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Abstract

This work is devoted to the study of the stabilization of a flexible marine riser
coupled with vessel dynamics. More precisely, we establish an exponential decay
result for the total energy of the considered system. The stabilization is achieved
through the application of an appropriate boundary control acting at the upper end
of the riser, with the objective of reducing and attenuating the vibrations efficiently
over time.

The mathematical analysis is based on the multiplier method combined with
suitable energy estimates and Lyapunov functionals. The marine riser is modeled
by a viscoelastic beam equation incorporating memory effects through a relaxation
kernel of standard type with a slight perturbation.

Under appropriate assumptions on the relaxation function and system param-
eters, we prove the well-posedness of the problem and derive sufficient conditions
ensuring the exponential stability of the system. The obtained results show that
the combined effect of the viscoelastic damping and the boundary feedback con-
trol guarantees a rapid dissipation of the energy associated with the marine riser
dynamics.
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INTRODUCTION

0Oil Platform

The continuous growth of the global population, combined with the rapid industrial
and economic development of many countries, has led to a substantial increase in the
worldwide demand for energy. Among the various energy sources, oil and natural
gas remain dominant due to their high energy density and their essential role in
transportation, industry, and electricity generation. Consequently, the demand for
these resources has risen sharply over the past decades.

In response to this growing demand and the progressive depletion of easily ac-
cessible onshore reserves, energy companies have increasingly turned their attention
to offshore exploration and production. The relatively high market prices of oil and
gas further encourage significant investments in this sector, as offshore fields often
contain large untapped reserves. As a result, a considerable proportion of the global
energy supply is now derived from offshore production activities.

Today, there are more than ten thousand offshore installations operating world-
wide, ranging from small units to large and highly complex structures. These in-
stallations function continuously, 24 hours a day, in some of the most active offshore
regions, including the Gulf of Mexico, Southeast Asia, the North Sea, offshore Brazil,
and various parts of the Far East. Offshore structures encompass not only fixed and
floating platforms but also a variety of specialized vessels designed for drilling, pro-
duction, storage, and transportation.

Offshore platforms are generally classified into two principal categories: fixed
platforms and floating platforms. Fixed platforms are anchored directly to the
seabed and are typically used in relatively shallow waters where such installation is
technically and economically feasible. In contrast, floating platforms are designed to
operate in deep and ultra-deep waters, where fixed structures become impractical or
impossible to install. These floating systems, such as semi-submersibles, drillships,
and floating production storage and offloading units (FPSOs), offer greater flexibility
and can be relocated when necessary.

Due to the increasing shift toward deep-water exploration, floating platforms
now represent the majority of offshore installations. Their design must account for



complex environmental conditions, including waves, currents, and wind forces, which
can significantly affect their stability and performance. As a result, understanding
the dynamic behavior and ensuring the structural integrity of these systems are
critical challenges in offshore engineering.

Stabilization

Control theory for partial differential equations arises in various contexts and pro-
vides a mathematical framework for analyzing and influencing the behavior of dy-
namical systems. It addresses three fundamental problems: controllability, observ-
ability, and stabilization. Controllability concerns the possibility of steering a system
from any initial state to any desired final state using an appropriate control input.
Observability deals with the ability to determine the state of a system from its out-
puts. Stabilization, which is the central topic of this thesis, focuses on designing
control mechanisms that ensure the decay of the system’s energy toward zero over
time.

In this thesis, we study the stabilization of a viscoelastic problem within the
framework of control theory. We consider an evolution system described by partial
differential equations over a time interval [0, 7]. The main question is whether it is
possible to drive the solutions from a given initial state (at time ¢ = 0) to a desired
final state (at time ¢t = T') by means of an appropriate control applied either on
the boundary or on a subregion of the domain. This controllability aspect is closely
related to stabilization, as exact controllability implies exponential stabilizability for
linear systems through appropriate feedback controls. Significant research efforts
have been devoted to this topic (see J.-L. Lions [28] 29], I. Lasiecka and R. Triggiani
[26, B1], H. O. Fattorini [25], D. L. Russell [39], and E. Zuazua [43] [44]).

From a control theory perspective, stabilization aims to attenuate vibrations by
guaranteeing the decay of the energy of solutions toward zero through a dissipation
mechanism, typically achieved by designing feedback controls that introduce damp-
ing. The stabilization problem consists of three main objectives: determining the
asymptotic behavior of the energy E(t), studying its limit, and, if this limit is zero,
providing an estimate of the decay rate. The decay rate is particularly important
in control applications, as it determines how quickly vibrations are attenuated.

