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Existence of Solution of Nonlinear Bridge Problem with
Time-delay in Aerodynamic Resistance Force
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Abstract. In this paper we consider the mathematical model of the nonlinear bridge problem
with a strong delay in linear aerodynamic resistance force. The existence and uniqueness of the
solution is investigated by modelling this problem as the Cauchy problem for an operator coefficient
equation in a certain space.
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1. Introduction

A suspension bridge is a general construction of civil engineering structure. Many
papers have been devoted to the modelling of suspension bridges, for instance, in [1],
Lazer and McKenna studied the problem of nonlinear oscillation in a suspension bridge.
They introduced a (one-dimensional) mathematical model for the bridge that takes into
account of the fact that the coupling provided by the stays connecting the main cable to
the deck of the road bed is fundamentally nonlinear, that is, they gave rise to the some
system of semi linear hyperbolic equation (see[2-3]), where the first equation describes the
vibration of the road bed in the vertical plain and the second equation describes that of
the main cable from which the road bed is suspended by the tie cables. In recently, there
has been a growing interest in this area.

There are many references to study the existence and asymptotic behavior of solutions
for the mathematical model of suspension bridge, (see [ 4-10 | and references there in).
In recent studies, the existence of global minimal attractors of dynamic systems created
by these problems has been considered ( see [3-10]). See also [11] for the existence of
global attractors for the coupled system of suspension bridge equations in the case of the
tensioning cable has one common point with the roadbed.

In recent years, the control of partial differential equations with time delay effects
has become the most requested area of research. Time delays arise in many applications,
because, in most instances, physical, chemical, biological, thermal, and economic phenom-
ena naturally not only depend on the present state but also on some past occurrences. In
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many cases it was shown that an arbitrarily small delay may destabilize a system which
is uniformly asymptotically stable in the absence of delay unless additional conditions or
control terms have been used[12- 15 ].

In this paper, we consider the corresponding mixed problem with a strong delay in
linear aerodynamic resistance force. We prove the theorem on the existence and uniqueness
of the solution of considered problem.

2. Statement of the problem. Existence and uniqueness of the solution.

We consider the following mathematical model for the oscillations of the bridge with strong
delay
Ut (2, 1) + Ugzae (T,1) + [u—v] | + Mug(x, )+
+Xoug(z,t — 1) + g1(u,v) =0,
Vit (2, 1) — Vge (2,1) — [u — 0] | + prvg(z, )+
+psve(x,t — 19) + go(u,v) =0

(2.1)

where u(z,t) is state function of the road bed and v(z,t) is that of the main cable;
71, T2 > 0 represents the time delay, A1, A2, p1, po are real numbers such that [Ag| < Ay,
2] < pua, and g1 (u,0) = [ul " o, ga(u,v) = uf o,
p > 1. Here [a], = max {a,0}.
Let’s define the following initial and boundary conditions for the system (2.1).
u(0,t) = ugz(0,t) = u(l,t) = ugz(l,t) = v(0,t) =v(l,t) =0, t >0,
u(z,0) = up(x), ut(x,0) = ui(x), =z € (0,1),
ut(z,t — 1) = for(x,t — 1), x€(0,1),te (0,7), (2.2)
v(z,0) = vo(x),v' (x,0) = v1(z), = € (0,1),

vt(x,t — 7'2) = fog(x,t — ’7'2), WS (0, l), te (0,7’2).
In order to establish the existence of a unique solution to (2.1)-(2.2), we introduce the
new variables(see [12-15]):

<1 (%Pat) = ut(x’t - Tlp)?p € (Oa 1),2? € (O’Z)’t >0
22 (%Pat) = Ut(x,t - ’7'2P),P € (Oa 1),2? € (Oal)at >0

Obviously, z; and zy are solutions to the following problems:

lelt(map7t)+zlp(map7 )_O pe(o 1) ( 71)7t>0
21 (x,p,O) = fOl(x IOTI) ( ) ( 1) (2 3)
T222t (m7p7t)+32p(x7p7 ) _0 pe (0 1) (07 ) t>07 .
z2 (%Pao) :fOQ(x’_pT2)’ (O?Z)’ ( ’ )
So, problem (2.1)-(2.3) takes the form
Ut (7, 1) + Uggae (T,1) + [0 — v] |+ Mug (7,1) + A221 (2,1,t) = 0,11 (0,1) x (0,00),
Vit (2, 1) — Vg (2, 1) — [u —v] | + prvg(z, t) + paza(z, 1 t) =0, n (0,1) x (0,00),
T121t (2, p, t) + 21, (2, p,t) = 0,in (0,1) x (0,1) x (0,00),
229t (2, p, ) + 225 (2, p,) = 0,in (0,1) x (0,1) x (0,00)
(2.4)
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v(0,t) =wv(l,t) =0,
21 (0,p,t) = 21 (I, p,t) =0, (2.5)
22 (0,p,t) = 22 (I, p, 1) = 0,
’LL(l',O) - uO(m)7 ut(x70) - ul(x)7 (S (Oal)a
z1 (z,p,0) = for(z, —p71), 2 €(0,0), pe(0,1), (2.6)

v(z,0) = vo(x), v(z,0) =v1(z), x € (0,0),
29 (x,p,0) = foo(x,—p19), z € (0,1), p€ (0,1)

