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Abstract

OWADAYS, the complicated oscillations of suspension bridges are
still not completely understood. In this thesis, we suggest several
new reasonable mathematical models which may help to describe

the oscillation behavior appearing in the actual suspension bridges.

First, in Introduction we survey several historical events on suspen-
sion bridges and we recall some existing mathematical models in literature.
Most of these models fail to describe the static or dynamic behavior of the
suspension bridges. Also in this part, we list the new mathematical models
we suggested for describing the behavior of the bridges.

Chapter 2 is devoted to a kind of beam model for suspension bridge.
The bridge is viewed as an elastic beam which is suspended to a sustain-
ing cable, where the beam and the cable are connected by a large number
of hangers. We analyze the energies in the system (the suspension bridge)
after the deformation from the rest position to a new position due to a live
load. The Euler-Lagrange equation is obtained by taking the critical points
of the total energy. Together with the hinged boundary conditions, we de-
duce a nonlinear nonlocal problem and we prove that it admits at least one
weak solution.

In Chapter 3, we view the suspension bridge as a long-narrow thin rect-
angular plate, which is suspended to two sustaining cables. We first recall
the plate model suggested by Ferrero-Gazzola [27] for dynamical suspen-
sion bridge. Then we consider a non-coercive problem corresponding to
the plate model and we analyze the asymptotic behavior of the unique lo-
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cal solution of the problem for different initial conditions. Finally, in order
to describe the boundary behavior of the plate, we set up a problem with
dynamical boundary conditions that reflect the physical constraints on the
boundaries. Assume that the restoring force due to the hangers is in a lin-
ear regime, we obtain a linear evolution problem with dynamical boundary
conditions. We prove that the evolution problem admits a unique explicit
solution.

In Chapter 4, the roadway of the suspension bridge is also considered as
a thin rectangular plate. We suggest a quasilinear plate model based on the
von Kédrman plate equations when large deformations appear in the plate.
In this case, the interaction with the stretching behavior of the plate should
be analyzed. Then two fourth order differential equations are deduced by
applying variational principles to the energy functional, where we introduce
the so-called Airy stress function. By adding the restoring force due to the
hangers to the equations, we obtain a system coupled by two fourth order
differential equations. We prove existence and multiplicity results of the
system with suitable boundary conditions.

The last chapter contains the conclusions on our mathematical models
for suspension bridges. We do not claim that these models are perfect. This
is just the beginning for reaching more challenging results in this field and
much more work (both mathematical and engineering) is needed. We also
list several open problems corresponding to our new models.
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Notations

DFu= el k>0,30 oy =kwitha; € N,0< o, <k

- o o an 9
Oz, " 0xy = -0z,

CYQ) = {u: Q — R; u has continuous derivatives up to order / on 2}.
CL(2) = {u € C'(Q) : supp(u) is compactin 2}, 0 <1< oo,
L) ={u: Q—=R; [,uf <oo}, 1<p<oo.

L>(Q) ={u:Q — R; supq |u| < oo}.

H™(Q) ={u: Q= R; Y7 [ |D'uff <o}, m>1
H}(Q)={u€ H(Q): uw=0o0n0d0}.

H(Q2) = the dual space of H* N HJ ().

H™712(0Q) = 7;[H™(Q)] with yju = 2% for j = 0,1,--- ,m — 1.

(U, V] = UggVyy + Uyy Vs — 2UygyVyy, the Monge-Ampere operator.

C°([0,T]; X) = space of functions u = u(t) € C°([0, T]) with respect
to the X-norm in space; u € C°([0, T); X) iff ||u(t) — u(to)]|x — 0
as t — to. Similarly, for the spaces C''([0, T]; X') and C*([0, T]; X).

TNB = Tacoma Narrows Bridge.

(GP) = General Principle of classical mechanics.
When Q = (0,7) x (—(,¢) C R>.

H2(Q)={ue H*(Q): u=00n{0,7} x (=£,0)}.

H..(Q) = the dual space of H2((2).

HZ(Q)={ue H} Q) : u=u, =0o0n (0,7) x {+(}}.

H..(Q) = the dual space of HZ (Q).

H} Q) ={ue H(Q): u=1uy =00n{0,7} x (=, ()}






CHAPTER

Introduction

A modern suspension bridge is a type of bridge where the deck (the road-
way) is hung below the suspension cables by a large number of hangers,
see Figure 1.1 for a simple sketch of the modern suspension bridge.

Figure 1.1: Sketch of modern suspension bridge.

1.1 Historical events and existing mathematical models

1.1.1 Historical events

Although the first design of a modern suspension bridge is made around the
year 1595 by the Italian engineer Fausto Veranzio, see [77] and [62, p.7]
or [43, p.16], only about two centuries later, the first bridge (Jacob’s Creek
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Chapter 1. Introduction

Bridge, 1801) was built in Pennsylvania by the Irish judge and engineer
James Finley!. Finley patented his design in 1808, and published it in the
Philadelphia journal, The Port Folio, in 1810, see [15].

In the about 200 years’ history of suspension bridges, there are many
dramatic events, such as the uncontrolled oscillations which, in some cases,
led to collapses. Only in several decades between 1818 and 1889, ten sus-
pension bridges suffered major damages or collapsed in windstorms, see
[24, Table 1, p.13]. Furthermore, according to [42], around 400 recorded
bridges (suspended or not) failed for different reasons (such as the wind,
the traffic loads or mistakes in the project) and the ones who collapsed after
the year 2000 are more than 70.

The Broughton Suspension Bridge (built in 1826) collapsed in 1831 due
to the mechanical resonance caused by the marching soldiers matching over
the bridge in step. Hence, from then on, the British Army issued an order
that the troops should “break step” when crossing a bridge.

This kind of failures occurred due to an external response according to
the classification by Gazzola [30] and this phenomenon is not the scope of
this thesis. We next list several events due to some unexpected oscillations.

The Brighton Chain Pier (built in 1823) collapsed a first time in 1833
due to a violent windstorm. Then it was rebuilt and partially destroyed once
again in 1836. For the collapse happened in 1836, a witness, William Reid
[70, p.99], reported some valuable observations and sketched two pictures
illustrating the destruction, see Figure 1.2, which is taken from [71].

Figure 1.2: Destruction of the Brighton Chain Pier.

The Menai Straits Bridge, which was built in 1826, failed in 1839 due to
a hurricane. In this occasion, unexpected oscillations appeared and Provis
[69] provided the following description:

...the character of the motion of the platform was not that of a
simple undulation, as had been anticipated, but the movement of
the undulatory wave was oblique, both with respect to the lines
of the bearers, and to the general direction of the bridge.

ron-Chain Suspension Bridge, https://en.wikipedia.org/wiki/Jacob%27s_Creek_Bridge_(Pennsylvania)
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1.1. Historical events and existing mathematical models

The Tacoma Narrows Bridge (TNB) collapse, occurred in November,
1940 just a few months after its opening, is the most celebrated bridge fail-
ure both because of the impressive video? and because of the large number
of studies that it has inspired starting from the reports [4,24-26,73,79].

It is not our purpose to give a detailed list of all the collapses for which
we refer to [13, Section 1.1], to [71, Chapter IV], to [19,24,41,84], to recent
monographs [2,30,43], and also to [42] for a complete database.

1.1.2 Existing mathematical models

The French engineer and mathematician Claude-Louis Navier in 1823 pub-
lished a report [62], which has been the only mathematical treatise of sus-
pension bridges for several decades. In the celebrated report, Navier mainly
focused on the static of the cables and their interaction with the towers, and
then several second order ordinary differential equations are derived and
solved. At that time, no stiffening trusses had yet appeared and the models
suggested by Navier are oversimplified in some aspects.

The monograph [59] published by the Austrian engineer Joseph Melan
is another milestone contribution to suspension bridges. In his monograph,
Melan viewed the suspension bridge as an elastic beam which is suspended
to a sustaining cable by hangers. He made a detailed study of the static ca-
bles and beams through a careful analysis of different kinds of suspension
bridges. By using the Castigliano Theorem repeatedly, in particular for the
computation of the deflection [59, p.69], he suggested a fourth order ordi-
nary differential equation to describe the behavior appearing in the actual
suspension bridge

EIw"(z) — (H + h(w))w"(z) + h(w)y"(x) =p, x€(0,L), (1.1)

where L is the length of the beam which represents the roadway between
the towers, w = w(z) denotes the displacement of the beam, y(x) is the
position of the cable at rest, I and [ are, respectively, the elastic modulus
of the material and the moment of inertia of the cross section so that £
is called the flexural rigidity, / is the horizontal tension in the cable when
subject to the dead load ¢, h(w) represents the additional tension in the
cable produced by the live load p = p(z).

An excellent source to derive the equation of vertical oscillations in dy-
namical suspension bridges is [71, Chapter IV], where all the details are
well explained. The equation derived in [71, p.132] reads

Wy + ElWyger — (H + h(w))w,, + %h(w) =p, x€(0,L),t>0.

2Tacoma Narrows Bridge collapse, http://www.youtube.com-watch?v=3mclp9QmCGs.
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Chapter 1. Introduction

The function p here is in dependence of the time ¢.

After the TNB collapse, the engineering communities felt that it was
necessary to find accurate equations in order to attempt explanations of
what had occurred. Then some more mathematical models trying to de-
scribe the vertical-torsional oscillation appeared.

Assume that y(x,t) is the vertical deflection of the bridge and 6(x,t)
is the angle of torsion of the cross section, then the following system is
derived in [20, (1)-(2)] for the linearized equations of the elastic combined
vertical-torsional oscillation motion: for z € (0, L), ¢ > 0,

P*EA
El - H =
Yt + Yzzax y:ca: H2L / (Za t)dZ f<$7 t);

62 2FA
+ W/o 0(z,t)dz = g(x,t),

where ¢, H are as in (1.1), EI,Cy,Cy, EA are respectively the flexural,
warping, torsional, extensional stiffness of the girder, I, is the polar mo-
ment of inertia of the girder section, 2/ is the roadway width, f(x,t) and
g(x,t) are the lift and the moment for unit girder length of the self-excited
forces.

Another source describing the vertical-torsional oscillations appearing
in the suspension bridges is Pittel-Yakubovich [67], where a kind of fish-
bone beam model is suggested: for x € (0, L), t > 0,

Ioett + Clex:t:c:r; - (02 + H£2)9mc

My — pLYsatt + ElYszee — Hypo + % (2(L — 2)6) 4 = 0,
Tget V10zte + %@(L = 2))02z + V200000 — U0ze — WO =0,
Y(0,t) = y(L,t) = 422(0,1) = yuu (L, 1) = 0,
0(0,t) = O(L,t) = 024(0,1) = 0,0(L,t) = 0,

where L is the length of the roadway while 2/ is its width, m is the mass
per unit length in the z-direction, p is the density of the material, IV is the
uniformly distributed horizontal wind load, v; and -, are two geometric
parameters of the cross section, ;1 = G.J + H/¢? (with G = shear modulus,
J = moment of inertia of the pure torsion), I, E'I, H as in (1.1). All these
constants are positive.

McKenna claimed that the model for suspension bridges should be non-
linear and then a fourth order differential equation was suggested in [51,57,
58] as a one dimensional model for a suspension bridge:

Ut + Upgza + ’Yu—i_ = W7 MRS (O, L), t >0,
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1.1. Historical events and existing mathematical models

where u = u(x,t) denotes the vertical displacement of the bridge, ut =
max{u,0} and yu™ is the restoring force due to the hangers and cables
which are considered as a linear spring with a one-sided restoring force,
W = W (x,t) represents the forcing term acting on the bridge.

McKenna-Tuama [56] numerically showed that a purely vertical forcing
may create a torsional response and then they suggested a slightly different
model coupled by two second order differential equations:

my" = = (f(y — {sinb) + f(y + £sin0)),
mTéQQ” =lcosO (f(y—lsinf) + f(y + £sindh)),
where y represents the vertical displacement of the barycenter B of the

cross section of the roadway and 6 is the deflection from horizontal, see
Figure 1.3. Here, 2/ is the width of the roadway whereas C; and C de-

C, G
!
equilibrium position .
¥(t) y—Lsino
o(t)
y+Isin 6

Figure 1.3: Vertical and torsional displacements of the cross section of the roadway.

note the two lateral hangers which have opposite extension behaviors. This
model was revisited and complemented with multiple cross-sections in [6].
It is not the scope of this thesis to list all the existing mathematical mod-
els for suspension bridges, for which we refer to [29,30] and the references
therein. However, most of these models fail to satisfy the general principle
(GP) of classical mechanics by Goldstein-Poole-Safko [36, Section 11.7]:

neither linear differential equations nor systems of less than three
first order equations can exhibit chaos.

This principle suggests that any model aiming to describe oscillating
bridges should be nonlinear and with enough (mathematical) degrees
of freedom, which is also the opinion of Gazzola [29]. By “(mathematical)
degrees of freedom” we mean here the order of a partial differential equa-
tion, or the number of initial conditions for an ordinary differential equation
or a system of ordinary differential equations. Hence, the previous models,
in our opinion, must be modified.



Chapter 1. Introduction

Some of the existing mathematical models which followed the TNB col-
lapse are usually derived by approximating factors, by linearizing equations
or by neglecting higher order terms. This leaves several doubts [30]:

Are these so obtained equations reliable?
Do these equations give satisfactory response?
On the other hand, the nonlinear behavior of suspension bridges is by

now well established, see [16,29,48,68]. Therefore, the necessity of dealing
with nonlinear models for suspension bridges is by now quite clear.

1.2 The new models

Quite recently, some attempts to improve suspension bridges performances
can be found in [39] where, in particular, a careful analysis of the role
played by the hangers is made. While from [39, p.1624], we quote that

Research on the robustness of suspension bridges is at the very
beginning.

The main scope of the present dissertation is to suggest and discuss several
new mathematical models for suspension bridges.
Let us describe in detail the models considered in the sequel.

1.2.1 A beam model

As in [59, 81], the suspension bridge is viewed as an elastic beam which
is suspended to a sustaining cable, where the beam and the cable are con-
nected by a large number of hangers. Although this point of view rules out
(GP), it appears to be a reasonable approximation since the width of the
roadway is much smaller than its length.

In this case, we suggest a kind of beam model for suspension bridge. By
analyzing the energies of the suspension bridge for displacement from the
equilibrium position to a new position under a live load, one gets the total
energy in the system. Then the corresponding Euler-Lagrange equation
of the system is obtained by taking the critical points of the total energy.
Combing with the hinged boundary condition, we obtain a fourth order
ordinary differential problem:

Elw"(x)— H (—1+1(1}y,((2))2

_(1+(Z’((z:§)++y%(agﬁ))2)3/zh(w) =p, z€(0,L) (1.2)

w(0) = w(L) = w"(0) = w"(L) = 0,

6



1.2. The new models

where L is the length of the roadway between the two towers, w = w(z)
denotes the displacement of the beam, y = y(x) is the position of the cable
at rest, /' and [ are, respectively, the elastic modulus of the material and
the moment of inertia of the cross section so that £/ is called the flexural
rigidity, H is the horizontal tension in the cable when subject to the dead
load ¢ = ¢(z), h(w) represents the additional tension in the cable produced
by the live load p = p(z).

The additional tension h(w) needs a special attention for solving the
problem (1.2) due to the fact that it is a nonlinear nonlocal term. In litera-
ture, there are several different ways to approximate h(w), see [32,74,75,
81]. Note that if one omits the higher order terms with respect to w’ and ¢/,
then the problem (1.2) is the Melan problem (1.1), see [59].

Concerning this nonlinear nonlocal problem (1.2), we show that there
exists at least one equilibrium position of the bridge. Moreover, the prob-
lem (1.2) admits a unique solution under suitable assumptions on the live
load and the coefficients in the equation, see Theorem 2.1.

1.2.2 A plate model with small deformations

The most natural way is to view the roadway of the bridge as a thin rectan-
gular plate 2. This is also the opinion of Rocard [71, p.150]:

The plate as a model is perfectly correct and corresponds me-
chanically to a vibrating suspension bridges.

In this case, Ferrero-Gazzola [27] suggested a plate model for dynamical
suspension bridge based on the classical Kirchhoff-Love theory [44, 54].
The two short edges of the plate are assumed to be hinged whereas the two
long edges are assumed to be free. They discussed the material nonlineari-
ties, such as the behavior of the restoring force due to the hangers and the
sustaining cables and analyzed the energies, such as the kinetic energy and
the potential energy, appearing in the bridge. Then the evolution problem
corresponding to the plate model reads: for ¢ > 0

(wi + pug + A%u A+ bz, y,u) = f (z,y) €9,
u(0,y,t) = Uz (0,y,t) =0 y e (—£,10),
w(m, Yy, t) = Uge(m,y,t) =0 y e (—£,10), (1.3)
Uyy(x, £0,1) + oUgy (2, £0,1) =0 z e (0,7),

Uyyy (2, £0,1) + (2 — 0)Uggy(x, £0,1) =0 z e (0,7),
)

\u('r7 y’ O) = /U’O(‘/L" y)? ut<m7 y? 0) - ul(x7 y) x? y G Q’

7



Chapter 1. Introduction

where 2 = (0,7) x (—/, () (2¢ < ) represents the plate, u = u(x,y,t)
(downwards positive) is the vertical displacement of the plate, pu; with
@ > 0 is the damping term due to the internal friction, c > 0 denotes
the Poisson ratio depends on the material, f is an external forcing term,
h(z,y,u) is the restoring force due to the hangers, ug(z,y) is the initial
position of the plate and u;(x, y) is the initial vertical velocity of the plate.

Following Micheletti-Pistoia [60,61], we assume that the restoring force
h = au — |u|P~?u with 2 < p < co. Here a = a(x,y, t) is a sign-changing
and bounded measurable function. Then we have by supposing that f = 0:
fort >0

(wy + oy + A2+ au = |ulP~2u (x,y) € Q,
U(O, y7t) - uww(())yv t) =0 Yy € (_67 6)7
U(']T, yvt) - Um(ﬂ',ya t) =0 Yy € (_67 6)7
(1.4)
Uyy (2, £, 1) + ouyy(z, £L,1) =0 z € (0,m),
Uyyy<£L', i& t) + (2 - O')Umcy(l', :l:f,t) =0 LS (077-()7
kU(I,y,O):Uo(I',y), ut(xayvo) :Ul(l’,’y) I>y) €.

This is a non-coercive problem, which admits a unique local solution. We
investigate the asymptotic behavior of the unique local solution of (1.4), see
Theorem 3.2 and Theorem 3.3.