There exist several types of stabilization, classified according to the decay rate
of the energy:

e Strong stabilization consists of studying whether the energy decays to zero,
i.e.,
E(t) -0, ast— +oo.
This guarantees that the energy eventually vanishes, but does not provide
information about the speed of decay.

e Exponential stabilization concerns the fastest decay, namely when the en-
ergy converges to zero at an exponential rate:

E(t) < Ce™ vVt >0,

for some positive constants C' and 9. This is particularly desirable because it
guarantees rapid decay and provides robustness with respect to perturbations.



e Polynomial or logarithmic stabilization concerns intermediate situations
where the decay is not exponential, but of polynomial type,

C

E(t) < o vt > 0,

or logarithmic type,

for some positive constants C', C’, «, and k. These slower decay rates typically
arise when the dissipation mechanism is weak or localized.

The design of stabilizing feedback laws for infinite-dimensional systems relies on
powerful control-theoretic methods. Lyapunov methods involve constructing a suit-
able functional, often related to the energy, whose derivative along the solutions is
negative definite, guaranteeing energy decay and allowing estimation of the decay
rate. The Riccati equation arises in linear quadratic regulator (LQR) problems,
providing optimal feedback controls that minimize a quadratic cost functional. For
partial differential equations, however, solving the Riccati equation is computation-
ally intensive and often requires approximations or numerical methods.

The interplay between controllability and stabilization is of particular interest.
It is well established that for linear systems, exact controllability implies exponential
stabilizability through appropriate feedback controls. This relationship, established
through the work of J.-L. Lions, forms the foundation for many stabilization results.
Conversely, stabilizability is a weaker notion than controllability, as it only requires
the system to be driven to zero asymptotically. The penalization method, introduced
by Lions, connects these concepts by transforming a controllability problem into a
stabilization problem through the addition of a penalization term.

Significant contributions to control theory for stabilization have been made over
the past decades. In 1986, J.-L. Lions developed a general method for exponential
stabilization of exactly controllable reversible linear systems. His approach relies
on control theory and the penalization method, but does not provide an explicit
procedure for constructing the feedback operator, nor an estimate of the energy
decay rate. Despite these limitations, Lions” work laid the theoretical foundations
for subsequent developments. In 1987, V. Komornik and E. Zuazua weakened the
boundary condition introduced by G. Chen, generalizing results to domains with
regular and connected boundaries at the cost of modifying the boundary conditions.
Their work demonstrated the importance of boundary conditions in the design of
stabilizing feedback controls and highlighted the interplay between domain geometry
and control effectiveness.

In this thesis, we aim to contribute to the understanding of how control theory
techniques can be applied to the stabilization of viscoelastic systems. We investigate
the asymptotic behavior of the energy and seek to determine the type of stabiliza-
tion achievable under various dissipation mechanisms and boundary conditions. By
combining control-theoretic methods with the properties of viscoelastic materials,
we hope to provide insights into the design of effective control strategies for this
important class of systems.



Viscoelastic Material

Elasticity refers to the ability of a material to return to its original shape after the
applied stress is removed.

Viscosity describes the resistance of a material to deformation or flow under
applied stress.

A viscoelastic material is a material whose behavior lies between that of an
ideal elastic solid, capable of storing and releasing energy after deformation, and a
viscous fluid, capable of dissipating energy. Viscoelastic materials, such as polymers,
combine elasticity and viscosity, allowing them to both store energy and dissipate
it over time.

The viscoelastic component provides a natural damping mechanism, causing the
energy associated with deformations to decay and driving the system toward equi-
librium. From a mathematical point of view, this effect is often modeled using
integro-differential operators, which account for the material’s memory of past de-
formations.

It is well established that viscoelastic materials inherently provide damping, due
to their unique ability to retain memory of past deformations. Mathematically, this
damping effect is often modeled using integro-differential operators, such as:

Jyh(t—s)A(s)ds,
where h is the memory kernel. This integral term reflects the fact that the material’s
stress at any given time depends not only on its current state, but also on the entire
history of past stresses the material has undergone.