For investigating the problem (2.4)-(2.6), we introduce the following notations:

H*(a,b) = {y Cy,ys ey € Lo(a, b)},

k

0t = {ys e m D) 12 @ = 1) =0, s =01 5]},

where [r] is the integer part of the number 7 . We will denote the space H5(0,1) as HE .
We introduce the following space:

H =H2 x Ly (0,1) x H' x Ly (0,1) x Ly((0,1) x (0,1)) % Ly((0,1) x (0,1)),

equipped with the scalar product

l l l l
<w,c~u> = / ulmﬁlmdaﬂ + / ’UQ’ZLQdI’ + / U3ﬂ3d.%' + / U4ﬁ4d.%'+
0 0 0 0

11 S
+7 ])\2]/ / z1z21dpdx —i—T\,uQ\/ / 29Zodpdax,
o Jo 0o Jo

T Y ~ T
for all w = (uy, we,us,uq, 21,29) , w = ( Uy, G2, Uz, U4, 21,22) €H .

Let’s define the following operators Ag, A;(-) and F(-) in the space H. The linear
operator Ay is defined by

Ulggze + AMU2 + X221 ('7 1)
—U3ge + P14 + pi222 (-, 1)
1
R
LZ
T2 “2p

Aow =

with domain

T = ) 39
D(Ao):{w:w:(ul,u2,u;g,,U4,zl,z2) e H, up € H*, wuy € H*, wug e H?,

ug € Y, 2,2, € Lo((0,1) x (0,1)), 2 (1) € La((0,1) x (0,1)), i =1,2  }.
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The nonlinear operators A;(-) and F(-) , acting from H into the space H, are respectively
defined as

0 0
[ul - U3]+ g1 (u’ U)
0 0
Al(w) = _ [Ul _ U3]+ ’F(w) = 92(u7v)
0 0
0 0

21(t) = z1(+, 1), 22(t) = 22(-,t) and denote by
w=w(t) = (ur(t), ua(t),us(t), ualt), z1(t), 2 (t)",

w(0) = wo = (u10, 20, U30,us0, 21(- — p7), 22(- — p7)).

Then the problem (2.4)-(2.6) can be rewritten as an initial- value problem:

W4 Aw + A1 (w) + F(w) =0
(2.7)
w(0) = wy
We have the following existence and uniqueness result:
Theorem 2.1. Assume that
’)\2’ S Alandmg\ S - (2.8)

Then for any wg € H, the problem (2.7) has a unique solution
w(-)eC([0, +00) , H ).
Moreover, if wy € D (Ap), the solution of (2.7) satisfies
w(-)C! ([0, +00) , H ) NC([0, +00) , D (Ag) ) .

Before proving the theorem, we will investigate the auxiliary problem as in [16-18, 21].
For this purpose, we start to assign the following nonlinear operator for each positive K>0:

0
glK(ua /U)
0
Fg(w) =
92K (u,v)
0
0
where
(u,0) gi(u,v), u? + 0% < K2,
ik (u,v) =
i gi (K \/uQu-i-v2 ’ \/u2v+1)2 )’ u? + v? Z K?



At first, let’s take a look at the following problem:
{ W+ Agw + Aj(w) + Fr(w) =0

0) o (2.9)

To solve the problem (2.9), we should prove the following Lemmas to use the known results
for the operator equations in the monograph [19].

Lemma 2.2. Aj is mazimal dissipative operator.
Proof. We start by showing that (— Ag) is dissipative. So, for

w= (ul,UQ,U3,U4,21,22)T € D (Ap), we have

l l
<A0W,W> = - / UlpzU2grdT + / U2 (ulmmmm + Aug + Aazq ('a 1)) dx—
0 0

l !
—/ u3mu4mdx—|—/ ug (—usge + p1ug + pazo(-, 1)) dz+

-H)\Q!/ / 2121pdpd36+!,u2!// zo29pdpdr =

—)\1/ IUQ‘ d$+)\2/ qul( )d.%'-i-

l
i |u4| oty [ e (1) do o+ 2'/| 1)2da—

A
_@/ g2 \m!/, )2d x_@/ |ua|?dz. (2.10)
2 0 2 0

Using Young’s inequality for the second and fourth term of (2.10), we arrive at

l l
(Apwrn0) > (A — al) / s 2+ (11 — |pis]) / a2z > 0
0 0

by virtue of (2.8).
Next, we show that (— Ap) is maximal dissipative operator. That is, for each