In Section 3.3, in order to describe the boundary behavior appearing in
the actual bridges more realistically, we set up a model with dynamical
boundary conditions which depend on the energy of the system: for every
t>0,2 € (0,7)andy € (¢, ),

(w(0,y,1) = 100 (0,y, 1) = u(m, y,t) =y (7, y,) =0,
uy(z, —0,t) —uy(z,0,t) =0,
uy(x, =0, t) + uy(x, 0, t) = a,
u(z, =4, t) + u(z, (1) = B,

\Ut(l‘, _67 t) - Ut(fL’, éu t) - n(t)<u(x7 _Ea t) - U(l‘, E, t)) = Q(t)fy

(1.5)

Assume that the restoring force h acts on every point of the plate and has

a linear form, i.e. h = ku with & > 0 the Hooke constant of the elastic

hangers. Then by replacing the boundary conditions in (1.3) with (1.5),

one gets a linear plate model with dynamical boundary conditions, which
admits a unique explicit solution, see Section 3.3.3.

8



1.2. The new models

1.2.3 A plate model with large deformations

For small deformations, a linear plate theory is accurate enough to describe
the behavior of the roadway. While in some cases, large deformations
maybe appear and then geometric nonlinearities arise. Hence, one should
stick to a nonlinear theory of the plate.

In 1910, the Hungarian physicist and engineer Theodore von Kdrmén
[80] suggested a two-dimensional system in order to describe large defor-
mations of a thin plate. This theory was considered as a breakthrough in
several scientific communities, including in the National Advisory Com-
mittee for Aeronautics, an American federal agency during the 20th cen-
tury: the purpose of this agency was to undertake, to promote, and to
institutionalize aeronautical research and the von Kdrman equations were
studied for a comparison between theoretical and experimental results, see
[52,53]. In his report, Levy [52] writes that

In the design of thin plates that bend under lateral and edge
loading, formulas based on the Kirchhoff theory which neglects
stretching and shearing in the middle surface are quite satisfac-
tory provided that the deflections are small compared with the
thickness. If deflections are of the same order as the thickness,
the Kirchhoff theory may yield results that are considerably in
error and a more rigorous theory that takes account of deforma-
tions in the middle surface should therefore be applied. The fun-
damental equations for the more exact theory have been derived
by von Kdrman.

In order to describe its structural behavior, we view the roadway of the
bridge as a thin plate subject to the restoring force due to the hangers and
behaving nonlinearly: we adapt the quasilinear von Kérman [80] model
to a suspension bridge. Ciarlet [17] provided an important justification of
the von Kdrméan equations. He made an asymptotic expansion with respect
to the thickness of a three-dimensional class of elastic plates under suit-
able loads. He then showed that the leading term of the expansion solves
a system of equations equivalent to those of von Karmén. Davet [21] pur-
sued further and proved that the von Karmén equations may be justified by
asymptotic expansion methods starting from very general 3-dimensional
constitutive laws.

An important contribution of Berger-Fife [11] reduces the von Karmén
system to a variational problem and tackles it with critical point and bi-
furcation theories. Subsequently, Berger [10] made a full analysis of the
unloaded clamped plate problem (Dirichlet boundary conditions) which is

9



Chapter 1. Introduction

somehow the simplest one but does not model the physical situation of a
bridge. The loaded clamped plate was analyzed in [45,46] where existence
and possible nonuniqueness results were obtained. Different boundary con-
ditions for the hinged plate (named after Navier) and for free boundaries
were then analyzed with the same tools by Berger-Fife [12]. Since free
edges of the plate are considered, this last paper is of particular interest for
our purposes. As clearly stated by Ciarlet [17, p.353] the boundary condi-
tions for the Airy function are often left fairly vague in the literature; we
take them in a “dual form”, that is, more restrictions for the edges yield less
restrictions for the Airy function and viceversa.

Following the setting in [27] (see also [3,82,83]), we consider a thin rect-
angular plate where the two short edges are assumed to be hinged whereas
the two long edges are assumed to be free. The plate is subject to three
actions:

e normal dead and live loads acting orthogonally on the plate;

e edge loading, also called buckling loads, namely compressive forces along
its edges;

e the restoring force due to the hangers, which acts in a neighborhood of
the long edges.

Then the model describing the suspension bridge involves a fourth order
quasilinear elliptic system:

(AP = —[u,u] inQ
A%u+T(y)g(u) = [®,u] + f — Mgz  inQ
Uu=® =uy,, =&,, =0 on {0, 7} x (—¢,¢)
Uyy + OUpy = Uyyy + (2 — 0)Ugyy =0 on (0,7) x {£l}
¢=¢,=0 on (0,7) x {£(},

(1.6)
where 2 = (0,7) x (—/, () (2¢ < ) represents the plate, u = u(x,y,t)
(downwards positive) is the vertical displacement of the plate, ® is the Airy
stress function, the parameter A > 0 measures the magnitude of the com-
pressive forces acting on 0¢2, o > 0 denotes the Poisson ratio depends on
the material, f is an external forcing term, Y (y)g(u) is the restoring force
due to the hangers.

For the quasilinear system (1.6) modeling the suspension bridge, we
prove that there exists at least one solution. Moreover, we show the unique-
ness and multiplicity of the equilibrium positions of the bridge in suitable
situation, see Theorem 4.1.

10



CHAPTER

A nonlinear beam model for suspension
bridge

This chapter is devoted to a beam model for suspension bridge. The bridge
is viewed as an elastic beam which is suspended to a sustaining cable, where
the beam and the cable are connected by a large number of hangers. Al-
though this point of view does not follow the general principle (GP), it
appears reasonable since the width of the roadway is much smaller than its
length.

Assuming that the beam is hinged at the endpoints, we obtain a nonlin-
ear nonlocal problem by analyzing the energy in the bridge and by applying
a variational principle to the total energy. The length increment of the ca-
ble plays an important role in this model. After analyzing the behavior of
the energy functional, we show that there exists at least one equilibrium
position of the beam.

2.1 The beam model

As in [81, Section VII.5], see also [32,59], the suspension bridge is viewed
as an elastic beam which is suspended to a sustaining cable, where the beam

11



Chapter 2. A nonlinear beam model for suspension bridge

and the cable are connected by a large number of hangers, see Figure 2.1.

y(x)+w(x)

y(x)

Figure 2.1: Beam sustained by a cable through parallel hangers.

The point O is the origin of the orthogonal coordinate system and posi-
tive displacements are oriental downwards. The point M has the coordinate
(0, L), where L is the length of the roadway between two towers. The cable
is modeled as a perfectly flexible string and the hangers are assumed to be
inextensible.

2.1.1 The additional tension

Assume that the system (the suspension bridge) is subject to an action of
dead load ¢(z), including the weight of the cable, the weight of the hangers
and the dead weight of the roadway without producing a bending moment
in the beam. At this moment, the cable is in the position y(x), while the un-
loaded beam is the segment connecting O and M, see Figure 2.1. Then the
horizontal component // > 0 of the tension remains constant. Therefore,
there is an equilibrium position in the system and this deduces an equation
(see [81, (1.3), Section VII]):

Hy'(z) = —q(x), Vo e (0,L). (2.1)

If the endpoints of the cable are at the same level n and if the dead load
q(x) is constant, i.e. g(x) = ¢, then the solution of (2.1) is

q
y(r) =n+ ﬁﬂf(L — ).

Hence, the cable takes the shape of a parabolic function. Since y is positive
downwards, it has a U-shaped graph. Moreover,

y'(x) = 4 (£ — a:) ;Y ()= —= Vo € (0,L). (2.2)



2.1. The beam model

Then the length of the cable at this moment is

L
L= [ Iyt
0

L 72 H L 272
=214 +Elog<q—+ 144 ) 2.3)

2 4H? 2H 4H?

When a live load p = p(z) is added on the roadway of the bridge, the
beam may be out of the horizontal position and it produces a displacement
w = w(x) (the positive displacement are oriental downwards). Note that
the hangers which connect the cable and the beam are assumed to be inex-
tensible, then the deflection of the cable should also be added by w, i.e. the
cable is in a new position y 4+ w. In this case, the length of the cable is

L= / VIt (@@ +y@)de.

Hence, there is an increment length of the cable due to the deformation w.
We denote it by

I'w) := /OL [\/1 + (w'(z) + 9 (2))2 — /1+ y’(x)Q] dr.

According to (2.2) and (2.3), the exact value of I'(w) is

P(w) =L} — L, = /OL \/1+ (uﬂ(x)-I—% (g —x))2d;p—LC. 2.4)

If A denotes the cross-sectional area of the cable and E. is the modulus of
elasticity of the cable, then the additional tension in the cable produced by
the live load p is given by

2.1.2 The energies in the bridge

In this subsection, we analyze the energies of the system from the original
position to the new position as Arioli-Gazzola did in [5]. First, note that
the beam representing the bridge is assumed to be hinged at its endpoints.
Hence, the boundary conditions are

w(0) = w(L) = w"(0) =w"(L) =0. (2.5)

13



Chapter 2. A nonlinear beam model for suspension bridge

¢ Energy produced by the live load and dead load. Under the live load
p, the system deforms from the original position to a new position. In this
case, it generates a kind of energy into the system due to the live load.
Moreover, the gravitational energy produced by the dead load ¢ also ap-
pears. Hence, the energy due to the live and dead load is given by

L
SL—/ (p+ q)wdz.
0

¢ Bending and stretching energy of the beam. The elastic energy stored
in a deformed beam consists of terms that can be described by bending
and by stretching. The bending energy of a beam depends on its curvature,
see [81] and also [31] for a more recent approach and further references.
Assume that F is the elastic modulus of the material and /dx denotes the
moment of inertia of a cross section of length dz, then the constant quantity
ET is the flexural rigidity. The energy necessary to bend the beam is the
square of the curvature times half the flexural rigidity:

_E L (w//)Z w/2 .
0= |, T a1 P

B g L (w//)2 .
=5 / @+ ()™

If large deformations are involved, the strain-displacement relation is
not linear and a possible nonlinear model was suggested by Woinowsky-
Krieger [86]: he modified the classical Bernoulli-Euler beam theory by
assuming a nonlinear dependence of the axial strain on the deformation
gradient and by taking into account the stretching of the beam due to its
elongation in the longitudinal direction. In this situation there is a coupling
between bending and stretching and the stretching energy is proportional to
the elongation of the beam which results in

s =1 ([ VT ) =1 ([Cwra)

where v > 0 is the elastic constant of the beam.
Assuming that w’ is small, an asymptotic expansion yields that

EI L L
Ep, +Ep, = 3 (w")? (1 — g(w’)Q) dx +% (/ (w’)%lx)
0

0
_EI ("
~5

2

(w”)?dx.

14



2.1. The beam model

Therefore, from now on, we simply take the energy necessary to bend and
stretch a beam by

EI ("
=5/
e Stretching energy of the cable. Since the cable is assumed to be per-
fectly flexible, there is no resistance to bending. Hence, the only internal
force is the tension of the cable. The tension of the cable consists of two
parts, the tension at rest

& (w")?dz.

H(z) = Hy/1+ (y'(2))?

and the additional tension

E.A
h(w) = I [(w)
due to the increment length of the cable. The latter requires the energy
E.A
o, (w) = E-T(w)”

On the other hand, the amount of energy needed to deform the cable at
rest under the tension H (x) in the infinitesimal interval [z, x + dx| from the
original position y(x) to the new position y(z) + w(x) is the variation of
length times the tension, that is

Eoydr = HA/1+ (y'(2))?Al'dx,

where AT' = /1 + (w'(z) + ¢/(2))%> — /1 + ¢/(x)2. Hence, the energy
necessary to deform the whole cable at rest under the tension H(x) is

Eo, = H 1+ (v'(x))?Al'dx

—u [1+ (& ())°] <\/1 + Qw/@)yﬁx) Wz} _ 1) dz.

Following the idea of Timoshenko [74,75],1.e., V1 +c~ 1+ g, one has

Eoydr ~ H/o w'(m)y’(x)dqug/o (w'(x))*dw.

However, this approximation is not correct due to the fact that the term

! ! 2
(%) needs to be considered. Hence, it is suitable to adopt the

15



Chapter 2. A nonlinear beam model for suspension bridge

approximation /1 + e~ 1+5—% for small €. Then we have by assuming

that o((w'(x))?) = 0

_ o (L) WP
H/ 1+ ](1+<y<>>+2<1+<y/<x>>2>2>d

H
/ dx—i—H/ x,
1+ (y

By integration by part, it yields that

H L
d—l— dx.

Therefore, the energy necessary to stretch the cable is given by

B _H (w')? L E.A 9
50—801“‘502—5/0 TWCLZ‘-FQ/O 2L (’LU)

Summarizing, the total energy in the system after the deformation w due
to the live load p is
E=Ep+E —&L
EI E.A

L / 2 L
H (w')
_ " Qd il dr r 2 / dr.
2 /. (w") x+2/0 T+ ) +2L (w) Opwx
2.1.3 The nonlinear problem

The Euler-Lagrange equation is obtained by taking the critical points of the
energy £. Then by recalling (2.2), we have

_ w'(z) —q/H Neo o
(A () -y Gy =P 20020

Therefore, together with the boundary condition (2.5), the new beam model
for suspension bridges is

/

Elu"(z) - H (525

q(/H) 2)3/2 h(w) =p, TE (07 L) (27)
w"(L) = 0.

16
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//( )
T+ (=) +y
w(0) = w(L) = w"(0) =




2.2. Existence and uniqueness results

Note that if one omits the higher order of w’(x) and y'(z), then (2.6)
reads

ETw" (z) — (H + h(w))w"(z) + h(w)y"(z) = p,
which is the Melan equation (1.1).

2.2 Existence and uniqueness results

For simplicity, let a = EI, b = H and ¢ = £, Then we consider the
problem

{“%U””(x) <1+w/ x>2) T el @) =Py @ €(0,L)
w(0) = w(L) = w"(0) = w"(L) = 0,
(2.8)

where a, b, ¢ > 0 and the functional I'(w) is as in (2.4), which is nonlinear
nonlocal and of indefinite sign.

Given k € [1, 00|, we denote the L*-norm by ||u||;, for any v € L*(0, L)
and the standard /* N Hy-norm by [|ul| g2y for any uw € H? N Hy (0, L).
Recalling (2.2) and a,b > 0, one may define a new scalar product on the
space H*> N H} (0, L) by

r ", .n g wlvl 2 1
v, W)y, = a wvdx—l—b/ ———dx v,we H N H;O,L).
ey /0 o 1+ () o (0-1)
2.9)

This scalar product induces a new norm on H2 N H} (0, L) denoted by

L Py N -
poll = (o [ @paeso [T ) e oo,
(2.10)

which is equivalent to |[w||g2qp; due to the facts that the function y' is
bounded and that a, b > 0. Let H be the dual space of H> N HJ (0, L). We
denote by || - ||3; the H-norm and by (-, -) the corresponding duality between
H?*N H}(0, L) and H.

Since u € H*> N H(0,L) C C*([0, L]), there exists x5 € (0, L) such
that u/(z¢) = 0. Hence, we have

W)= [ s < ol < V]

Z0

which yields that
I lF < L3l (]l < 22”3

17



Chapter 2. A nonlinear beam model for suspension bridge

Moreover,

i< [ s w0

1+ (y)?

2712 L N2

¢*L (u')
_ 1 L Ty
{ +12H2} /0 1+ ()2

and

(u)”

L

1112 < 1 N2 /
[z < 11+ (¥')7[loo Tt )™
_ 1+q2L2 /L (u/>2 "
4H? | Jo 1+ (y)? '

[ llf < o®llully, /1l < B%lully (2.11)

with o, § > 0 and

Therefore,

) (12H? + ¢*L?) L3 e
o = =
(12H? + ¢*L?)a + 12H?L2b’

(4H? + ¢*L?)L?
(4H? 4+ ¢*L?)a + 4H?L?*b

In addition, the simple inequality

VTH O+ = VT2

implies that for any u,v € H* N H}(0, L)

<A VYApeR (2.12)

Pl < [llly,  P(u) =T@)] < [lv" =L (2.13)
Assume that p € H, we say that w € H? N HJ(0, L) is a weak solution
of (2.8) if for any v € H* N H}(0, L), we have

L (w/ +y/>,0/

0 /1+(w/+y/)2

where (-, -), is the scalar product (2.9) and the function ¢/’ is as in (2.2).
Then we prove

(w,v)y +T'(w)

dx = (p,v), (2.14)

Theorem 2.1. For all p € H, there exists a weak solution of the problem
(2.8). Moreover, assume that

1
0<c<—. (2.15)
(07

18



2.2. Existence and uniqueness results

Then for any p € H satisfying

(1 — ca?)?
2caff?

the problem (2.8) admits a unique weak solution w € H* N HJ (0, L).

1Pl < (2.16)

Proof. We divide several steps to prove Theorem 2.1. The first step is to
introduce an equivalent definition of the weak solution of (2.8). To this
aim we need to check the continuity and differentiability of the functional

2 (w).

Lemma 2.1. Let T'(w) be as in (2.4). Then T'(w)? is weakly continuous and
differentiable on H* N H}(0, L).

Proof. Let the sequence {w,} weakly converge to w in H* N H}(0, L).
Then by the compact embedding we have

[T (wn)* = T(w)?] = [T (w,) + T(w)||T(wn) — T(w)|

< Cllwy, — w'ly =0,

which proves I'(w)? is weakly continuous.
Now we show that it is differentiable. For any w,v € H* N H}(0, L),
we obtain

(D)), v) = lim - (C(w + t0)? — D(w)?)
1 [P (D(w+tv) + T(w) (2w + 2y + tv')tv

= lim — dm
=01 Jo \/1—1— w’+tv’+y 24+ 1+ (' +y)?
L

V14 (0 +y)?
_ ope [ W —a/H
- ﬂ()A ( dz.

1+ (w/_|_y/>2)3/2

Then for any w € H*NH (0, L) and forv € H*NH}(0, L) with [Jv]|, = 1
we have

T (w + tv)? — T(w)? + 2tT(w) [ T d Y

lim
t—0 t

which finishes the proof of Lemma 2.1. [
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Chapter 2. A nonlinear beam model for suspension bridge

Then the energy functional corresponding to the problem (2.8) is given
by
1 o 1 2 2 1
Jp = Jp(w) = §\|w\|y + §F(w) — (p,w), foranyw € H*NH,(0,L).
According to Lemma 2.1, one has a one-to-one correspondence between
the weak solutions of (2.8) and the critical points of the functional J,,:

Definition 2.1. Let p € H. The function w € H* N HY(0, L) is a weak
solution of (2.8) if and only if w is a critical point of J,,.

The next step is to prove the geometrical properties (coercivity) and
compactness properties (Palais-Smale (PS) condition) of J,,.

Lemma 2.2. For any p € H, the functional J, is coercive and bounded
below in H* N H}(0, L). Moreover, it satisfies the (PS) condition.

