X = &n(on + X1), Yy =¢énlon+ X2), (40)

W = éplom + X)), Z=E&nlom +X2),
we obtain
CnnX = W = GnnY — Z = &m(on — om) = Gmn — D = 25,/6).

From these relations and (37) we obtain the system

xy =1,

wz=1,

SmnX = W = (Gmn — DA = 2i,/5),

CanY = Z = mn — DA = 2k,/%). a1

We stress that the coefficients involved in this representation are
independent of L, y and, especially, on Z.

Lemma 9. Let m > n be given, if and only if either x> 2x}, or
0 < k < K&y OF kT < & < 2K}, System (41) has exactly four distinct and
partially symmetric solutions

(X, Yo, Wa, Z9), (X5, Y5, 25 W), 0 XE W 29, (0, X5, 20 W),

where x=, y=, z+, w= are defined as follows:
Xe(6) = 2 () + 2, () — 4),
Yo (®) = 3 @un(®) = b2, () = 4),
W) = 3 W () + 172, () — 4),
2(K) = 3 Wi () — \Jyi2, () — 4),

where ¢ and y are given in (15) and (16), respectively.
When « =i}, and « =k}, all four solutions coincide and the
system reduces to that of the equal-energy case. In particular:
® if k=uxh, then xx=yr =wr=2z+= - 1;
® if k=xy, then xs=y+= —land w=z-=1.

Proof. After simple manipulations, from (41) we obtain two un-
coupled subsystems

xy =1, wz=1,
X+Y=dp), | W+ 2=y, ). (42)

If there exist, solutions to (42) have the form of symmetric pairs
parametrized by k,

Py (%, ¥) = ¢+ (%), X*(x)),
Q2: W, 2) = (z+(x), W*(x)),

Pl: (Xv }’) = (X*(K)v y*(K)).
Qir W, 2) = (W+(x), z*()),

where

Xe() = () + JD2,) = 4), (%)
= 2P ®) = D200 = 4),
We k) = 3 W () + w2, () = 4), 22(6)

= S W ®) = Jy2,(0) = 4),

and then they are ordered so that

Xe (k) 2 y=(k),  Wr(k) 2 Z#(x).

These pairs give the four solutions of the problem and represent

the coordinate pairs of the intersection points between a rectan-

gular hyperbola (either xy=1 or wz=1) and a straight line (either

X+ Y= py(c) OF W+ Z =y, x)). Accordingly, real values x:(x),

y*(x) and w+(x), z*(x) do exist provided that either ¢, (x) > 2 or

Gmn () < =2, and yy,, (k) = 2 0Ty, (k) < — 2, respectively.

® When « > 2k, then ;. (k) > ¢, (k) > 2. Solutions to (42) are
positive pairs. In addition, w*(x) > x*(x) > 1 > y*(x) > z+(x) > 0
(see Fig. 9).

® When «; < k < 2x5, then (k) < ¢ (k) < — 2, the equalities
occurring at x = k. In this case solutions to (42) are negative
pairs and z+(x) < y*(k) < — 1 < x*(x) < w=(x) < 0, the equalities
occurring at « = k,, (see Fig. 10).

® When 0<«<«ky, then ¢, (k) < —2, but y,,.(x)>2, the
equalities occurring at « = x;,. In this case (42) is solved by
negative pairs, whereas (42) , has positive solutions and
yrk) < —1<x:(x) <0< z#(x) <1 <w=(x), the equalities oc-
curring at « = k, (see Fig. 11). o

Remark 3. The case X; = X5 is recovered if and only if x+ = y+ and
w+ = z+. This occurs either when « = «}, or «},. In the former case

Gmn ) = — 2 and i, (k) = 2, SO that x+(xkn,) = Y* (k) = — 1
and w+(kx,) = z*(kx,) = 1. In the latter, ¢, (5hn) = Wi Gihn) = — 2,
so that x+(xin) = ¥*(kKhn) = W*(khn) = Z*(khn) = — 1, in agreement

with Theorem 2.

Remark 4. The positivity of the norms, that is X; > 0 and X3 > 0,
can be established from (40) in dependence of the values of x and
Z,

1 — x*(x) 7 1 - wxx) +

PO PP Sk, L Bl P (PR ek
St Jin T\ Jim

X = L—[un L U] f%(’() + f) = - %(um P ) _J;i(K) + f)

> 0.