F= (fl,fQ,fg,f4,f5,f6)T € ‘H we have to find w € D(A) such that
w+ Agw = F, (2.11)

i.e.,
up —uz = fi
U+ Uigaze + AUz + X221 (-, 1) = fo
ug —ug = f3
Uy — Uszz + 1t + pozo(-, 1) = fa
121+ 21, =71 f5
Tozg + 22p = T2 f6

108

(2.12)




u1(0) = u1 (1) = t122(0) = U142 (1) = 0,
uz(0) = uz(l) =0,
u3(0) = us(l) =0,
ug(0) = ug(l) =0,

22(,0) = ug = uz — fs.
The first and fifth equations of (2.12) give
p
21 (x,p,t) =71 e_”"/ f5 (0,-) "™ dO + (ug — f1) e (2.13)
0

Analogously, the third and sixth equations of (2.12) give
p
29 (.%', P, t) =Ty €_T2p/ fe (0, ) eGTQd(g + (U3 - fg) e P2 (214)
0

Replacing us = uq — f1, ug = ug — f3,

1
21 (-, 1) =7 e " / f5 ((9, ) eeTlda + (u1 — fl) e ™
0

and

1
Z2 ('7 1) =72 e / f6 (07 ) 60T2d6 + (U3 - f3) e
0

from (2.12), we obtain that

(2.15)

K1U1 + 34U1 =F, we H*
KoU3 — 8QU3 =F;, wus€ H?2

where
k1 =14+ +Xe ™ >0
Ko=14p1 +pee ™ >0
Fy=fo+r1fi— Ao e ™ fol f5 (0,) "M do
Fy = fy+ rafz — pomy 7™ fol fo (0,-) "™ do

Let’s define the following bilinear form:

l ! l !
BU, W)= / Ul prWigrdx + / U3z W1 dT + K1 / uiwidx + Ko / ugwidzx,
0 0 0 0

and the linear form

L(W) = (F,W),
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Where U = (uy,us), W = (wy, w1) and F = (Fy, Fy ). Let’s show that B(U, W) and
L(W) satisfy the conditions of Lax-Milgram theorem. By using Holder’s inequality, we
obtain that

1 1 l 1
BU, W) < 2/ \ulm\zdx—i—Q/ \wmy?czxm/ ]ugxIde—i—Q/ (i1t
0 0 0 0

l l l l
+2m/ ]ul\Qdm—i—Qm/ ]w1]2dx+2n2/ \u3]2dx+2/f2/ 1Pz < C-(|UIP + | W)
0 0 0 0

So, B(U, W) is continuous.
In addition, there is such a positive constant Cy that the following inequality

l l l
B(U,U) :/ |u1m|2dx+/ |U3m|2d$+l-€1/ |u1|2daz—|—
0 0 0

!
+n2/ lug|*dz > Co||U||?
0

holds, i.e. B(U, W) is coercive. These calculations show that B and L satisfy the condi-
tions of Lax-Milgram theorem.

A simple calculation shows that B and L satisfy the conditions of Lax-Milgram theorem.
So, there exists a unique U = (uy,us ) € H2H! satisfying

B(U, W) =L(W), VW e HH! (2.16)

Consequently, us = u; — f1 € ﬁz, ug =us — f3 € Hland
21 (7[)) ) 22 (7[)) y lp (7[)) y 22p (7[)) € L2(07l)

Using (2.11) and (2.12), we get 21 (-, p), 22 (-, p) € L2((0,1) x (0,1)). Thus, (2.7) has a
unique solution w = (u1, ug,us,usq, 21, 22)T e H. O

Lemma 2.3. The nonlinear operators Ai(-) and Fg(-) satisfy Lipschitz condition.
Proof. Since |[a], — [B],| < |a—B| for any o, 3, we get
[Ai(w2) — Ar(wi)l 3y < D(Ao).
On the other side, by using the inequality
191(,2) = g1 (u, v)| < eu, @, 0) [[& = u| + [0 = o]

we derive that
[Fik (w2) — Fi(wi)ll 3 < c(K) Jlwz —wil] -
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3. Proof of the thorem

According to the Lemma 1 and Lemma 2, for each K>0, the operator Ag + A4;(-) + Fx(+)
satisfies all conditions of Theorem 4.1 in [19] (see also [20]) . That’s why for any wy €
7, there is a unique solution w(-)€C( [0, +00), H ) of the problem (2.9). So that, if
wo € D(Ap) , then w(,)eC([0, +o0), H )NC([0, +00) , D(Ag) ).
As  Ap+ Ai() + Fr(+) is maximal monotone operator, from (2.9) we obtain

lo()113 < llwol 7,2+,

It follows that when ||woll,, < K, the inequality Hw(t)H?_l < K? holds true on the interval

0<t<T for TV = T(|lwolls) = ercl,(K)Ln”wO”H . Thus, on the interval 0 < ¢ < T" |

Fk (w) = F(w) is true, i.e., w(t) is the solution of the problem (2.7) at the same interval.
As can be seen, if ||w(t)|l,; < ¢ on the interval 0 < ¢ < T, the solution can be continued
to the domain 0 < t < +o0.
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