Proof. Since p € H, we have for any w € H* N H} (0, L)

pll3,
2 )

which implies that the functional J, is coercive and bounded below.

Next we prove J, satisfies the (PS) condition. Let {w, } be a sequence
such that J,(w,) is bounded and .J)(w,) — 0. Then there exists M > 0
such that

1 1
Iy 2 Sllwlly = (p.w) = Sllwlly = lIplwulwl, >

1 1 1
M > w4+ 5T = (pwa) > S lwnll? = [plladwall,

Hence, ||wy||, is bounded and there exists some w € H* N Hg (0, L) such
that w,, weakly converges to w in H*> N Hy (0, L).

We claim that J(w) = 0. In fact, by Lemma 2.1, it is easy to verify
that the functional J,, is weakly continuous and differentiable. Therefore,
forany v € H* N H} (0, L) there results that

(Jp(wn),v) = {J, (W), v).

Hence, (J)(w),v) = 0 forany v € H*> N Hy(0, L), i.e. J(w) = 0.

To complete the proof of Lemma 2.2, we need to prove that w,, — W
strongly in H*NH{ (0, L). Thanks to .J)(w) = 0, it follows that by denoting
(T(w)?)" = 2T (w){I"(w), w) for any w € H* N H}(0, L)

<J;(wn)>wn> = HwnHz + eI (wn (T (W), wn) — (P, W)
— 0= (J,(w),w) = |@|; + T (@)(I" (@), W) — (p, w).
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2.2. Existence and uniqueness results

Now we estimate

F(@)(W(wn), wn) — (I'(w), )|
(@) (I (wn), wn) — (I"(w), w))]

Since ||wy]|, and |w]|, are bounded, by recalling Lemma 2.1 and (2.12)-
(2.13) we have

Po@ +y)w

V1+ (@ +y)?

< ||@'[|1]|wy, —WHl < Cllw, —'||1.

Iy < [P(wn) = T'(w)]

and

B R L N (s L/ R il 0 LA
=M )/0 (\/1+(w;+y’)2 \/1+(m’+y’)2)d

[P [y + Yy, — (@ + )@+ @+ y)?
F(w)/o VI+ (W, +y)2/1+ @ +y)? o

- W+ Y W1+ @ +y)? — 1+ (W, +y)?] N
F(w)/o V1t (W, +y)2/1+ (W@ +y')? !

L L
<@ (/ lw), +w + '] - Jw), —@’]dw—i—/ @) - |w, —@’|da:)
0 0

<Cllwy =@l

IN

+

Then it yields that by compact embedding
T (wn) (I (wn), wy) — T (@)(I"(w), w)| = 0,

which together with (p, w,,) — (p,w) by the compact embedding leads to
lwl|, — ||w]|,- By the weakly convergence w,, — w in H? N Hg (0, L), it
holds that

Wy, — W in H> N Hy (0, L).

And then the proof of Lemma 2.2 is finished. [

Step 3. By Lemma 2.2, the functional J, admits a global minimum in
H?*N H;(0, L) for any p € H. This minimum point is a critical point for J,
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Chapter 2. A nonlinear beam model for suspension bridge

and hence, by Definition 2.1, it gives a weak solution of (2.8). This proves
the first part of Theorem 2.1.

Step 4. This step is to prove the uniqueness result. We first show that
for any ¢ > 0 and any p € H, the weak solutions of (2.8) are bounded in
H?*N HY(0,L).

Let w be a weak solution of (2.8), then by (2.14) we have

B + )

V14 (W' +y)?

Denote T = T'(w fo —w)w’ gy then we have by recalling the defini-

\/m
tion of I'(w)

/ V14 (W +y)%dx (W' + g’
V14 (W' +y)?

[wll} + el (w) _dz = (p,w) < [[pllxlwll,. (217

B+ oy

V14 (0w +y)?
/ V14 (W +y)%dx

/ /

VI1+(w+y)?

Py
1+(w’+y’2
V14 (W +y)? \/1—|—w—|—y
r w'y N R Ul
s Vizwaor ) A

qLLc
2H

=l lally' s = 'yl — wlly = Lellw'[x

qL?> L gL +2H
> L. |
= <4H Tm T o allwlly

Therefore, it yields that

qL? ¢*L* gL +2H
<
lwlly < <4H Y om T o

LC) ca+ ||p|l3- (2.18)

Now we prove the uniqueness. If 0 < ¢ < a2, we are able to show that
(2.18) has a different bound, which is helpful to the proof in the sequel. By
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2.2. Existence and uniqueness results

(2.11) and (2.13), it deduces that

L (U), 4 y/)w/

o V1+ (W +y)?
, we obtain from (2.17)

Jwlly < (1= ca®)Ipllx. (2.19)

[T(w)] da

< [lw'lli < a®flwlly

Since 0 < ¢ < a2

For any fixed p € ‘H, we denote
R=(1-co®)"|p|lu- (2.20)
Then one can define the closed ball by
Bp = {w € H* N Hy(0, L);|Jwll, < R}

and (2.19) shows that all the solutions of (2.8) with 0 < ¢ < a~2 are in Bp.
Next we consider the linear problem for any v € H> N H} (0, L),

w'(z ! v"(x)—q/H
CL’LUHN<.T) - <1+(y’((:v)))2> = C(1+(v’(x()j-y’q(/$))2)3/2 F(U) +p, xTE (07 L)
w(o) — w(L) = ’LU”(O) — w”(L) =0,

(2.21)

where 0 < ¢ < a™2.
It is easy to see that aT (;fl(;g")’?r;f’(/x ];1)2)3 = I'(v)+p € H. Hence, there exists
a unique solution of (2.21) due to the Lax-Milgram theorem. This allows

us to define a map by

®:Br — H*NH}0,L); ®()=w

with w being the unique solution of (2.21).
Lemma 2.3. ®(Bg) C Bg.
Proof. For any fixed v € Bp, the solution w = ®(v) of (2.21) satisfies

]2 = cr@)/o (ﬁ”(; i/f/));)”g/?dﬁ (p, w)

L

(v 1y
by (2.13) < cllv'|[1[Jw' [l + lIpllallwlly
by .11 < (ca®[[vlly + [lpllx) llwlly < (ca®R+ [pll) [[wll,

= R|wlly.
Hence, ||w||, < R, which shows that ®(Bg) C Bp. O

< —T(w) dz + [pllxllll,
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Chapter 2. A nonlinear beam model for suspension bridge

Lemma 2.4. ® is a contractive map.

Proof. Take vi,vs € Bg and let w; = ®(vy), we = P(vy), then we have
forallu € H*N H(0, L)

e [F g
@mu%-cﬂw%ﬂ T e ) =12

Subtracting these two equations, taking © = w = w; — w, and recalling
(2.2), we obtain that by applying integration by part

L L
ol =) [ g ey [
\/ + (v +y V14 (v +y)?
L
() (vy + ¥ )w (vl+y) g
V1I+ (v +y)? 0o 1+ (V] +y)?
L /
V7 + w
+e(D(vs) — T(vy)) (v +5)

L+ (v +y')?
::AI + A27

where w = w; — wy. Now we estimate Ay, As. By (2.11)-(2.13), one has

1 ! /)2
Ay =cD(vs / (v +9') + (V) +9) w'da
VIt @ +y)? 1+ () +y)

_CF / U1+y 1+<Ué+y/)2 w/dl‘
V140 +y)2 1+ (vh+y)?

H)/>w+y[VL%m+y T (g +y)]
=Cl (U w axr
7o V1t Y)Y+ () +y)?

(v5 — v1)

1+ (v +9)?

+ cI'(vq)

L
§2C|lvé||1/ V) — val|w'|dz < 2c||vo][1[Jvy — vh2]|w|l2
0
<2caf vy — vl
For A, we have by (2.11) and (2.13)

As < cllv) = vhllallw'[ly < ooy — vallylwlly-
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2.2. Existence and uniqueness results

Hence, by (2.20)

1©(v1) = @(va)]ly < ca(a+26°R) vy — o,

26°|pll3
= Cx (Oé + m ||U1 - ’U2||y = p||1}1 — UQHy.

Note that the condition (2.16) yields that 0 < p < 1. Then
[@(v1) = P(v2)ly = llwlly < pllor = w2y, WithO <p <1
and we prove the Lemma 2.4. [

Then by the Banach Contraction principle (see [37, Section 1, Theorem
1.1]), there exists a unique fixed point in B, which is the unique solution
to (2.8) with 0 < ¢ < a2 if p € H satisfies (2.16) and we finish the proof
of Theorem 2.1. O

As a complement to Theorem 2.1, let us discuss what happens in the
opposite “limit” case, i.e. ¢ — +00. The problem (2.8) degenerates to:

w"”—q/H _
(1+(w/+yl)2)3/2r(w) - 07 x e (07 L) (2.22)
w(0) =w(L) =0,
which admits infinitely many solutions in H? N H}(0, L). Clearly, w = 0
and w = —5% (L — x)z € H*> N H(0, L) are two solutions.

Figure 2.2: Qualitative shape of the graphs of the action functionals w — %FQ(w) (left)
and w — Jyp(w) — $§T2(w) (right).

Now we show that problem (2.22) has more solutions in H* N H; (0, L).
If w belongs to H* N H} (0, L) such that T'(w) = 0, then it is a solution to
(2.22). Then we consider the functional I'(w).

We shift it by Y'(z) := 5La(L — x) (so that Y € H?> N Hj(0, L) and
Y’ =v/) and, forall 0 £ w € H?> N H}(0, L), we define the real function

o) :=T(tw — Y) = /OL [\/1 () — /17 (y')z] dr, tecR.
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Chapter 2. A nonlinear beam model for suspension bridge

Clearly, 7,,(£00) = 400 and 7, is strictly convex in R. Since 7,,(0) < 0,
there exist 7., < 0 < T, such that ,,(Tf) = 0. Hence, for any w # 0
we have ['(TZw—Y') = 0, that is, T=w—Y solves (2.22); therefore, (2.22)
admits infinitely many solutions.

The qualitative graph of the functional §F2 is depicted in Figure 2.2;
since the functional J, — gFQ is convex (see again Figure 2.2), if c is large
then the behavior of the functional J, is not clear; in this situation, the
uniqueness and/or multiplicity for (2.8) is an open problem.
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CHAPTER

A plate model for suspension bridge with
small deformations

In this chapter, we focus our attention on the fourth order partial differ-
ential equation modeling the dynamical suspension bridges, suggested by
Ferrero-Gazzola [27]. This model is based on the linear Kirchhoff-Love
plate theory, see [44,54]. Ferrero-Gazzola [27] analyzed the energies, such
as the kinetic energy and the potential energy, appearing in the bridge, and
obtained the equation by applying variational principles (see [22]) to the
difference between the kinetic energy and the total potential energy.

Assume that the external force vanishes and the restoring force due to
the hangers is in a special nonlinear case. Then we have a non-coercive
evolution problem, which admits a unique local solution. The asymptotic
behavior of the unique local solution is investigated for different initial con-
ditions, see Section 3.2.

In Section 3.3, in order to describe the boundary behavior of the roadway
more likely, we introduce dynamical boundary conditions which depend on
the energy of the bridge. Then we obtain a linear evolution problem with
dynamical boundary conditions modeling the suspension bridge by assum-
ing that the restoring force due to the hangers is in a linear case. By trans-
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Chapter 3. A plate model for suspension bridge with small deformations

ferring this linear evolution problem to a simplified variational problem,
we prove that there exists a unique explicit solution of the original linear
problem.

3.1 The plate model

In this section, we recall the plate model for dynamical suspension bridges
suggested by Ferrero-Gazzola [27]. There they discussed the material non-
linearity, such as the restoring force due to the hangers and the sustaining
cables.

3.1.1 The energy for a plate modeling bridge

Let Q = (0,L) x (—¢,¢) C R? represent the roadway of the suspension
bridge, where L is the length of the roadway and 2/ is its width. For sim-
plicity, we take L = m, then the plate 2 = (0, 7) x (—¢, (), see Figure 3.1.
In this case, a realistic assumption is that 2¢ < 7.

4

-£

3

Figure 3.1: The rectangular plate §.

It is well known that the bending energy of a plate involves the cur-
vatures of the surface. Let x; and ko denote the principal curvatures of
the graph of a smooth function u = wu(x,y), which represents the verti-
cal displacement of the plate in the downwards direction, then according
to [28,44] (see also [31, Section 1.1.2]), a simple model for the bending
energy of the deformed plate €2 due to an external force f is

Ed? ki K3
Epe— 24 [(f, " ~ fu)ded
B 12(1—02)/9(2 + 5 + 0Kk fu) xdy,

where d denotes the thickness of the plate, o is the Poisson ratio defined by
o= A/(2(A+ u)) and E is the Young modulus defined by E = 2u(1 + o)
with the so-called Lamé constants A, u that depend on the material. For
physical reasons it holds that ;¢ > 0 and usually A > 0 so that

1
0<o< 5 (3.1)
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3.1. The plate model

For small deformations u, one has the approximations

(K1 + Ko)® = (Au)?,  Kiky ~ det(D?u) = Uggtty, — u?

Ty
and then

fi% li% 1 2 2

ot om & S (Aw) + (1 - 0)(u, — tay,).

Therefore, from now on we denote the bending energy by

Ed? 1
3.2)

Since the roadway is suspended to the hangers, there exists an action,
which is concentrated in the union of two thin strips parallel to the two
horizontal edges of the plate €, i.e. in a set of the type (see Figure 3.1):

w:=(0,7) x [(—=,—l+¢e)U(l —¢€ L) withe> 0small

In order to describe the action of the hangers, Ferrero-Gazzola [27] intro-
duced a continuous function g : R — R satisfying

g(s)=0forany s <0, ¢'(07) >0, g¢'(s)>0foranys >0
and the restoring force due to the hangers is suggested to take the form

where Y is the characteristic function of (—¢, —¢+¢€)U({—¢, ) and v > 0.
More generally, one can consider a force / satisfying the following:

h: Q) x R — R is a Carathéodory function, (3.4
s+ h(-,-, s) is nondecreasing in R, 35 € R, Ah(-,-,35) =0. (3.5
The restoring force h admits an elastic potential energy given by

EH:/H(x,y,u)dxdy, H(z,y,s) :/ h(z,y,t)dt for any s € R.
Q ]

Let f denote the external force vertical load acting on the plate €2, then
the total potential energy of the bridge is

II'EP :EB + EH
Ed? 1
:m /Q (§(Au)2 + (1= o)(uz, - umuyy)) dxdy

—l—/H(x u)dzd —E—d?’/fudxd
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Chapter 3. A plate model for suspension bridge with small deformations

If the external force f also depends on time ¢, i.e. f = f(x,y,t), then
the corresponding deformation u has a kinetic energy given by the integral

m
E :—/quxdy,
R

where m is the mass of the plate.
Therefore, the total energy for the plate modeling the dynamical suspen-
sion bridge is

Er =Ex +Ep

m 9 Ed? /
=—— dxd H drdy — ——— dxd

- mf—fﬂ) /Q G(AW + (1= o) (ug, — umuyy)) dudy.

3.1.2 Boundary conditions

In this subsection, we introduce the suitable boundary conditions represent-
ing the physical situation of a plate modeling the suspension bridge.

Due to the connection with the ground, the plate €2 is assumed to be
hinged on its short edges and hence

U(l’,y,t) = umx(xuy7t) = 07 (Ji,y) S {077‘-} X (_ea g)? t>0. (36)

On the other two edges y = =/, they are assumed to be free without any
physical constraints on them and then the boundary conditions there be-
come (see e.g. [76, (2.40)])

Uyy (2, £, 1) + oy, (z, £0,1) = 0, z e (0,m),t>0
Uyyy (2, £0,1) + (2 — 0)Uggy(x, £0, ) = 0, z e (0,m), t>0.
(3.7)

3.1.3 The semilinear problem

The natural functional space where to set up the problem is
HZ(Q) :={ue H*(Q); u=00n{0,7} x (—(,0)} .

Clearly, HZ(9) satisfies Hg(2) C HZ(2) C H?*(Q). Since we are in the
plane, H?(Q2) C C°(2) (see [1]) so that the condition on {0, 7} x (—/,¢)
introduced in the definition of H2(2) makes sense.
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3.2. The asymptotic behavior of the solution

As for the action, one has to take the difference between the kinetic
energy Ky and the total potential energy Ep. By several suitable scaling
and integrating the difference on an interval (0,7") with 7" > 0, we have:

1 /7 T
A= —/ [/ ufdazdy} dt +/ [/ fudxdy] dt
2 Jo Q 0 Q
4 1
_ /0 [/Q <§(Au)2 +(1— J)(uiy — UgglUyy) + H(z, vy, u)) da:dy} dt.
Then the equation modeling the bridge is obtained by taking the critical
points of the functional A:
Uy + A%+ h(x,y,u) = f in 2 x (0,7). (3.8)

Due to the internal friction in the plate, one needs to add a damping term
puy with > 0 in (3.8) and then

Uy + pug + A%u+ h(x,y,u) = f in Q2 x (0,7). (3.9)

Assume that ug(z,y) is the initial position of the plate and u;(x,y) is
the initial vertical velocity of the plate. Then by combing the equation (3.9)
with the boundary conditions (3.6)-(3.7), one has: for ¢ > 0,

(Utt+/LUt+A2U+h(x,y,U):f (:Cay) er
w(0,y,t) = uze(0,y,t) =0 y € (—£,0),
u(ﬂ-7 y’ t) = ul‘x(ﬂ’ y? t) = O y E ( g’ E)’

(3.10)
Uyy (2, £0, 1) + ouyy (v, £L,1) =0

xe (0
U/yyy(iﬂ, :I:& t) + (2 o O—)uﬂfxy(x7 :I:& t) =0 S (077T)7
v) €,

77T)7

\U(l',y,(]) = uo(x,y), ut(xa%o) = ul(:c,y) (:L',

which admits a unique solution, see [27, Theorem 3.6].

3.2 The asymptotic behavior of the solution

This section is devoted to a non-coercive problem, which admits a unique
local solution. We discuss the asymptotic behavior of the unique solution
for different suitable initial data. This part comes from [82].

Motivated by the works of Micheletti-Pistoia [60, 61] where they con-
sidered some biharmonic problems with Navier boundary conditions, we
take the restoring force h due to the hangers in the form

h=au— |ufP? with2 < p < oo,
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Chapter 3. A plate model for suspension bridge with small deformations

where a = a(z,y,t) is a sigh-changing and bounded measurable function
and so h is of indefinite sign. Clearly, h satisfies the assumptions (3.4)-
(3.5). If the external force f = 0, then from (3.10) we deduce the following
non-coercive problem: for ¢ > 0,

(0 + puy + A%u+ au = |u|P%u (x,y) € 9,

u(0,y,t) = Uz (0,9,t) =0 y e (—L,0),
u(m,y,t) = Uge(m,y,t) =0 y e (=141, 311
Uyy(x, £0,1) + ougy(x, £0,1) =0 x € (0,7),

Uyyy (2, £0,1) + (2 — 0)Uggy(x, £0, 1) =0 z e (0,7),
(u(@,9,0) = uo(z,y), w(r,y,0)=u(z,y) (z,y)€Q.