Since y+(x) < x*(x) and z+(x) < w=(x) for all k, these conditions are
both satisfied provided that # < #+(x), where

T-yw_ _, _ 1=K

u
Jin " Jam

OH(K) = — Py — K

or alternately

1+y®) 1+ 2z+(x)
Ox(k) = — —_— = — —_—
(x) vp(x) + Kk J/Tn vm () + & m
We note that kN = =" = — = py and

2 = — k) = = e

According to the previous analysis, from (38) the system in-
volving the unknown amplitudes takes the form
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b = X+ () ap,

drn = W+(k)Cr,
2 . X+ (k) = y*(x)

147 + GmnnChy = L) — € + k= |,

a; + CmnC L}'JZ[ (x) + K m )
2

b2 + tund? = —=—(£*(x) — ©).

" " LyJin (43)

Assuming ¢ < ¢+, from (43) we finally obtain

by = x+ay,
dm = wecp,

2 2
ay + &mnCiy = p2 + 12,

X202 + LuW+ch = p?,

where
_2
Ly\Jin
In particular, p(xf, £) = p,(¢), p(c*, £) = p,(¢) and 1 (x") = 1 (x*) = 0.
In order to find amplitudes of the bimodal solutions we are led to
solve the system

X2+Y2=p%+712

X2X2 4 we2Y2 = 2,

2
r2(c) = L—"(x*oo —y @), PPk, O) = () - £).
YAn

where X=a, Y=.¢mCns Since it represents the intersection
between a circle and an ellipse, four real solutions exist if and only
if the radius of the circle has an intermediate value between major

and minor semi-axes of the ellipse. If this is the case, the inter-
section points are

P X, V) =X, Y,
Py (X,Y) =X, -Y),

Py X, V)= (=X, Y,
P X, Y)=(=X,-Y).
Accordingly, the amplitudes of the bimodal solutions are

s

a, =X,

by = x:(0)X’,

cn =Y,

dn =w: @Y [/,

an= - X',

bp= —x:X’,

cn =Y {Cm,

A = we @)Y [/,

ap=X", a= - X',
by = x<(0)X’, by = — x@X’,
£ £
Cm = —Y/van. Cm = _Y/\/Cmn.
v # #
N @ dn = _W*(K)Y/\/Z:mn- dn = _W*(K)Y/\/Z:m .
N In order to establish necessary and sufficient conditions for the
N X existence of such solutions, we separately discuss three cases.
AN \\% ® When « > 2«;,,, then 0 < y*(x) < 1 < x*(x) < w=(x) and
AN N )’C\
L2 A v 1 1 12
A A < <1<1+—.
SO w2 = X2 2
o N
AN N Q1
v N2 1 g% N ; As a consequence,
N z* 1 2\ w* z,w
‘ > N 2 2
Py s . /’2 < /’2 Sp2+7‘2
@ AN *. W X
X& \« AN \\e
S, . N and then no solution exists.
%@ . ® When «,, < k < 2k}, then y=(x) < — 1 < x+(k) < w=(x) < 0. As a
AR consequence, the condition to have intersections reads
» N
N
. 2 2
N 4 2 2 4
. < r2<
N X2 st T w2

Fig. 11. The graphic solution of subsystems (42) when 0 < x < x*. and implies the following conditions for #:
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0<usf*_5+ K

x:2 o

From the left inequality we obtain # > #:, where (y* = 1/x*)

=
W2

X =y <

K X2 =y

K
by=tr - =TI poy K xew),
1 \/E 1 _x2 m (x)
and then
i) = = () + i Pm®)

Von

From the right inequality and using (41)3; we have ¢ < ¢35, where
(2= 1jw")

Kk W2 (Zx — W)

K
ty=tr 4 —— " T g K ) < £
2 Som 1 — w2 T
and then
1
£5(6) = — () + KM_

Jim

Summarizing, solutions exist if and only if ¢; < £ < ¢3.
® When 0<xkx<xkh, then y+(x) <-1<x:(x) <0<1<w:k),
which implies
P_2 <2 <2412
w2 SPESp + 12
As a consequence, the condition to have intersections reduces to

2
Pt
.

and the following condition for # follows:
=7
x+2

br— o+ ——(xr —y) <

K

from which we obtain # < #;.

We finally observe that

¢mn(’<)_1
Cik) = — pp + kI
1 n m
and

; 3

WM £4() = = py = p =~ =~y = i,
K= Kmn 1 n m \/Z n 2 m
. T 3
lim Z500) = —py — py — 20—y 2
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