3.2.1 Preliminaries

Let Q = (0,7) x (—¢,¢) C R2. Denote the standard L?(2) norm by || - ||,
for 1 < ¢ < oo and the standard H?(2) norm by

1/2
w2 = (/ [\u|2 + ‘Dzuﬂdacdy) , u€ H* Q).
Q
Recall the space H2((2) defined in the previous section,
HZ(Q) :={ue H*(Q) :u=00n{0,7} x (—(,0)},

which is a Hilbert space when endowed with the following scalar product
for any u,v € H2(Q)

(u,v) 2 :/ AuAvdzdy
0

+(1-o0) / (2UgyVay — UggUyy — Uyy Vg )dzdy.  (3.12)
Q

This scalar product induces a new norm on H2({2) by recalling (3.1)

1/2
lull s = ( [1su+20-0) [, —umuyydazdy) RERE

which is equivalent to u — || D?ul|5 for 0 < o < 1/2, see [27, Lemma 4.1].
We define
H.(Q) := the dual space of HZ(Q2)

and we denote by (-, -) the corresponding duality.
For this case, there is a Sobolev embedding inequality:
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3.2. The asymptotic behavior of the solution

Lemma 3.1. Let 1 < ¢ < co. Then for any u € H%()), the inequality

[ully < Syllullr

holds, where S, = (2% + ﬁ) (Qﬂg)(fﬂr?)/?q (L)lﬂ‘

2 l1—0o

Proof. Take any u € H?(Q) C C°(Q), then we have
[ wtenal < [Mla
0 0
™ 1/2
<V (/ (ux(xvy))2 dx)
0

=T (/07r —Uge (2, y)u(2, y)d%‘)

<V ([ st o) " ([ et ac) "

which yields that

| el de <t [ e de
0 0

u(z,y)| =

1/2

Then

™ 1/2
|u<x,y>|sﬂ3/2(/ |um<x,y>|2da:) | (3.14)
0

Furthermore, for any u € H2(Q) C C°(Q), one has u,(-,y) C C°([0,7])
for any fixed y € (—/, ¢). Hence,

/uyx(t,y)dt‘g/ Uy (, )| de, (3.15)
0 0

and for any z € (—/(, ()

Juy (2, y)| =

u(z,y)| =

u(zx, z) + /zy uy(x, s)ds

/
< Ju(z, 2)| + / uy ()| dy. (3.16)
—0

Integrating the inequality (3.16) about z on (—/, (), we get

L 14
2fue)| < [ Juw2)ldz 2 [ Juyfe)ldy,
—¢ —¢
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Chapter 3. A plate model for suspension bridge with small deformations

which together with (3.14) and (3.15) yields that

e <gw [ ([t o)
[ [ ety

2 ([ [ o)

# w0 ([ [ 2o doay)

<%+*/7§> (2m0)/2 </ D% dxdy)l/z.

From [27, Lemma 4.1], we know that

(1= o)l[D%ul; <

IN

1/2

Therefore,

) D 1\ 12
u(z.v)] < <%+7> 20 (125) ulle

which implies that for 1 < g < oo,

V2 o (L)
||uuqs(%+7 e @5 (L) e

which completes the proof. 0

Assume that {A;}5°, is the eigenvalue sequence of the following linear
problem

A%y = Au (x,y) € Q,

w(0,y,t) = Uz (0,y,t) =0 y e (—£,10),
{u(m,y,t) = Uge(m,y,t) =0 y € (=¢,0),

Uyy (T, £, 1) + Uy, (x, £0,1) =0 z € (0,7),

\uyyy(x, +0,t) 4+ (2 — 0)uggy(x, £0,t) =0 z € (0,7),

which has been solved in [27]. Particularly, A; < 1 and we have an ele-
mentary result.
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3.2. The asymptotic behavior of the solution

Lemma 3.2. Assume that — A1 < a1 < a < as with ay,ay € R. Then for
any u € H2(Q), there holds

Arllullfe < flullfz + (au,u)y < Aslul7e,
where (-, )y is the L? inner product and Ay, Ay are given by

A - 1—1—}’;—11, a; <0, A, — 1, as < 0,
1, a, > 0. 1+Z—21, as > 0.

3.2.2 Local existence

In this subsection we are concerned with the existence and uniqueness re-
sults of the problem (3.11).

Definition 3.1. The function v € C([0,T], H2(Q)) N C*([0,T], L*(Q)) N

C?([0,T], H«(Q)) with u, € L*([0,T], L*(QY)) is said a weak solution to

(3.11), if u(0) = ug, us(0) = uy and for alln € H*(Q) and a.e. t € [0,T]
<utt7 77) + (U, U)HE + ,LL(U,t, 7])2 + (CL'LI,, 77)2 = (|u‘p_2 u, 7])2 )

where (-, ) is the L? scalar product.

Then we prove

Theorem 3.1. Assume that (3.1). Let 1 > 0,2 < p < ocoand —A; < a; <
a < ay. Then for any ug € H2(2), u; € L*(Q), there exists T > 0 such
that (3.11) has a unique local weak solution u on [0, T]. Moreover, if

Tnax = sup{T > 0: u(t) = u(-,t) exists on [0, T} < o0,
then

lim |ju(t)||, =00, forq > 1suchthatq> (p—2)/2.

t—Tmax

Proof. We start with several definitions. For every 7" > 0, define the space
by
H = C([0,T], H(2)) N ([0, T], LX(2)

with the norm

o = e (40 ol + )

te[0,T]
where A; is given in Lemma 3.2. For ug € HZ(Q), u; € L*(Q), denote

My = {u € H :u(0) = ug, us(0) = uy and ||u||12q < RQ} ,
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Chapter 3. A plate model for suspension bridge with small deformations

where R? > 2 <A2Hu0|]§{2 + ||u1||§) with A, being given in Lemma 3.2.
Then we consider an initial-boundary value problem: for ¢ € (0, 77,

(0, + A2 + pog + av = |u|P~2u, (x,y,t) € Q,
v(0,y,t) = v24(0,4,t) =0, y € (=¢,0),
v(m,y,t) = Vg (m,y,t) =0, y € (—£4,0), 3.17)
Vyy(x, £0, 1) + vy, (2, 0, 1) = 0, x € (0,7),

Vyyy (2, £, 1) + (2 — 0)vggy (2, 0, 1) = 0, x € (0,7),

(v(@,y,0) = uo(z,y), vi(z,y,0) =w(z,y), (z,y) €L

Following the procedure of [27, Section 8], by several estimates we have
known that there exists a unique solution v € H N C?([0, T], H.(Q)) with
vy € L2([0,T], L*(Q)) to (3.17), see for details [82].

For any fixed u € My, one can introduce a map ¢ : H — H defined by
v = ®(u), here v is the unique solution to (3.17).

Claim. ® is a contractive map satisfying ®(Mr) C My for small T > 0.

In fact, for any u € M, the corresponding solution v = ®(u) satisfies
lvells + A ol < lluall; + Az lJuoll s + CR* T

2
< R? + CR?72T.

If T is small enough, then ||v||y < R, which implies that &(Mr) C Mr.

Let v; = ®(wy), vy = P(wy) with wy, wy € Myp. Putting vy, v in the
equation (3.17), subtracting the two equations and setting v = v; — v,, We
obtain for all n € H2(2) and a.e. t € [0, T,

(v, m) + (U»U)HE + (pve + av,m)e = (|w1|p_2 wy — |w2|p_2 w2,n)2

= / v(t) (w1 — wa) ndxdy,
Q

where () < C(p)(|wy] + Jws])P~2.
Taking 1 = v; and arguing similarly as above, we have

1 (wy) — ®(wy)||F = vl < CR*P™T|wy — wy%-
If T is small enough, then there exists a constant 0 < § < 1 such that
[ (wy) — B(wa)||7 < 0wy — wa|
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3.2. The asymptotic behavior of the solution

Therefore, ® is a contract map, and the claim is proved.

By the Contracting Mapping Principle (see [37]), there exists a unique
function u € My such that u = ®(u), which is the unique solution of the
problem (3.11). Moreover, u € C?([0,T], H.(€2)). This proves the first
part of Theorem 3.1.

To complete the proof, we define an energy functional by

E: H2(Q) x L2(Q) — R
1 1

B(v,w) = 5 Io(6)z + 5 (@0(0) (6o =~ o) + 5wl

Then the Lyapunov function defined for the solution w(t) of the problem
(3.11)1is

E(t) = E(u(t), u(t))
1

1 , 1 , 1 )
= 5 Nl + 5wl + 5 (au(t), ult))z — 5 [u)[ -

According to the continuation principle (see [40]), if ||u(t)||x < oo,
then the solution u(¢) should be continued, see also [65, p.158] for a similar
argument. Hence, if 1;,,,x < 00, then it follows

lim  (Aru@lle + @) = Bm Ju@)f =0 (3.18)

t*)Tmax 2E‘VTmaX

Since the Lyapunov function E(t) satisfies
t
E(t)+ p/ Jus(T)|[3dr = E(s), forevery 0 < s <t < Thax, (3.19)
we have for all ¢ € [0, Tipax)
1 2 1 2 1 1 p
3 1@z + 5 @l + 5 (ault), u(®))e < = Jlu®ll; + E(0).

By Lemma 3.2, there holds for all ¢ € [0, Tyax)

1 1
5 w72 + 3 e (B)]l3 < 5 lu(®)], + £(0). (3.20)
From (3.18), we have

Jim (b)), = o0

and then by Lemma 3.1
im  [Ju(t)| 2 = oo (3.21)

t—Tmax
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Chapter 3. A plate model for suspension bridge with small deformations

Moreover, by (3.20)

1
= @)l < , lu(®)Il;, + £(0),

which combined with Gagliardo-Nirenberg inequality yields that
Cllu(®) 2 — € < Nu@®)ly < Cllu(®) 15" lu(t) |17 (3.22)

with o = 2(p — ¢)/p(q + 2).
If « € (0,1) such that pa < 2,1i.e. (p—2)/2 < g < p, then (3.21) and
(3.22) immediately yield

t li%n |u(t)||; = oo, for ¢ > 1 suchthatg > (p —2)/2.
B

max

This finally completes the proof. ]

3.2.3 Global existence

In this subsection we will show that the unique local solution of (3.11) is
global for some suitable initial data.

First we list several notations and lemmas. Define the Nehari functional
I and the energy functional .J by

I(u) = ||u||§{2 + (au,u)y — [[ullp,  forevery u € H(Q),

1 1 1
J(u) = EHUH%Q + 5((1’&,“)2 — Z—)HUHZ, for every u € H2(1).

We consider a real value function defined for any 0 # u € H2(Q2) by
) = (), A>0.
Then
7'(N) = Mullz + Maw, w)y — X7 ull,
7"(A) = llullze + (au, u)2 = (p = HA2|Jull}.
Clearly, j(0) = j'(0) = 0 and j"(0) = ||ull3; + (au,u)s > 0 fora > —A,.

Hence, for any 0 # u € H2(Q), j(\) is a convex function for small A > 0
and has the following behaviors:

Lemma 3.3. Assume that — A1 < a; < a < ag. Then for any nontrivial
u € H2(Q), one has
i). lim j(\) = —o0;
A—00
ii). there exists a unique \ = \(u) > 0 such that j'(\) = 0;
iii). 5" (\) < 0.
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3.2. The asymptotic behavior of the solution

Proof. The proof is almost similar to that of [66, Lemma 2.2], the only dif-
ference is to deal with the term (au, u)o, which can be treated by applying
Lemma 3.2, so we omit it. O

Then one may define the potential well depth of the functional J (also
known as mountain pass level) by

d= inf maxJ(\u). (3.23)
weH2(@)\{0} A>0

Denote the set of all nontrivial stationary solutions of (3.11) by
N = {ue H(Q)\ {0} : I(u) = 0},

which is the so-called Nehari manifold, see [64,85]. By considering a map
s +— I(su) for all u such that |jul|%, = 1 and Lemma 3.3, it is easy to

check that each half line starting from the origin of H2(2) intersects only
once the manifold NV and NV separates the two open sets

Ny ={ue H2(Q): I(u) >0} U{0}, N_={ue H*Q): I(u) <0}
Then the stable set 117 and unstable set U may be defined by

W={ueNy:Ju)<d}, U={ueN_:Ju)<d},
which have the following properties:

Lemma 3.4. i). W is a neighborhood of the origin of HZ(2);
ii). 0 € U (closure in H2(Q)).

As Payne and Sattinger did in [66], the potential well depth d defined in
(3.23) can be also characterized as

d = inf J(u). (3.24)

ueN

Then we prove

Theorem 3.2. Assume that (3.1). Let u(t) = u(zx,y,t) be the unique local
weak solution of (3.11). Assume that ug € H2(Q2), u; € L*(Q). Then u(t)
is a global solution and

Tim (Jfut) Lz + llue(®)],) =0
if and only if there exists a real number ty € [0, Tinax) such that
u(ty) € W and E(ty) < D

p_ _2p
with D = min {d, ’%A{’”Sp 2 }

39



Chapter 3. A plate model for suspension bridge with small deformations

Proof. First we prove that T}, = oo and tlim <||u(t)HH2 + Hut(t)\|2> =0.
—00 *

Without loss of generality, assume that t, = 0. If w(0) € W, E(0) < D,
then we claim that

u(t) € Wand E(t) < D, foreveryt € [0, Tinax)-

In fact, since E/(t) is a nonincreasing function, E(t) < E(0) < D for
all t € [0, Thnax)- Suppose that there exists ¢ > 0 such that u(t) € N. By
(3.24), it follows that

d < J(u(t)) < E(t) < D,

which is impossible. Thus, u(t) € W for all t € [0, Tiyax ).
For all ¢ € [0, Tyax ), one has by recalling the functionals 7 and J

J(u(t)) = ]’2%92 (Hu(t)H?{*z + (au(t),u(t))2> N 1(up<t)>

> ])2;]92 <Hu(t)||%(2 + (au(t),u(t))g) : (3.25)

By (3.19), we have

013+ (e + / () 2dr = E(0) < D.

Hence,
1 2 P—2 2
eI + 75 (@) + (au(®). u(®):) <. (326)
which implies that T},,,, = oo by the continue principle. Moreover,
t
C
/ llus(7)||3dT < —, forevery t € [0,00). (3.27)
0 H
Note that the following trivial inequality holds
d
E«l +t)E(t) < E(t). (3.28)

Integrating (3.28) on [0, t], we get for any ¢ € [0, c0)

(144 E(t) SE(0)+/U J(u(T))dT+%/O lua(r) [2d
:E(0)+1/0 I(u(T))dTJr%/O ()3

p

222 [ (1l + () rs) dr, - 329
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3.2. The asymptotic behavior of the solution

where we use J(u(t)) = ”2;}72 (||u(t)\|§{2 + (au(t), u(t))2> + %I(u(t)).
A simple computation induces that

(uge (1), u(t)) = %/ﬂut(t)u(t) — |Ju(t)||3, forace.t € [0,00).

Testing the equation in (3.11) with u(t), we have for a.e. ¢ € [0, 00)

(unn(t), u(t)) + llu(t) |7
+ p(u(t), u(®))2 + (au(t), u(t))e = [u@®)[p. (3.30)

Thus,

% (/Q w(t)u(t) + gllu(t)llé) = [Jug(8)||2 = I(u(t)). (3.31)

Integrating (3.31) on [0, ], by (3.25)-(3.26) and Lemmas 3.1 and 3.2, we
obtain for any ¢ € [0, c0)

t t
[ 1twtear = [t + [ o+ Sl - [ wteutn
0 0 Q Q
i
SOl
t
W 1
< [ s + ol + 5 ol + 5 (01
1
+ Sl

<C(p). (3.32)
By Lemmas 3.1, 3.2 and (3.25)

lall2 < SEllal < S2AT2 (Nl + (aw,w)e)”
p = PpllUllgz = ©Ppy H2 )2

_ (p—2)/2
= S2A2 (lule + () (Il + (au,w)2)

/2 2p (p—2)/2 )
<spa? (Zoawe)) (lolfe + (o)

—-2)/2
oz (20 \" -2/2 (11,112
< sy ()T B0 (s + (ana:)

which implies that by the definition of /()
7 ()3 + (au(t), u(t))2) < Iu(®)), (3:33)
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Chapter 3. A plate model for suspension bridge with small deformations

(p—2)/2
where v =1 — SgA;p/Z (;sz) E(0)?=2/2 > 0,

Combining (3.27), (3.29), (3.32) and (3.33), we get

C
E(t) < - for every t € [0, 00).

Consequently, by (3.25) we immediately have
C
[w(®)l[72 + (au(t), w(®))s + [[u()]l3 <+, forevery ¢ € [0,00),
which combining with Lemma 3.2 tells us that
Tim (Jfu®) Lz + lue(®)l;) =0,

Conversely, if Tra = 00 and [|u(t)]|32 + [Jue(t)[|3 — 0 as t — oo, then
it follows that by Lemmas 3.1, 3.2

tim [Ju(t)], = 0and Jim (JJu(®)] + (au(t), u(®))z + (D)) = 0,

t—o00

which imply that

lim E(t) = 0.

t—o00
Therefore, by Lemma 3.4 and the above mentioned results, there must exist
some to > 0 such that E(ty) < D and u(ty) € W. O

3.2.4 Finite time blow-up

This subsection is devoted to the blow-up behavior of the unique local so-
lution of (3.11).

Theorem 3.3. Assume that (3.1). Let u(t) = u(x,y,t) be the unique local
weak solution of (3.11). Assume that ug € H2(Q), uy € L*(Q2). Then u(t)
blows up in finite time, that is,

Tmax < o0
if and only if there exists a real number ty € [0, Tynax) such that
U(to) c U, E(to) < D.

Proof. Firstly, we assume that there exists t, > 0 such that u(ty) € U and
E(ty) < D. Without loss of generality, let t, = 0, then we claim that

u(t) e U, E(t) <D, foreveryt € [0, Thax)-
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3.2. The asymptotic behavior of the solution

Indeed, (3.19) implies that
E(t) < E(0) <d, forallt e [0, T (3.34)
Suppose that there exists ¢ > 0 such that u(t) € N, then by (3.24) we have
d < J(u(t)) < E(f) < D,

which is contradict to (3.34), and therefore u(t) € U for all t € [0, Tryax)-
From (3.23), we obtain that

, p/(0-2)
oo (il + (au,w))
d= .mt = N2
(Il
and then
9 p/(p=2)
opd_ (Il + (au,0)2)
-2 = 2/(p—2)
g (Il
Since u(t) € U for all t € [0, Tinax), we have I(u(t)) < 0 and then
2pd
]% < ||u(t)||§12 + (au(t),u(t))s, foreveryt € [0, Tiax)-

Now we prove Ty,.x < oo by following the proof of [33, Theorem 3.11].
Assume by contradiction that 7},,, = co. For any 7' > 0, we define a
continuous positive function for ¢ € [0, T] by

0(t) = HU(t)||§+u/0 [u(r)l; d7 + (T = t) uoll; -

With the same spirit (but it needs to be careful for the computations since
the presence of the term au) as in [33], we have

00" (1) — 1%2

Let y(t) = 6(t)~=2/4, then the above differential inequality becomes

0'(t)>>C >0, forae.tel0,7].

y'(t) < —]%Cy(t), forae. t € (0,7,
which together with y/(t) = —226(t)~(P*2/4 < 0 proves that y(t) = 0 at
some time, say as t = 1™ (1ndependent of T'). This tells us that
lim 0(t) =

t—T*
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Chapter 3. A plate model for suspension bridge with small deformations

Hence,

lim
tT

t
2 . 2
)l = ocor Jim [l dr = oo,
For both cases, we always have

lim
t—T*

2
u(®)|lz = o0

Therefore, u(t) cannot be a global solution. That is
Trax < 00.

Conversely, assume that there exists no ¢ > 0 such that u(t) € U or
E(t) < D, we must have either u(t) € W and E(t) < D (this is impossible
by Theorem 3.2) or E(t) > D for all t > 0. Then from (3.19),

u / lu(r)|2dr < E(0) — D.

By Jensen’s inequality, for any ¢ > 0 there holds

t t 2
[ iz [ ([ uir) = ol -l
hence, for any finite 7" > 0 we have
Ju(®)|5 < Cp, forallt € [0,T). (3.35)
Assume that T}, < oo, we know that from Theorem 3.1

li = 00.
Jim [u()], = o0

Hence, by Lemmas 3.1, 3.2, for every M > FE/(0), there exists some 0 <
t < T,,.x such that

-2 _
M < p2— ([lu(@®)]| 2 + (au(t),u(t))s), foreveryt>t.  (3.36)
p
Denote

V(t) =M — E(t), foreveryt>t, (3.37)
and then from (3.19)

t
V() = Vo + / lua(7) [2dr, (3.38)
0
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3.2. The asymptotic behavior of the solution

where Vy = M — E(0). Therefore, by (3.36)-(3.38)
0 < V{t) < M = J(u(t) < M = LM + a0
then
ol = (225 +v(0)) > (0. (3.39)

Since p > 2, by Holder, Young inequalities and (3.38)-(3.39), we have

|a(ul), ue(t))o] < Cpallu() |l a3 lu(®)]l2
< Cllu@®)|l,™* (uvllu@)F + C ) Hlub)]]3)
< OVUIR () (v ||u(t) |25 + C )7V (1))
< VTPl + )T (V) (340
where v > 0,k € (1,p/2) and k = (1 + (1 — k)/p)~' € (1,2p/(p + 2)).
Next, we estimate /(u(t)). Since V, < M, then from (3.38)-(3.39)

2M+(p—2)Vo
p—2 ’

Vo — M)[u(®)[2 < (Vo — M)p (

that is,

p—2 2V —M)
p 2M+(p—2)V0

[u(®)]15. (3.41)

Hence, by (3.37) and (3.41)

~I(u(t) = ~2J(u(t) + 2 )2 > —2E(t) + 2 ; )

> V(1) - M) + p;2|ru<t>u5 > 2(Vy — M) + p;2|ru<t>u5

p—2 ja%
p 2M+ (p—?)Vo

[u(@)][5- (3.42)

Now we consider a function defined by
F(t) = V)Y + e(u(t), ut))s, foreveryt > t.
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Chapter 3. A plate model for suspension bridge with small deformations

By (3.40) and (3.42), taking v > 0 sufficiently small, from (3.31) we have

%(U(t),m(t))z—llw(t 12 = T(u(t)) — p(ut), u(t))2

)
> (1) I3+ (€ = Cov ™) ()
Cl) ™ (V)
>[luy(0)]13 + Cllu(t)]l; = Cw) ™ (V1)
Therefore, if ¢ > 0 is small enough,
F'(£) 2 C (lu®)llz + lu()]7) > 0. (3.43)
Then choosing € > 0 even smaller if needed, we get
F(t) = Fo = Vo'™ + £(u(0),1,(0))2 > 0.
Utilizing (3.39) and Holder, Young inequalities, we have
Fr(t) < 27H (V(E) + 8| (u(t), u(t))2]")
< C(Ilu@®1p + (1)
which together (3.43) yields that
F'(t) > CF (1),
then by [23, Lemma 2.10], F(¢) blows up at T* > ¢ and we have
Fl) = (T* — gl/(nl)’
By (3.40), (3.42) and since E(t) > D, V(t) < M — D,

) =la®IB + = [ (F(r) = VVe(r)ar

>+ [ (<T* - fm-n - (M- C“””)“
> [u(®)3 -

1\ @/ 1\ @R/=D)
+C — _
T —t T+ —t

(3.44)

Consequently,
. 2 _
T [lu(t)])3 = oo,
which contradicts (3.35). The proof is complete. [
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3.3. A linear model with dynamical boundary conditions

3.3 A linear model with dynamical boundary conditions

In this section, we consider a linear plate model with dynamical boundary
conditions for a dynamical suspension bridge. For describing the boundary
behavior of the bridge, we set up dynamical boundary conditions which are
dependent on the energy of the system. This part comes from [83].

3.3.1 The linear model

Since the plate is very narrow (compared to its length), we may assume that
the restoring elastic force due to the hangers acts on every point of the plate
and has the linear form, i.e. A = ku with an elasticity constant £ > 0, then
the equation in problem (3.10) reads

Uy + py + A%u + ku = f.

Hence, we have a linear initial value problem:
gy + pug + A%u+ ku = f (x,y) €Q, t>0,
u(z,y,0) = uo(x,y) (z,y) € Q, (3.45)
u(2,y,0) = ui(z, y) (z,y) € 4,

where Q = (0, 7) x (—={,£), ug = up(z, y) is the initial position of the plate,
uy = ui(x,y) is the initial vertical velocity of the plate.

Now we seek the boundary conditions which describe the physical sit-
uation appearing in the actual suspension bridges. On the two short edges
x = 0 and x = m, which are connected with the ground, we assume that
they are hinged and then

w(z,y,t) = uge(x,y,t) =0, (x,y) € {0,7} x (=£,£),t >0, (3.46)

which is the same as any other model we met.

While on the other two sides y = £/, due to the continuous impact from
the external forces occurring on them, it is necessary to choose a kind of
dynamical boundary conditions. The external force f acting on the bridge
inserts an energy into the structure. We denote it by

S(t)—/Qdexdy.

Let Eu > (0 be the critical energy threshold (see Arioli-Gazzola [6]) above
which the bridge displays self-excited oscillations and it increasingly de-
pends on the damping parameter p: for instance, Eu = By + ¢y for some
¢ > 0and E, > 0 being the threshold of the undamped problem.
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Chapter 3. A plate model for suspension bridge with small deformations

Since the assumption 2¢ < , it is natural to assume that the cross
section of the plate tends to remain straight. While due to the appearance of
the torsional oscillation, the cross section cannot always be in a horizontal
position. Therefore, these two boundaries satisfy

{uy(x, —0,t) —uy(z,0,t) =0, x€(0,7),t>0, 347
uy(x, =0, t) + uy(x, 0, t) = a, x € (0,m), t>0,

where @ = «a(z,t) depends on f and ug for y = +¢. Furthermore, for
any cross section of the bridge, the vertical displacements at the two end-
points also depend on the initial position and the external forces acting on
these two points. Thus, it is reasonable to assume that the sum of the two
displacements fulfills

u(z, =0, t) +u(x,l,t) =05, forxe (0,7),t>0, (3.48)
where 3 = 3(x,t) depends on f(x,t) and () with

flz,t) = flw. 6:) —|—2f(x, —4 t)7 To(z) = uo(z, £) +2uo(x, —E).

Moreover, the vibration of the cross section will switch to some different
kind of oscillations, such as the torsional oscillation, when the inserted en-
ergy £(t) exceeds E,. Therefore, as long as £(t) < E,, we assume that
there is only vertical vibration appearing in the motion, then the difference
between the two displacements should be zero, that is,

w(z, —0,t) —u(z,l,t) =0, forz e (0,7). (3.49)

While if £(t) > E,, the torsional oscillation begins to arise and its ampli-
tude increases as the energy £(¢) — oo, which means that the difference
between the two displacements is related to the energy £(t). Concretely, if
E(t) | E,, then the motion tends to vertical-type so that

u(x, =L, t) —u(z, l,t) — 0,

while if £(t) — oo, then the difference also increases. But it cannot in-
crease to infinity because the bridge will collapse earlier. Therefore, as
long as £(t) > E,, the boundaries are assumed to satisfy the equation for
z € (0,m)

%{[u(m, —0,1) —u(:c,f,t)}% exp (5@) _ 5<t>)} _ . (350)



3.3. A linear model with dynamical boundary conditions

here we assume £(0) > E, and v = (x, t) is a real function satisfying
~ has the same sign as (ug(x, —{) — ug(x, ?)).
In this case, the conditions (3.49)-(3.50) can be combined into

up(x, =0, t) — ug(z, 0, t) — n(t)(u(x, —0,t) —u(x, l,t)) = 0(t)y, (3.51)

where
_(EM) -EN* Elt)  £(0)
o(t) = O ( 7. "I ) (3.52)
, 1 1
n(t) = (1 E(t) <E_u + Ea EW) (3.53)
with (£(t) — B,)* = max{£(t) — E,,, 0}, £'(t) = L&(t) and
I O B 3.54
(t) = 1, &(t)>E,. 559

Therefore, the boundary conditions for a rectangular plate €2 modeling
dynamical suspension bridges are (3.46)-(3.48) and (3.51). Then together
with (3.45), we deduce an evolution problem
uy + A%u+ puy + ku = f, (z,y) € Q,t >0,
u(z,y,0) = uy, (xz,y) € Q, (3.55)
w(z,y,0) = uy, (x,y) € Q,

with dynamical boundary conditions: fort > 0,z € (0,7) and y € (=, ¢),

.

u(0,y,t) = sz (0,9, 1) = u(m,y,t) = Uga (7, y, 1) = 0,
uy(x, =0, t) —uy(z,l,t) =0,

wy(x, —0,t) +uy(x, 0, t)

w(z, =0, t) +u(x, l,t) = 5,

Lue(w, =0, t) —ug(w, £,t) — n(t)(u(x, =0, t) —u(z,{,t)) = 0(t)y.
(3.56)

«,

3.3.2 An auxiliary problem

In this section we consider an auxiliary problem which plays a crucial role
in solving the original problem (3.55)-(3.56). We first introduce a subspace
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Chapter 3. A plate model for suspension bridge with small deformations

of H2(Q) denoted by
H2(Q) :={uec HX(Q) :u=u,=0o0n(0,7) x {£}}.

Clearly, HZ(Q2) C H2,(Q) C H&(Q) N HQ(Q). Hence, one may define a
scalar product on the space HZ (Q) by

(u,v) g2, = / AuAvdxdy, forany u,v € H2(Q),
Q
which induces the norm
1/2
|w| g2, = (/ |Au|2dxdy> , forallu € H2(Q).
Q

Now we consider a nonhomogeneous linear problem: for ¢ > 0,

(

vy + A%+ oy + kv = @, (z,y) € Q,
v(2,y,t) = v (2, y,8) =0, (z,y) € {0, 7} x (=L, 0),
v(z,y,t) = vy(x,y,t) =0, (x,y) € (0,7) x {£L}, (3.57)
v(z,y,0) = v, (z,y) €,
L ve(,y,0) = vy, (x,y) € Q,
where ¢ = p(x,y,t) € C([0,00); L*(Q)), vo = vo(x,y) € HZ () and

v = vi(z,y) € L*(Q).
Claim. The problem (3.57) admits a unique weak solution

v € C°([0,00); HZ(Q)) N C([0, 00); L*()).

Actually, the variational problem (3.57) is similar to [27, problem (22)]
if we take the nonlinear term h = kv. The only difference lies in the
boundary conditions on (0, 7) x {£/}, but this has no influence when we
solve it by following the procedure in [27]. Hence, we only list the key
steps, for details see [27, Section 8].

Step 1. Consider the approximated problems for m > 1

vl 4 Loy, + pvl, + Pp(kvy) = Po(e), tel0,m,
{ W+ Pallin) = Pul9), (€0

v(0) = vy, v(0) ="

where L is defined by (Lu,v) := (u,v)pgz, for any u,v € HZ(Q), P, :
H?2, () — W, is the orthogonal projection onto W,,, which is spanned by
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3.3. A linear model with dynamical boundary conditions

the eigenfunctions {w, },,>1 of the problem

A% = \w, (z,y) €
w(z,y) = we(z,y) =0,  (2,y) € {0 T x (=(,0),
w(x,y) = wy(x,y) =0, (IL‘,y) € ( 77T) X {_676}

By Galerkin-type procedure, we obtain that problem (3.58) has a unique
local solution v,,, € C?([0,7,,); H2.(2)), where [0, 7,,) is the maximal in-
terval of the continuation of v,,.

Step 2. The solution sequence {v,, } is uniform bounded.

Testing (3.58) with v/, and integrating over (0,t), we have by several

estimates

where C' is independent of m and ¢. Hence, the solution v,, is globally
defined and {v,, } is bounded in C°([0, c0); HZ,(R2)) N C([0, 00); L*(R)).
Step 3. {v,,} admits a strongly convergent subsequence in the function
space C°([0, 00); HZ,(2)) N C*([0, 00); L*(€2)).

By Ascoli-Arzela Theorem, we deduce that, up to subsequences, there
exists v € CY([0, 00); L*(€2)) such that v,,, — v in C°([0, 00); L*(2)).

On the other hand, the sequence {v,,} is a Cauchy sequence in the space
C°([0,00); H2,(©2)) N C ([0, 00); L*(€2)). Hence, up to subsequences,

Uy — v in C%([0, 00); H2,(Q)) N C*([0,00); L*(2)) as m — oo.

112, < C, foranyt € [0,7,)andm > 1,

Step 4. Take the limit in (3.58) and then we prove the existence of solution
to (3.57).

Step 5. The solution to (3.57) is unique.
Assume that vy, vy are two solutions of (3.57), denote v = v; — vo. Then
using v’ as a test function, we obtain after integration over (0, t)

v R / 0/(s) [22ds < 0,

from which it immediately follows that v = 0. Hence, the problem (3.57)
admits a unique solution v € C°([0, 00); HZ,(Q)) N C ([0, 00); L*(2)).

3.3.3 Existence and uniqueness result

Due to the dynamical boundary conditions (3.56), it is not straightforward
to solve the original problem (3.55)-(3.56) directly. Hence, we first trans-
fer it to a simpler case, which uses the auxiliary problem. Recalling the
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boundary conditions (3.47), one has
uy(z,0,t) = uy(z, -0, t) = /2, forany x € (0,7), t > 0.

Moreover, let 3 be a C! function in ¢, then we obtain by (3.48) and (3.51)
for any x € (0, )
ug(x, 0, t) — n(t)u(x, 0, t) = ¢1(x, ), t>0,
U(.T, €7 0) = UO((E? é)
and
u (‘flj _E t) - n(t)u(xa _Ev t) = 92(x7t)7 t>0,
( —4, O) - UO( £)>

where

91(x,t) = 5(Bi(x,t) —n(t)B(x, )) 3
92(‘737 t) - % %
For any fixed x € (0, ), they are first order ordinary differential prob-
lems in ¢. Hence, one can get the explicit representation of the values of u
on (0,7) x {£¢}, which we denote by (hy, hs) = (u(z, ¢, t), u(z, —¢,t)).
Then the problem (3.55)-(3.56) reduces to an evolution linear problem
gy + A%u + pug + ku = f, (z,y) €Q, t >0,
U(.I', Y, O) = Uo, (l‘, y) € Q> (359)
u(z,y,0) = uy, (z,y) € Q

with nonhomogeneous boundary conditions: for ¢ > 0

u(z, y,t) = g (2, y,t) =0, (z,y) € {0,7} x (=¢,0),
u(x,y,t) = hy,  uy(z,y,t) = a2, (x,y) € (0,7) x {(},

w(z,y,t) = ha,  uy(z,y,t) =a/2,  (2,y) € (0,m) x {-}.
(3.60)
Now we want to reduce the boundary conditions (3.60) to the homoge-
neous case. To this end, it is necessary to construct a suitable inverse trace
operator. Note that 2 C R? is a rectangular domain. Let us define the space

HXQ) = {ue€ H Q) : u=uy =00n {0, 7} x (—£,0)}
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3.3. A linear model with dynamical boundary conditions

and a continuous map

T:HNQ) = [[ (H2(S0) x H2(Si) x HY2(S;) x HY2(5))

¢ — H (¢|Zi7 (Dy)2:5 (Dyy) i (Qbyyy)\&)

where ¥ := (0,7) x {{}, 35 := (0, 7) x {—¢}. For more details, see [63,
Section 2.5] or [38, Chapter 1].

Denote the range of T'by R(T) := T(H}(f2)) and define the following
norm on R(T) by

lv|| g == inf{||w||H4(Q) cw € Hf(Q),T(w) =wv} foranyv € R(T),

then R(T') is a Banach space with the norm || - || g. Therefore, the restriction
of the previous map 7' to (ker(T))™*, i.e, Tjer(ry)2 : (ker(T))*t — R(T) is
an isometric isomorphism.

Since R(T) C T2, (H™2(Z) x HY2(S,) x HY2(%;) x HYV? (%)),
one may represent 1" as (17, Ty, T3, T)) with

2 2
Ty : HAQ) = [[H(S), To: HAQ) — [[HE*(S),
i=1 =1

2 2
Ty: HAQ) = [[HY*(S), Tu: HAQ) — [[H (),
i=1 =1

which are continuous from HZ2(f2) to the respective spaces each of them
endowed with its normal norm. Then one may define four subspaces

Vii={veR(T):v=(T1(w),0,0,0),w € H(Q)},
Vo :={v e R(T):v=(0,Ty(w),0,0),w € H(Q)},

Vs :={v € R(T):v=(0,0,T3(w),0),w € H(Q)},
Vi={veR(T):v=(0,0,0,Ty(w)),w € HAQ)}.
Concerning the fact that 7jeyr))+ 18 an isometric isomorphism and the
continuity of the map 7', one can show that V; (i = 1,2, 3,4) are closed in

R(T') endowed with || - || .

Now, let o € C?([0,00); V2), 8 € C'([0,00); V1), v € C°([0,00); V1)
and hy, hy be in C%([0, 00); V). Then one may define the map

w = T@rm ((hy,a/2,0,0) x (hy,a/2,0,0))
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with w = h;, w, = o/2, w,, = 0 and w,,, = 0 on the boundary ;. In this
way we have that w € C?([0,00); HZ(f2)). Then putting u = v + w (v to
be fixed) into the problem (3.59)-(3.60), we obtain the following variational
problem

(v + A%+ v+ kv = f,  (2,9) € Q,

v(x,y,t) = vge(x,y,t) =0, (x,y) € {0,7} x (=£,¢),
v(z,y,t) =vy(x,y,t) =0, (x,y) € (0,m) x {£(}, (3.61)
U(xvyao) = Yo, (%?J) € Qa

Lve(2,y,0) =v1,  (2,y) € Q,

where [ = f — wy — A%w — pw, — kw, vy = uo(z,y) — w(x,y,0) and
V1 = u1($7 y) - wt(xa Y, O)
Recalling the function space

H*(Q):={uec H*(Q) :u=00n{0,7} x (—£,0)},
which is defined in Section 3.1.3, we have the uniqueness result.

Theorem 3.4. Assume that f € C°([0,00); L*(Q)), up € H%(Q) and u; €
L?(S2). Then there exists a unique solution to the problem (3.55)-(3.56).

Proof. 1t is easy to see that the functions f, vp and vy satisfy
f e Co([0,00); L3 (), v € HAL(Q), w1 € L¥(Q).
Hence, we obtain from Section 3.3.2 that (3.61) has a unique solution
v € C°([0,00); HZ,(Q)) N CH([0, 00); L*(2)).
Then, according to the arguments above,
u=uv+w e C0,00); H2(R2)) N C*([0, 00); L*(2))

is the unique solution of the original problem (3.55)-(3.56) with the initial
conditions u(z,y,0) = ug, ui(x,y,0) = wu; and the boundary conditions
(3.46), (3.47), (3.48), (3.51). [

Since the equation in (3.55) is linear, it is possible to find an explicit
form of the unique solution. We first consider an initial value problem for
S =5(t)

(3.62)

S" + uS 4+ aS = g(t), t>0,
S0)=A, S(0)=B

54



3.3. A linear model with dynamical boundary conditions

where ¢(t) is a given function, p and a are positive constants, A, B are
constants.

We know that (3.62) is a second-order ordinary differential problem.
According to the theory of ordinary differential equations, we have the fol-
lowing cases if we denote § = ;2 — 4a:

Case 1. If § # 0, then the two eigenvalues are \; # \,. Hence, we have

B — A\, exp(\t) [*
_— AMt) + ——= - d
o texput) + SR [ exp(-Aisg(s)ds

A/\l - B exp()\gt) /t
—_— Aot) + ————= —A ds;
+ N exp(Aat) + M= ) exp(—A25)g(s)ds;

Case 2. If § = 0, then the two eigenvalues are A\; = \,. Therefore,
S(t) =(A+ (B — A A)t)exp(Ait)
t
— exp(A1t) / (s —t)exp(—X\18)g(s)ds;
0

To obtain a Fourier series type of the unique solution, we introduce the
following

S(t) =

2 [T 2 [T
Uom(y) = ;/0 up sin(ma)dz, uin(y) = —/ uy sin(ma)dz,
2 s
Qp(t) = ;/0 asin(mx)dzx, / [ sin(max)
2 ™
’Vm(t) = ;/ 'ysin(mx)dx, fm y7 / fSln m$
0

(3.63)
and define a function by

Ro(t) = e(t)(“(’m(@ _250’”(_6) - /Ot Vg—és)ds), t>0, (3.64)

here 0(t) is as in (3.52).
Then the unique solution to the original problem (3.55)-(3.56) can be
explicitly represented.

Theorem 3.5. Assume that f € C°([0,00); L*(Q)), uo € H2(Q) and u; €
L?(Q). Then the unique solution to (3.55)-(3.56) is given by
u(z,y,t Z Un(y,t) sin(mz) (3.65)
m=1
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Chapter 3. A plate model for suspension bridge with small deformations

with
i ) sin < Zy) + i(Sm)n(t) cos <%y>
NCRU TR (3.66)

where (T,,)n(t), (Sm)n(t) and D,,(t) are in the form of S(t), the solution
of (3.62), C,,(t) is as in (3.64).

Proof. According to the boundary conditions for z = 0 and x = 7, we seek
the solution u of the problem (3.55)-(3.56) in the form

u(z,y,t Z Un(y, t) sin(mz). (3.67)

Inserting (3.67) in (3.55)-(3.56) and recalling (3.63), we have for every
m > 1
(Un)et + (Un)yyyy — ZmQ(Um>yy + (m* + k) U + p1(Un) = fin(y, 1),
Um(y7 0) = UOm(y)a

(Un)i(y, 0) = wrm(y),
(3.68)
with the boundary conditions: for ¢t > 0

(Un)y(=£:1) = (Um)y (£, 1) =
(Un)y(=£:8) + (Unm)y (£, 1) = (t),
Un (=€, 1) + Un (£, 1) = B (1),

(Un)e(=€,t) = (Un)e(£,1) = (@) (Un (=L, 1) = Un(€, 1)) = 1 (£)6(t).
(3.69)
Now, we look for the solution to (3.68)-(3.69) in the form of (3.66).
Putting (3.66) into the equation in (3.68), we obtain

S (@) + (L), (8) + 8(T)o(8)) sin (7o)

D (S + #(S)1(®) + 6(Su)a(t)) cos (Sy) + Crlty
o+ HCY )y + 0oLy + Dip(t) + 1D} (8) + 0 Don(t) = Funly 1)
with § = <m2+ (’“}—”)2)2+kanda =m* + k.
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3.3. A linear model with dynamical boundary conditions

For C,,,(t) being as in the form in (3.64), we define the function

Gly.1) = C(Dy + (m* 4 K+ (D)) — L1200,

and let f,,,(y,t) = fin(y,t) — dm(y,t) + ¢m(y, t), then it follows that

Cn (1) —n(t)Cn(t) = 22000,
and
>~ (@) + AT (0) + 0(T)a(t) ) sin ()

D7 (Su)iE) + (S ) (5) + 6(Sm)alt)) cos ()

1 l
Fult) = 55 | Fulo 00

i @ =1 [ .= bt s (") .

(=7 [ (fuays8) = oy, 1)) cos (= ) dy.

The initial conditions yield, for y € (—¢, /),

> (T0n)n(0) sin (—y) + Z cos( 7 ) + D,,(0)
i<‘41m> sin (%y) + Z(Agm)n cos (%y) + A,

n=1

Mg

T 0)sin () + 305,040 cos (24) + D} (0

n=1 n=1

(Bim)n sin <%y> + i(Bgm)n oS (%y) + B,,,

n=1 n=1

e
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Chapter 3. A plate model for suspension bridge with small deformations

where

1
A, = — wdy, B, = — (y)d
2 )" (y)dy 25/_/“ (y)dy

Assume that the functions o, (t), 3,,(t) and ~,,(t) are given by

=2 Z n7r t)cos(nm), t>0,

—22 (t) cos(nm) + 2D, (t), t >0,

Tm(t) = —2f(0ln( ) = n(t)Cm(t)/0(t), >0,

then the boundary conditions (3.56) are satisfied. Moreover, we are led to
several ordinary differential problems

() = n(t)Con(t) = =250 ¢ >0,
{ O (t) = ton(0-tom(=0, ‘ o, (3.70)
{D,’;(t) + 1D, () + oD () = fn(t), >0, a1
D, (t) = A, D, (t) = Bpn, t=0;
{(Tm)’é(t) + (L) () + 6(Tn)n(t) = (fim),, (1), >0, 3.72)
(T)n(t) = (Aim)n,  (Tn)n(t) = (Bim)n, t=0;
{(Sm)g(t) + 1(Sm)n(t) + 6(Sm)n(t) = (fom), (1), t>0, (3.73)
(Sm)n(t) = (A2m)n,  (Sm)n(t) = (Bam)n, t=0.
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3.3. A linear model with dynamical boundary conditions

To complete the proof, we need to check that problem (3.70) admits a
solution in the form R,,(¢) and that the problems (3.71)-(3.73) have solu-
tions in the form of S(¢). Since the last three problems depend on C,,(t),
we first consider the problem (3.70). In fact, this is a first order ordinary
differential problem and we know that the solution is

Cin(t) = C(0) exp </0t n(s)ds)

—exp(/otn(s)d:;) /Ot%exp (— /Osn(T)dT)ds.

Since 7(t) is not a continuous function, see (3.53), to compute conve-
niently, we denote E/(t) given in (3.54) here by

-1, £t) < B -
Et)=4:(EM—E,), By—e<E&@t)<E.+e,
]-7 g(t)>E,u,+€

Then we consider the exponential function &(¢) = exp ( [, n(s)ds). There
are three cases:

(1) IfE(t) > E, + ¢, then

£(t) = exp (8_(? — %(i) +1In 5((;)) :%7)7
Q) IfE, < &) < E, +e¢, then
“2 e —2£(0) £ _
= Xp( + 77, —Hné’(O)—Eu)’

Q) IfE() < Eu’ then

£(t) = exp (6 _2%‘9(()) +In 8(0)6— = + /ttn(S)ds),

where ¢, satisfies £(t,) = E,.

Let e — 0, we have

0, 5@) < Ew
f(t) =\ ct)-F £ £(0 iyl
e (), d0>F
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Therefore,

0, E(t)
(1) (om0 —

2¢

IA
S

o

“m“)ds) , E(t) > E,,

0 2¢

Cm (t) =

which is as in (3.64) if one recalls that (3.52).

Next, for every n > 1 and m > 1, we solve the other three ordi-
nary differential problems (3.71), (3.72) and (3.73). Recalling the initial
value problem (3.62) and let a = o for (3.71), a = ¢ for (3.72) and
(3.73), we obtain that there exists a unique solution for (3.71), (3.72) and
(3.73) separately in the form of S(¢) with the constants A, B replaced by
Ama Bma (Alm)na (Blm)na (AQm)na (BQm)n

Therefore, the unique solution to (3.55)-(3.56) has the form of (3.65)
with U,,(y, t) being given in (3.66). And then the proof is finished. O

By using the explicit form of the solution to (3.55)-(3.56), we are able to
analyze the amplitude of the torsional oscillation appearing in suspension
bridges.

Corollary 3.1. Assume that u is the unique solution to the original problem
(3.55)-(3.56). Then the amplitude of the torsional oscillation on the two
sides y = +/ reads

lu(z, =€, t) — u(z, (,t)] = 0(t) |ug(z, =) — uo(w,£) + 26/0 v(z, s)ds|,

where 0(t) is given in (3.52).

By (3.52),if £(t) < Fu, then 0(¢) = 0, which yields that from Corollary
3.1
lu(z, 0, t) — u(x, —L,t)] = 0.

That is, when £(t) < E,,, there is no torsional oscillation appearing in the
bridge structure. -
However, once the energy £(t) exceeds £, then 6(¢) > 0 and

’u(xvga t) - u(a:, _Eat)’ 7& Oa

which show that the torsional oscillation appears. Since ¢(¢) is an increas-
ing function with respect to £(¢) and by Corollary 3.1, if the energy £(¢)
(E(t) > E,) increases, then the amplitude of the torsional oscillation will
go up till the bridges collapse.
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CHAPTER

A plate model for suspension bridge with
large deformations

This chapter is devoted to a system (composed by two coupled fourth order
partial differential equations) modeling the suspension bridge. This model
is based on the von Kdrmdn plate equations and this part is from [34].

In the previous chapter, we considered the plate model by assuming that
the deflection of the plate is small. There the material nonlinearities of the
restoring force due to the hangers and the cables were discussed. While in
some cases a kind of wide oscillations may appear in the roadway of sus-
pension bridge due to some reasons, such as the strong wind. In this case,
the linear Kirchhoff-Love plate theory (see [44, 54]) cannot describe the
behavior of the oscillations and hence, one needs to consider the geometric
nonlinearities of the plate due to the wide oscillations.

4.1 The plate model

4.1.1 The energy in the plate

As in Chapter 3, assume that Q = (0,7) x (—¢,¢) C R? represents the
roadway of the suspension bridge. 7 is the length of the roadway and 2/ is

61



Chapter 4. A plate model for suspension bridge with large deformations

its width. The realistic assumption is that 2/ < 7.

In Section 3.1.1, we have seen that the bending energy of a deformed
plate €2 due to an external force f is Ep, see (3.2). While if large de-
formations in the plate are involved, one does not have a linear strain-
displacement relation. For a plate of uniform thickness d > 0, one as-
sumes that the plate has a middle surface midway between its two parallel
faces that, in equilibrium, occupies the region 2 in the plane z = 0. Let
w = w(z,y), v = v(x,y), v = u(x,y) denote the components (respec-
tively in the z, y, z directions) of the displacement vector of the particle
of the middle surface which, when the plate is in equilibrium, occupies the
position (z,y) € € u is the component in the vertical z-direction which is
related to bending while w and v are the in-plane stretching components.

For large deformations of the plate € there is a coupling between u and
(w,v). In order to describe it, we compute the stretching in the x and y
directions (see e.g. [76, (7.80)]):

&= /142w, 12— 1~ w, + 4,
U2
€y = /1 + 20, +ul —1=v, + 7,

where the approximation is due to the fact that, compared to unity, all the
components are small in the horizontal directions = and y. One can also
compute the shear strain (see e.g. [76, (7.81)]):

4.1)

Yoy R Wy + Uy + Uyl . 4.2)

Moreover, it is convenient to introduce the so-called stress resultants which
are the integrals of suitable components of the strain tensor (see e.g. [49,
(1.22)]), namely,

z _ _Ed 1,2 a,2
N* = 2% (w, + ov, + Fu + 2uy) ,

NY = 2% (v, 4+ ow, + sul + Zu2) , (4.3)
N = g(ﬁfa) (wy + v, + Umuy) )
so that
N? — g NV NY — gN*® 2(1+0)
x = a7 = - 491 €T - —N-Z’y .
¢ Ed “ Ed oy Ed

We are now in a position to define the energy functional. The first term
of the energy is due to pure bending and to the external load f and is given
by Ep, see (3.2). For large deformations, one needs to consider also the
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4.1. The plate model

interaction with the stretching components v and w and the total energy
reads (see [50, (1.7)]):
J(”? v, w) = EB(”)
Ed 9 9 l—0 ,

+ m /Q <€z + Ey + 20 €x€y + T ’)/xy> dl’dy, (44)
which has to be compared with (3.2). In view of (4.1)-(4.3), the additional
term [ := J — [E may also be written as

Ed

I(u,v,w) = to) /Q(wy—kvx—kuxuyfdxdy

w2\ 2 w2\ 2 ul u?
+A/Q (wﬁ?’) +<vy+7y) +20 (wﬁf) (vy+5y> dxdy

. _  Ed
with A = o)

1-02)"

4.1.2 The Euler-Lagrange equations

Assume that the plate Q = (0,7) x (—/,¢) C R? with ¢ < 7. Recall the
Hilbert space

H(Q) :={we H*(Q); w=0o0n{0,7} x (—£,0)}

and the dual space H... We also denote by (-, -) the corresponding duality.
On the space H?(12), we define the Monge-Ampere operator

(0, 9] = brathyy + Gyyae — 200y uy, V0,0 € H* (), (4.5)

so that, in particular, [¢, #| = 2det(D?¢) where D?¢ is the Hessian matrix
of ¢. Then the scalar product (3.12) and the corresponding norm (3.13)
read

(u, 0) 2 = / (Autw— (1= 0)fu0]) dady, Vv € HXQ) @6)
Q

and

1/2
e = ([ (130 = 0= ) ddy) . voe @),
Q
4.7)
Therefore, the unique minimiser « of the convex functional Ep in (3.2)
over the space H2() satisfies the Euler-Lagrange equation
Ed?

mAQU:f([E,y) in 2.

63
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On the other hand, the Euler-Lagrange equation for the energy J in (4.4)
characterises the critical points of J: we need to compute the variation §.J
of J and to find triples (u, v, w) such that for any ¢, 9, € C°(12)

L Jutte v+t w At — J(u,v,w)

Replacing N*, N¥Y, N*Y, see (4.3), we have for any ¢, 1, & € C(Q)
12(??:;2) Jo (Aud¢ + (0 — 1)[u, ¢]) dady
+ fQ ((Nzux + Nzyuy>¢x + (Nyuy + nyuw)(by) drdy = fQ fo,
Jo, (N¥3py, + N*¥4p,) dady = 0,
Jo (N®& + N*E,) dedy = 0.

Thanks to some integration by parts and by arbitrariness of the test func-
tions, we may rewrite the above identities in strong form

{E—dSAQU — (N*u, + N™uy), — (NYu, + N%u,), = f  inQ,

=0.

12(1—02)
NJ+N;¥=0, N;y+N¥=0 in (2.
(4.8)
The last two equations in (4.8) show that there exists a function ® (called
Airy stress function, see [72, p.363]), unique up to an affine function, such
that
o, =N*, &, =NY &,,=—-N". 4.9)
Then, after some tedious computations, by using the Monge-Ampere op-
erator (4.5) and by normalizing the coefficients, the system (4.8) may be
written as

{ AP = —[u, u in Q
(4.10)

A?u=[®,ul+f inQ.
In a plate subjected to compressive forces along its edges, one should

consider a prestressing constraint which may lead to buckling. Then the
system (4.10) becomes

A2D = —[u, ul in Q

A?u=[®,u]+ f+ ANF,u] inQ.
The term A[F,u] in the right hand side of (4.11) represents the boundary
stress, where the parameter A > (0 measures the magnitude of the compres-
sive forces acting on 02 while the smooth function F’ satisfies

FeC'@Q), AP =0inQ, F,,=F,=0o0n(0,m)x {£(},
(4.12)

4.11)
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see [11, pp.228-229]: the term AF' represents the stress function in the
plate resulting from the applied force if the plate were artificially prevented
from deflecting and the boundary constraints in (4.12) physically mean that
no external stresses are applied on the free edges of the plate. Following
Knightly-Sather [47], we take

62 _ yz
F(z,y) = 5 sothat [F,u] = —uy, .
Therefore, (4.11) becomes
A%D = —[u, ul in @13)
A?u=[®,u] + f — Mug,  inQ. '

4.1.3 Boundary conditions

The purpose of this subsection is to determine the boundary conditions for
a plate modeling the roadway of suspension bridge.

In literature the system (4.13) is usually considered under the Dirichlet
boundary conditions, see [18, § 1.5] and [78, p.514]. But since we aim
to model a suspension bridge, these conditions (Dirichlet boundary condi-
tions) are not the correct ones. Following [27] (see also [3,82]) we view the
deck of a suspension bridge as a long narrow rectangular thin plate hinged
at its two opposite short edges and free on the remaining two long edges.

Let us first consider the two short edges {0, 7} x (—¢,¢). Due to the
connection with the ground, u is assumed to be hinged there and hence it
satisfies the Navier boundary conditions:

U= Uy =0 on {0, 7} x (=£,0). (4.14)

In this case, Ventsel-Krauthammer [76, Example 7.4] suggest that N* =
v =0o0n{0,7}x(—¢,¢). In view of (4.3) this yields that on {0, 7} x (—¢, {)
1, o, 1, Ed
0= tahovy gty oty = Wa b 510 = 7 oy,
where the condition u,, = 0 comes from the first of (4.14). In turn, by (4.9)
this implies that

NY,

®,., =0 on{0,7} x (—£7).

For the second boundary condition we recall that N* = 0 so that, by (4.9),
also ¢, = 0: since the Airy function @ is defined up to the addition of an
affine function, we may take ® = 0. Summarising, we have

=0, =0 on{0,7}x(—(0). (4.15)
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On the long edges (0, 7) x {£(} the plate is assumed to be free, which
results in

Uyy + OUgy = Uyyy + (2 — 0)Uyyy =0 on (0,m) x {£¢}, (4.16)

see e.g. [76, (2.40)] or [27]. Note that here the boundary conditions (4.16)
do not depend on the parameter . For the Airy stress function ¢, we follow
the usual Dirichlet boundary conditions on (0, 7) x {£/}, see e.g. [11,12].
Then

O=0,=0 on (0,7m) x {£/}. 4.17)

These boundary conditions suggest to introduce the following subspace
of H2()

H?(Q) :={u e HXQ) :u=wu, =0o0n (0,7) x {£(}},
which is also a Hilbert space when endowed with the scalar product

(u, ) p2, ::/AuAvdxdy.
Q

This scalar product introduces the norm denoted by

1/2
2 = </ |Au|2dxdy> :
Q

We denote the dual space of H2, () by H..(Q).

[l

4.1.4 The model for suspension bridge

In a plate modeling a suspension bridge, one should also add the nonlinear
restoring action due to the hangers and the cables.

The Official Report [4, p.11] states that the region of interaction of the
hangers with the plate was of approximately 2 ft on each side: this means
that € ~ 55, see Fighre 3.1. Augusti-Sepe [8] (see also [7]) view the
restoring force at the endpoints of a cross-section of the deck as composed
by two connected springs, see Figure 4.1. The top one represents the ac-
tion of the sustaining cables and the bottom one (connected with the deck)
represents the hangers. The action of the cables is considered by Bartoli-
Spinelli [9, p.180] the main cause of the nonlinearity of the restoring force:
they suggest quadratic and cubic perturbations of a linear behavior. Assum-
ing that the vertical axis is oriented downwards, the restoring force acts
in those parts of the deck which are below the equilibrium position (where
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Figure 4.1: The restoring force on a cross-section.

u > 0) while it exerts no action where the deck is above the equilibrium
position (u < 0).

Taking into account all these facts, for the explicit action of the restoring
force, we take

g(u) = kut +6(u™)? = (ku+su®)*, k6 >0,

which is a compromise between the nonlinearities suggested by McKenna-
Walter [57] and Plaut-Davis [68] and follows the idea of Ferrero-Gazzola
[27]. Here & > 0 denotes the Hooke constant of elasticity of steel (hang-
ers) while 0 > 0 is a small parameter reflecting the nonlinear behavior of
the sustaining cables. Only the positive part is taken into account due to
possible slackening, see [4, V-12]: the hangers behave as a restoring force
if extended (when v > 0) and give no contribution when they lose tension
(when u < 0). Let T be the characteristic function of (—¢, —(+¢)U({—e, ()
for some small € > 0. In Section 3.1.1, we have known that the restoring
force due to the hangers is concentrated in two tiny parallel strips adjacent
to the long edges (the free part of the boundary), see Figure 3.1. The the
restoring force is

h="T(y)g(u). (4.18)
Assume that (4.18), then together with the boundary conditions (4.14)-
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(4.17), we obtain the system modeling the suspension bridges:

(AP = —[u,u]
Alu+T(y)g(u) = [, 4] + f — Migs
u=P=uy, =d,, =0
Uyy + OUgy = Uyyy + (2 — 0)Uggy = 0

([ @ =, =0

in

in (2

on {0, 7} x (=¢,0)
on (0,7) x {£¢}
on (0,7) x {£(}.

4.19)
Finally, we go back to the original unknowns u, v, w. After that a solu-
tion (u, ®) of (4.19) is found, (4.1)-(4.3) and (4.9) yield

1—o? 1 o
Wy + OV, = o D, §u§—§u§,
1—o? 1
oWy + vy = E;T <I>m—§u§—gui

which immediately gives w, and v,.

Upon integration, it gives w = w(z,y) up to the addition of a function
only depending on y and v = v(z,y) up to the addition of a function de-
pending only on x. These two additive functions are determined by solving
the last constraint given by (4.1)-(4.9), that is,

2(1+0)
Ed

Wy + Uy = — Doy — Uy — Uy .

4.2 Preliminaries

4.2.1 Some useful operators and functionals
For any v, w € H2(12), consider the linear problem
A?® = —[v,w] inQ

b=, =0 on {0, 7} x (—¢,0)
o=¢,=0 on (0,7) x {£(}.

(4.20)

We claim that (4.20) has a unique solution ® = ®(v, w) and ® € HZ (Q).
In fact, since Q C R?, we have H'™(Q) € L>(Q) = (L'(2))’, for all
e > 0. On the other hand, L(Q2) C (L*(Q)) € H-U*+I(Q). If v,w €
HZ2(Q) C H?*(Q), then [v, w] € L*(2). Therefore,
[v,w] € H-1*(Q) Ve >0.
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Then by the Lax-Milgram Theorem and the regularity theory of elliptic
equations, there exists a unique solution of (4.20) and ® € H>~¢(Q) for all
e > 0. An embedding and the boundary conditions show that ® € HZ, (),
which completes the proof of the claim.

This result enables us to define a bilinear form

B = B(v,w) = -,
where @ is the unique solution of (4.20); this form is implicitly character-

ized for any v, w € H2(2) and any ¢ € HZ (Q) by

B (HAQ)P L), (Blow)o, = [ bule.

Similarly, one can prove that for any v € H2(Q) and any ¢ € HZ2,(Q)
there exists a unique solution ¥ € H2(f2) of the problem

A2 = —[v, ¢] in Q
UV=v,=0 on {0, 7} x (—£,0)
U+ =V, +(2—0)Vu, =0 on(0,7)x {£l}.

This defines another bilinear form
C=Cv,p)=—-Y,
which is implicitly characterized for any v,w € H2(Q) and any ¢ €

HZ,(2) by

O HX(Q) x HA(Q) = H(9), wmwwmzém¢w

Then we prove

Lemma 4.1. The trilinear form
() 3 wg) = [ o.uly @)
Q

is independent of the order of v, w, o if at least one of them is in H2, ().
Moreover, if o € H2 (Q),v,w € H2(), then

(B(U7 ’LU), QO)HZ* = (B(w7 U)v SO)HE*
= (C(v,p),w)y2 = (C(w, @), v) 2. (4.22)

Finally, the operators B and C' are compact.
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Proof. By a density argument and by continuity it suffices to prove all the
identities for smooth functions v, w, ¢, in such a way that third interior
derivatives and second boundary derivatives are well defined and integra-
tion by parts is allowed. In the trilinear form (4.21) one can exchange the
order of v and w by exploiting the symmetry of the Monge-Ampere op-
erator, that is, [v,w] = [w,v] for all v and w. So, we may assume that
one among w, ¢ is in H2,(§)): note that this function also has vanishing
z-derivative on (0,7) x {£¢}. Then some integration by parts enable to
switch the position of w and .

From the just proved symmetry of the trilinear form (4.21) we immedi-
ately infer (4.22).

If o € H2 (Q), then ¢, = @,y = 00n (0,7) X {£¢} and an integration
by parts yields

(Bl ) o, = [

Q

vl = [ fouie

Q

= / Py (Wavy + Wwyvy) — / (Paayvy + PyyWavy).
Q Q

In turn, this shows that for any v,w € H2(Q2) and p € HZ,(Q)

|(B(U’ w)7 QD)HE*

< cllell a2, [Jvllwra|lwl[wa.

Therefore,

B
0%£peH2, (Q) ] H2,

< CHU||W1,4HU)HW1,4. (4.23)

Assume that the sequence { (v, w,)} C HZ(Q) x H2({) weakly converges
to (v,w) € H2(Q) x H2(2). Then the triangle inequality and the just
proved estimate yield
| B(vn, wy) — B(v,w)||m2,
< \1B(vn — v, wa) 2, + | B(v,wn — w)

< ||vn, — v||wral|w,

HZ,
wia + C||U’|W1>4Hwn - w||W1,4 .

The compact embedding H2(Q2) € W'4(Q2) then shows that
| B(vn, wy) — B(v,w)]|gz, — 0
and hence that B is a compact operator. The proof for C' is similar. [
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We now define another operator D : H2(Q) — H2(Q) by
D(v) = C(v, B(v,v)) Yo € H2(Q)
and we prove
Lemma 4.2. The operator D is compact.

Proof. Assume that the sequence {v,} C HZ(Q2) weakly converges to
v € H2?(Q). Then, by Lemma 4.1, B(v,,v,) — B(v,v) in H2, () and
C(vn, B(vp,v,)) — C(v, B(v,v)) in H2(Q). This proves that D(v,) —

D(v) in H2(Q2) and that D is a compact operator. O]
In turn, the operator D enables us to define a functional d : H2(Q)) — R
by
1
A(v) = (D), 0)ms Vo € HA(Q).

In the next statement we prove some of its properties.

Lemma 4.3. The functional d : H2(2) — R has the following properties:
(i) d is nonnegative and d(v) = 0 if and only if v = 0 in Q). Moreover,

d(w) = 1B, 0)3;
(ii) d is quartic, i.e.,
d(rv) = rtd(v), Vr € R,Vv € HZ();
(iii) d is differentiable in H?(Q)) and
(@(0),w) = (D(v), w)s, 0,0 € HA(S);
(iv) d is weakly continuous on H?(2).
Proof. (i) By (4.22) we know that for any v € H2(2),

(D(U>7U)Hf = (C<Uv B(U7 U)), U)Hf
= (B<U7U)7B<qu))Hf* = ||B(U7U)|

2
HZ,
Whence, if d(v) = 0, then B(v,v) = 0 and [v, v] = 0, see (4.20). But [v, v]
is proportional to the Gaussian curvature and since it vanishes identically
this implies that the surface v = v(x,y) is covered by straight lines. By
using the boundary condition (4.14) we finally infer that v = 0. This idea
of the last part of this proof is taken from [12, Lemma 3.2°].

(i1) The functional d is quartic as a trivial consequence of its definition.
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(iii) From (4.22) we infer that for all v, w € H?(Q)

(C(v, Bv,w)),v)nz = (B(v,v), B(v,w)) 2,
= (C(v, B(v,v)),w)p2. (4.24)

Then we compute

(d(v),w) —;g%}« (v + ew), v+ ew)gs — (D(v), )z}
{( (w B(U U)) )HE+<O(U7B(U7U>>7IU>HE}
1

+5{(C(v, B(v,w)), v)nz}

=5 {( (v, B(v,v)), w)mz + (C(v, B(v,w)), v)m2}
( (0), w) 2

which proves (iii).
(iv) Assume that the sequence {v, } C H?({) weakly converges to v €
HZ(Q). Then by Lemma 4.2 we know that

lim ||D(v,) — D(v)

n—o0

2 =0.

This shows that
lim (D(v,) — D(v),vn) 2 = 0.

n—oo
Finally, this yields
d(vy) — d(v) = Z(D(vn) = D(v),vn)mz + 7(D(v), 00 = v)mz = 0

which proves (iv). [

4.2.2 An linear problem

Assume that (3.1), i.e. 0 < 0 < 1/2, we analyze the spectrum of the linear
problem:

AU+ Mgy =0 in Q
U= Uy =0 on {0, 7} x (—¢,¢)
Uyy + OUzy = Uyyy + (2 — 0)Ugzy =0 on (0,7) x {£L}.

(4.25)
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Lemma 4.4. The problem (4.25) admits a sequence of divergent eigenval-
ues
)\1<)\2§§)\k§

whose corresponding eigenfunctions {€} form a complete orthonormal
system in H2(Q).

Moreover, the least eigenvalue )\ is simple and is the unique value of
A € ((1 —0)% 1) such that

VI= A2 (A2 41— g) tanh(0/1 — A1/2)
— V142 (A2 =14 0)% tanh(0y/1 + A1/2) ;
the corresponding eigenspace is generated by the positive eigenfunction

cosh (y V1— )72 )

e (r,y) =< M2 +1-0) sin x
cosh (E\/ 1— )\1/2>
cosh (y\/ 1+ /\1/2>
+{ (A2 —140) sinx.

cosh <€ V1+ A2 >

Proof. We proceed as in [27, Theorem 3.4], see also [3, Theorem 4], with
some changes due to the presence of the buckling term. We write the eigen-
value problem (4.25) as

1
(umavx)LQ = X(ua U)Hf Vv € HE(Q)

Define the linear operator 7' : H2(Q2) — H?Z()) such that

(Tu,v) gz = (U, V)2 Vv € HZ(S).
The operator 7 is self-adjoint since for any u,v € H2(Q)

(Tu,v) g2 = (Ug, Vz) 2 = (Vg Us) 2 = (0, TV) g2 .
Moreover, by the compact embedding H2(Q2) € H'(Q) and the definition
of T', the following implications hold:
U, — uin H2(Q) = (un)s — u, in L*(Q)
— sup ((up — u)z,vp)p2 — 0

loll 2 =1

— sup  (T'(up —u),v)g2 =0

loll 2 =1

— Tu, — Tuin HZ(Q),
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which shows that 7' is also compact. Then the spectral theory of linear
compact self-adjoint operator yields that (4.25) admits an ordered increas-
ing sequence of eigenvalues and the corresponding eigenfunctions form an
Hilbertian basis of H2({2). This proves the first part of Lemma 4.4.

According to the boundary conditions on x = 0, 7, we seek eigenfunc-
tions in the form:

u(@,y) =Y hm(y)sin(mz)  for (,y) € (0,7) x (—{,0). (4.26)

Then we are led to find nontrivial solutions of the ordinary differential equa-
tion
R (y) — 2mPhl (y) + (m* — m*AN)hn(y) =0, (A >0)  (4.27)
with the boundary conditions
{h;(ﬂ) — om2hy, (£0) =0,

(4.28)
W (£0) + (0 — 2)m2h. (£0) = 0.

The characteristic equation related to (4.27) is a* —2m2a? +m* —m?\ = 0
and then
o =m?+mv\. (4.29)

For a given A > 0 three cases have to be distinguished.
e The case m? > \. By (4.29) we infer

a=xBora==2y with\/m2—mVA=1v<p8:=\m?2+mvVA.

Nontrivial solutions of (4.27) have the form

hm(y) = acosh(By) + bsinh(By) + ccosh(vy) + dsinh(yy), (4.30)

where a, b, c,d € R. By imposing the boundary conditions (4.28) and ar-
guing as in [27] we see that a nontrivial solution of (4.27) exists if and only
if one of the two following equalities holds:

e —Vm%)Z tanh(fy) = (B?—‘#a)? tanh(4f), (4.31)
m coth(¢f) = m coth(fy). (4.32)

For any integer m > /A such that (4.31) holds, the function A, in
(4.30) with b = d = 0 and suitable a = a,, # 0 and ¢ = ¢,, # 0 yields
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the eigenfunction h,,(y) sin(mz) associated to the eigenvalue . Similarly,
for any integer m > V/\ such that (4.32) holds, the function h,,, in (4.30)
with ¢ = ¢ = 0 and suitable b = b,, # 0 and d = d,,, # 0 yields the
eigenfunction h,,(y) sin(mz) associated to the eigenvalue \. Clearly, the
number of both such integers is finite. In particular, when m = 1 the equa-
tion (4.27) coincides with [27, (57)]. Therefore, the statement about the
least eigenvalue and the explicit form of the corresponding eigenfunction
hold.

e The case m? = ). This case is completely similar to the second case
in [27]. By (4.29) we infer that possible nontrivial solutions of (4.27)-(4.28)
have the form

hun(y) = acosh(v/2my) + bsinh(vV2my) + ¢ + dy (a,b,c,d € R).
Then one sees that a = ¢ = 0if 0 < o < 1/2. Moreover, let 5 > 0 be
the unique solution of tanh(s) = (ﬁ)2 s. If m, := 5/(/2 is an integer,
and only in this case, then A\ = m? is an eigenvalue and the corresponding
eigenfunction is

[aé sinh(v/2m,y) + (2 — o) sinh(v/2m,0) y] sin(m..x) .

e The case m? < \. By (4.29) we infer that

a=+Bora=+iy with \V/mVA—m?2=~<8=\mVA+m?.

Therefore, possible nontrivial solutions of (4.27) have the form

hm(y) = acosh(By) + bsinh(By) + ccos(yy) + dsin(yy),

where a, b, ¢, d € R. Differentiating 5, and imposing the boundary condi-
tions (4.28) yields the two systems:

{ (8% — m?a) cosh(Bl)a — (v* + m?a) cos(yf)c = 0

(8% —m?(2 — o)) sinh(B0)a + (4 + m?(2 — o)) sin(y€)c = 0,
(B
(8

— m?2c) sinh(80)b — (v* + m?c) sin(yf)d =
m2(2 — a)f3) cosh(B)b — (v* + m?(2 — 0)7) cos(yf)d = 0.
Due to the presence of trigonometric sine and cosine, for any integer m
there exists a sequence ;" 1 +oo such that (J* > m? for all £ € N and

such that if A = ;" for some k then one of the above systems admits a non-
trivial solution. On the other hand, for any eigenvalue \ there exists at most

75



Chapter 4. A plate model for suspension bridge with large deformations

a finite number of integers m such that m? < ); if these integers yield non-
trivial solutions h,,, then the function h,,(y) sin(mz) is an eigenfunction
corresponding to . [

The simplicity of the least eigenvalue was not to be expected. It is shown
in [47, §3] that the eigenvalue problem (4.25) for a fully hinged (simply
supported) rectangular plate, that is with « = Au = 0 on the four edges,
may admit a least eigenvalue of multiplicity 2.

The least eigenvalue \; represents the critical buckling load and may be
characterised variationally by

2
v

Al := min M )
veH2(Q) [|vg |72

Ferrero-Gazzola [27] studied the eigenvalue problem A%y = A\u under the
boundary conditions in (4.25): by comparing [27, Theorem 3.4] with the
above Lemma 4.4 we observe that the least eigenvalues (and eigenfunc-
tions) of the two problems coincide, that is,

V1% R

Al = min — =

11111
vEHZ(Q) ||Ux||%2 vEHZ(Q) ”UH%2

(4.33)

Therefore, the critical buckling load for a rectangular plate equals the eigen-
value relative to the first eigenmode of the plate. In turn, the first eigenmode
is also the first buckling deformation of the plate. From (4.33) we readily
infer the Poincaré-type inequalities

Mllvallzz < Molliz - Adllollze < vl Yo € HX(Q) (4.34)

with strict inequality unless v minimises the ratio in (4.33), that is, v is a
real multiple of €;. Note also that by taking v(z,y) = sin x one finds that
)\1 < 1.

Finally, let us mention that Lemma 4.4 may be complemented with the
explicit form of all the eigenfunctions: they are sin(mz) (m € N) multi-
plied by trigonometric or hyperbolic functions with respect to y.

4.3 The equilibrium positions

In this section, we study the nonlinear plate model (4.19) for the suspension
bridge, that is, with the action of the hangers. First define the constants

- / T,  Xe=(ak+ DA > Al (435)
Q

76



4.3. The equilibrium positions

where \; denotes the least eigenvalue and e; denotes here the positive least
eigenfunction normalised in HZ((2), see Lemma 4.4. Then we have

Theorem 4.1. Forall f € L*(Q2), A > 0 and k,§ > 0, the problem (4.19)
admits a solution (u, ) € H2(Q) x H2,(Q). Moreover:

(i) if A < A there exists K > 0 such that if || f|| 2 < K then (4.19) admits
a unique solution (u, ®) € H2(Q) x H2(Q);

(ii) if A > A\ and f = 0 then (4.19) admits at least two solutions (u,P) €
H2(Q) x H2,(Q) and one of them is trivial and unstable;

(iii) if A < Ay and X < X\ < Xy, there exists K > 0 such that if | f|| ;> < K
then (4.19) admits at least three solutions (u, ®) € H?(Q) x H2, (), two
being stable and one being unstable.

Proof. By Lemma 4.3, we know that the energy functional corresponding
to the problem (4.19) reads

1 A
Tw) =5 lulld: = Sl

k )
+ / T(y) (—(u+)2 + —(u+)4) +d(u) — / fu.
0 2 4 Q
Combining with Lemmas 4.1-4.3, we obtain a one-to-one correspon-
dence between solutions of (4.19) and critical points of the functional J:

Lemma 4.5. Let f € L*(Q). The couple (u,®) € H2(2) x H2,(Q) is a
weak solution of (4.19) if and only if u € H2(Q) is a critical point of J and
if ® € H2,(Q)) weakly solves A*® = —[u, u] in (.

Next, we prove the geometrical properties (coercivity) and compactness
properties (Palais-Smale condition) of J. Although the former may appear
straightforward, it requires delicate arguments. The reason is that no useful
lower bound for d(u) is available. We prove

Lemma 4.6. For any f € L*(Q) and any \ > 0, the functional J is co-
ercive in H2(Q) and it is bounded from below. Moreover, it satisfies the
Palais-Smale (PS) condition.

Proof. Assume for contradiction that there exists a sequence {v, } C H2(Q)
and M > 0 such that

lim |lvp||g2 = 00,  J(vs) < M.
n—o0
Put w,, = —%— so that v,, = ||v,||g2w, and
Tonll 12 ?
|wn ||z =1 Vn. (4.36)
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Since

/ T(y) (ﬁ(fﬁ)2 + g(u+)4> >0, forallue H2(Q),  (4.37)
Q

we infer that by combining the Holder inequality with (4.34)

1
M > J(v,) Zé”“ﬂ”%{f + ”Unlr}lﬂlfd(wn)

A
= Sl ol — L2,

where we also used Lemma 4.3 (ii).

By letting n — oo, we have d(w,,) — 0 which, combined with Lemma
4.3 and (4.36), shows that w,, — 0 in HZ(Q); then, (w,), — 01in L*(Q2) by
compact embedding. Hence, since d(w,,) > 0, (4.38) yields

U 1 B ,

_ Al
2V

(4.38)

1
>— 1

which leads to a contradiction by letting n — oo. Therefore J is coercive.
Since the lower bound for J(v,,) in (4.38) only depends on ||v, || 2, we also
know that J is bounded from below.

In order to prove that J satisfies the (PS) condition we consider a se-
quence {u,} C HZ?(Q) such that J(u,) is bounded and J'(u,) — 0 in
H.(€2). By what we just proved, we know that {u,, } is bounded and there-
fore, there exists u € HZ(Q2) such that u,, — u and, by weak continuity,
J'(w) = 0. Moreover, by Lemma 4.3,

(J'(un), un) =lunllzrz + (D(un), tn) 2 — Al (tn)|72

/ﬁ<w(< ﬁm+5 u) !/fw

—0 = (J'(u),u) = (D( ) Wz — ATz

/ T(y) (k(u )u+a /fu

By compact embedding, we have
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and
[T (bt + 80 Pw) = [ 0w (Kt ).
Q Q

Moreover, by Lemma 4.2, (D(uy,), un) g2 — (D(W@), @) g2. Then it follows
that
|1z = ([l 2.

This fact, together with the weak convergence u,, — u proves that
U, — u strongly;
this proves (PS). L]

Lemma 4.6 shows that the (smooth) functional J admits a global min-
imum in H2(Q) for any f € L*(Q) and any A > 0. This minimum is a
critical point for J and hence, by Lemma 4.5, it gives a weak solution of
(4.19). This proves the first part of Theorem 4.1. Let us now prove the
items.

(i) For any f € L?(f2), if u is a critical point of the functional .J, then it
satisfies (J'(u), u) = 0 and therefore, by (4.37) and the Holder inequality,

el + 4d ()~ Al |2
+ / T(y) (k(ut)? + 66 < |1l
Q

In turn, by using Lemma 4.3 (i) and twice (4.34), we obtain

) 11
(1= 5 ) e < A2

H2 -

This gives the a priori bound

Vi
S e 439

Next, we prove a local convexity property of the functional J. Let
Qu) = l[ullf — Mluallz:  Vu € HX(Q).
Then, for all u,v € H2(Q) and all ¢ € [0, 1], we have
Q(tu+ (1 - 1)) —1Q) — (1 - HQ()
—- t)(”u — 0%z — Al — %H;) . (4.40)

[l <
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Moreover, for all u,v € HZ(2) and all ¢t € [0, 1], some tedious computa-
tions show that

d(tu + (1 — t)v) —td(u) — (1 —t)d(v) =

= M0 s )18 - ), — 1B~ )

+2(* =t +1)(B(u,u — v), Bu + v,u — v))

HZ,

+2(B(v,v), B(v —u,v — “))HE*
—4t(1 —t)(B(u — v,u), B(v — u, ”))HE*}

by (4.23) < Ct(1—t) ([Jullzz + [|v]

here C' > 0 is a constant independent of ¢, u, v.
Consider the functional defined by

1 A Q(u)
I(u) = §HuH?{g + d(u) — §Hqu%2 =

72) llu — ol ; (4.41)

+d(u) . (4.42)
By putting together (4.40) and (4.41) we see that

I(tu r(1- t)v) ~tI(u) — (1 — t)I(v)

t(1—1)
< — = (Il = oll = Allws = w132
+ CH1 =) (lullfe + olle) = ol
A1 — A
<t =) (O (lullie + 0le) = T3~ )= vl @43)
Take f sufficiently small such that
(A —A)°

By (4.39) and (4.44) we know that any critical point of .J satisfies

A AL — A
2 < 1 2 M — 2.

put B, = {u € H(Q); ||ul| sz < p}. Moreover, from (4.43) we know that
z(m (11— t)v) —t(w)— (1-t)I(v) <0  VuveB,,
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with strict inequality if u # v and ¢ ¢ {0, 1}. This proves that I is strictly
convex in 3,. Hence, the functional Iy = I — fQ fu is also strictly convex
in B,,.

Moreover, by (u + v)™ < u™ + v* for any u,v € H?(2), we have for
any t € [0, 1]

AT@N@w+u—ﬂmﬂ2S/T@Nw*+ﬂ—ﬂﬁf

Q

t]é’r(y)(u+)2%—(1‘—t)j£'r(y)(“+)2

IN

and

AnwwwupﬂwW</T@«w+ﬂ—mﬂW
/T + (1=’
an@)+a—w/nwww.

Q

Hence, [, T(y) (4(u™)?+ 2(u*)*) is convex and then the functional J(u)
is strictly convex in B,

Summarising, if (4.44) holds, then we know that:
e by (4.39) all the critical points of J belong to B,;
e by the first part of the proof we then know that there exists at least a
critical point in B,,;
e J is strictly convex in B,,.

We then deduce that J admits a unique critical point in B, (its absolute
minimum) and no other critical points elsewhere. Together with Lemma
4.5, this completes the proof of item (i).

(i) If f = 0, then u = 0 is a solution for any A > 0. We just need to
show that it is not the global minimum which we know to exist. Let €; and
« be as in (4.35) and consider the function for ¢t € R

g(t) = J(tey)

o )\ )\1 2 ka n 5(t+)4/ A
=Ty, T (t7)” t— QT(y) L+ ttd(E). (4.45)

Since A > )y, the coefficient of (¢7)? is negative and the qualitative graph
of g is as in Figure 4.2 (on the left the case where A < A so that the coeffi-
cient of (¢7)? is nonnegative, on the right the case where also the coefficient
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"

Figure 4.2: Qualitative graphs of the functions g.

of (¢*)? is negative). It is clear that there exists £ < 0 such that g(#) < 0.
This means that J(te;) < 0 and that 0 is not the absolute minimum of .J.
This completes the proof of item (ii).

(iii) We study first the case where f = 0 and we name .J, the unforced
functional, that is,

1 A
To(w) =3l = 5 sl

+ d(u) +/QT(y) <§<u+>2 + Z(u+)4) |

We consider again the function g in (4.45) that we name here A in order to
distinguish their graphs, h(t) = g(t) as in (4.45). Since A > ), the coeffi-
cient of (¢*)? is now also negative and the qualitative graph of % is as in the
right picture of Figure 4.3. Then the function % has a nondegenerate local

N

Figure 4.3: Qualitative graphs of the functions h.

maximum at ¢ = 0 which means that also the map ¢ — Jy(t€;) has a local
maximum at ¢ = 0 and it is strictly negative in a punctured interval con-
taining ¢ = 0. Let £ = span{é;; & > 2} denote the infinite dimensional
space of codimension 1 being the orthogonal complement of span{é; }. By
the improved Poincaré inequality

Aolvallzz < ollfy; Vv € E
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and by taking into account Lemma 4.3 (i) and A < Ao, we see that for any
uekl

(o) = 22 Rl + [ 1) (5002 + 0) 20

Therefore, the two open sets
AT = {u S Hf(Q), <u7€1>H2 > 07 JO(U) < 0}7
A" = {u S H3(9>a (uuél)HE <0, ‘]O(u) < 0}

are disconnected. Since J satisfies the (PS) condition and is bounded from
below, Jy admits a global minimum u* (resp. u~) in A" (resp. A~) and
Jo(ui) < 0.

A sufficiently small linear perturbation of .J, then has a local minimum
in a neighborhood of both u*. Whence, if f is sufficiently small, say
| fllz2 < K, then the functional J defined by J(u) = Jo(u) — [, fudzdy
admits a local minimum in two neighborhoods of both u*. These local
minima, which we name wu; and us, are the first two critical points of .J.
A minimax procedure then yields an additional (mountain-pass) solution.
Indeed, consider the set of continuous paths connecting v, and ws:

D= {p € C°0,1], H(Q)); p(0) = s, p(1) = >}

Since the functional J satisfies the (PS) condition, the mountain-pass The-
orem guarantees that the level

i J(p(t) > max{J(w), J(uz) }
min max (p(t)) > max | J(ur), J(us)
is a critical level for J; this yields a third critical point. By Lemma 4.5 this
proves the existence of (at least) three weak solutions of (4.19). ]

Theorem 4.1 gives both uniqueness and multiplicity results. Item (ii)
states that even in absence of an external load (f = 0), if the buckling load
A is sufficiently large then there exists at least two equilibrium positions;
we conjecture that if we further assume that A < X then there exist no
other solutions and that the equilibrium positions look like in Figure 4.4.
In the left picture we see the trivial equilibrium v = 0 which is unstable
due to the buckling load. In the right picture we see the stable equilibrium
for some © < 0 (above the horizontal position). We conjecture that it is a
negative multiple of the first eigenfunction €;, see Lemma 4.4; since ¢ is
very small, a rough approximation shows that this negative multiple looks
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Figure 4.4: Equilibrium positions of the buckled bridge.

like &~ C'sin(z) for some C' < 0, which is the shape represented in the right
picture. The reason of this conjecture will become clear in the proof, see in
particular the plots in Figures 4.2 and 4.3: in this pattern, a crucial role is
played by the positivity of €;.

Our feeling is that the action functional corresponding to this case has a
qualitative shape as described in Figure 4.5, where O is the trivial unstable

Figure 4.5: Qualitative shape of the action functional for Theorem 4.1 (ii) when A < \.

equilibrium and M is the stable equilibrium. If there were no hangers also
the opposite position would be a stable equilibrium. But the presence of the
restoring force requires a larger buckling term in order to generate a positive
(downwards) displacement. Indeed, item (iii) states, in particular, that if
f = 0 and the buckling load is large then there exist three equilibria: one is
trivial and unstable, the second is the enlarged negative one already found
in item (ii), the third should precisely be the positive one which appears
because the buckling load A is stronger than the restoring force due to the
hangers. All these conjectures and qualitative explanations are supported
by similar results for a simplified (one dimensional) beam equation, see [14,
Theorem 3.2].
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CHAPTER

Conclusions and open problems

In this thesis, we considered several new mathematical models (one beam
model, two plate models) for suspension bridges due to the lack of fully
reliable models in the literature. Certainly, we do not claim that our models
are perfect. This is just the beginning in order to reach more challenging
results in this field and much more work is still necessary.

We studied the nonlinear nonlocal beam model in Chapter 2 and ob-
tained an existence result of the problem (2.8). Since it is not clear that the
behavior of the energy functional .J, for lager ¢, we are not able to ensure
that the problem (2.8) (with larger c¢) admits a unique solution or multiplic-
ity of solutions.

Since a beam cannot display the torsional oscillations appearing in the
suspension bridges for the one dimensional beam model, we analyzed in
Chapters 3 and 4 two different plate models. In Chapter 3, we mainly fo-
cused on the dynamical suspension bridges and recalled the plate model
suggested by Ferrero-Gazzola [27]. For a non-coercive problem corre-
sponding to the plate model, we investigated the asymptotic behavior of
the unique solution for different initial conditions. Then in order to de-
scribe the boundary behavior of the plate, we set up a kind of dynamical
boundary conditions and showed that there exists a unique explicit solution
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of the linear evolution problem with the dynamical boundary conditions.

If wide deformation appears in the plate, the plate equation based on
the linear Kirchhoff-Love plate theory is not adequate to describe the os-
cillation behavior. Hence, we suggested in Chapter 4 a system (coupled
by two fourth order partial differential equations based on the von Karmén
plate equations) to model the suspension bridges. Then we proved that sta-
ble equilibrium positions or unstable equilibrium positions of the plate for
different assumptions.

5.1 Open problems

Although we obtained several results about our new mathematical models
(see Chapters 2-4), some more problems related to these models are still
open.

5.1.1 The beam model

In Chapter 2, we suggested a kind of nonlinear beam model for suspension
bridge and derived the nonlinear nonlocal problem:

1 o w'(x) ! _ w'(x)—q/H _
aw™(z) — b <1+<y/(x>>2> Ty el (W) =P, (5.1)
w(0) = w(L) =w"(0) =w"(L) =0,

which admits at least one weak solution in H% N H} (0, L). We also gave a
uniqueness result under suitable assumptions, see Theorem 2.1. However,
the assumption (2.15) does not hold if one takes the values of parameters
from the actual suspension bridge, see [87]. Hence, one cannot ensure the
uniqueness result in this case.

As mentioned in Chapter 2, in the “limit” case (¢ — +0o0), the problem
(5.1) degenerates to:

w”—q/H o
Tyl (W) =0, z€(0,L) (5.2)
w(0) =w(L) =0,

which admits infinitely many solutions in H? N H}(0, L).

Moreover, it is not clear about the behavior of the total functional J, for
lager c. Hence, the uniqueness or multiplicity result of (5.1) with larger c is
still open. Namely,

Remark 5.1. Does the problem (5.1) with larger c admit a unique solution
or at least two solutions if p € H is small in the sense of ||p||?

This problem will be addressed in [35].
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5.1. Open problems

5.1.2 The plate models

In this thesis, we introduced two plate models for suspension bridges, one
is for suspension bridge with small deformation, the other one is for sus-
pension bridge with large deformation.

In Section 3.3, we suggested a linear plate model (see (3.55)-(3.56)) for
dynamical suspension bridges with small deformations and we derived a
linear evolution problem with dynamical boundary conditions, which ad-
mits a unique explicit solution.

For simplicity, we assume that in Section 3.3 the restoring force / due to
the hangers is in linear case, i.e. h = ku with an elasticity constant k£ > 0.
However, as pointed in Chapter 1, the restoring force i due to the hangers
should be “more than” linear, which is also the opinion of McKenna [55]:

We doubt that a bridge oscillating up and down by about 10 me-
ters every 4 seconds obeys Hooke’s law.

Therefore, one should consider the restoring force h = h(z,y, ) in a non-
linear case, such as (3.3) or (4.18) and then one gets a nonlinear evolution
problem

{utt + A?u + puy + h(z, y,u) = f, (x,y) € Q,t >0, 5.3

u(xayao) = Uy, ut(x7y70) = Ui, (37,3/) € Q

with the dynamical boundary conditions (3.56), see Section 3.3.1.

While the method we used in Section 3.3 is not applied to this nonlinear
problem (5.3) with the dynamical boundary conditions (3.56) and this prob-
lem seems much more difficult. Hence, there is no answers to the following
open problem:

Remark 5.2. Does the problem (5.3) with the dynamical boundary condi-
tions (3.56) admit solutions?
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