Problem Statement

The system is represented by a beam structure [40] as follows:

i+ B (trgs = [ (0= 9)tsrae(5) ds) = Ttz = 0,
V(z,t) € (0,L) x [0, 00),
uw(0,t) = u,(0,t) = uye(L,t) =0,
Uz (0, 1) = uge (0, 1), (1)
EI (—um(L, t) + /Ot h(t — 8)Ugzs(L, 3) ds> + Ty (L, t)
= A(t) — dsus(L,t) — Mgsuy(L,t), Vit € [0,00),
u(z,0) = ug(x), u(z,0)=wuy(z), x€(0,L).




The physical configuration of the system is shown in Figure 1.
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where

e u(z,t) represents the displacement of the riser at position x at time ¢.

e p > (0 is the uniform mass per unit length of the riser.

ET is the bending stiffness of the riser.

T is the tension in the riser.

e Mg represents the mass of the vessel.

u (L, t) is the position of the vessel.

ug (L, t) is the velocity of the vessel.

L denotes the length of the riser.

dg is the damping coefficient of the vessel.



Objective of the Work

In this work, we focus on the analysis of the dynamics of the riser. This is moti-
vated by their high cost and limited lifespan. As mentioned above, a riser is a special
pipeline that transports oil or gas (in our case) from a subsea well to the floating
platform at the sea surface. Therefore, the riser must operate vertically from the
seabed to the surface. Unfortunately, it is constantly subjected to different internal
and external hydrostatic pressures, which result in undesired vibrations. Among
these, vortex-induced vibrations are the most severe, as they can lead to a prema-
ture reduction in lifespan. Other disturbances arise from seismic ground movements,
irregular fluid flow, current turbulence, wave transmission, and so on.All these phe-
nomena have direct negative effects on the reliability and efficiency of the riser. They
can cause fatigue fractures, poor quality, low productivity, and even leaks that may
result in ecological disasters. The fact that the riser is slender and spans a long
distance amplifies small disturbances into potentially destructive effects. Therefore,
special attention must be given to improving riser performance. They must be con-
tinuously monitored and carefully maintained. Significant efforts are being made
to reduce riser vibrations, including the use of new material technologies, innova-
tive design techniques, and the application of appropriate controllers. Risers are
generally made of composite steel tubes (such as carbon fiber and aluminum). In
the present work, we propose a method to dissipate vibrational energy by using a
material with high damping properties.

For the study of the stabilization of oil platforms, it is important to mention the
work of L. Seghour and al [6], [40], [41].

Organization of the Thesis:

This thesis is organized as follows. In Chapter 1, we present some preliminary results
and fundamental tools that will be used throughout this work. Chapter 2 is devoted
to establishing the existence and uniqueness of the solution for the viscoelastic prob-
lem (I). Finally, Chapter 3 addresses the stabilization of the problem by using
the multiplier method.






CHAPTER 1

PRELIMINARY RESULTS AND NOTATION

To facilitate the reading of this work, we recall some basic notions from functional
analysis that will be used throughout the analysis, together with their main prop-
erties. These preliminaries are essential for the rigorous study of the well-posedness
and stability of the considered system, and they provide the mathematical frame-
work in which the problem will be formulated. In particular, we briefly review
fundamental results concerning normed and Banach spaces, Hilbert spaces, weak
and strong convergence, as well as compactness arguments. We also recall several
classical inequalities and embedding results that play a crucial role in the derivation
of energy estimates and in the application of Lyapunov techniques for proving ex-
ponential decay of solutions. Proofs and illustrations of most theorems and results
of this chapter can be checked in [7].

1.1 Reflexive space

Definition 1.1.1 (The dual space). We define the dual space X' of a normed linear
space X to be the space of bounded linear functionals (linear forms) on X. That is

X' ={l: X =R linear and bounded}.

Remark 1.1.1. The space X' endowed with the norm:
lllx = sup [£(z)],¢ € X,
flzl| <1

is a Banach space.

The dual space of the space X' is called the bidual of X, and it is denoted by
X",

Definition 1.1.2. Let X be a Banach space. The mapping

J: X — X" J, 0 X' — R
where

is called the canonical embedding of X into X" .

8



Proposition 1.1.1. Let X be a Banach space and J be the canonical embedding.
Then

1. J s injective,
2. J is linear and bounded,
3. J is isometric. That is ||J.|| = ||z||, for all x € X.

Remark 1.1.2. In general
{Jﬁ}.’EEX C X”.

Definition 1.1.3 (Reflexive space). The Banach space X is said to be reflexive if :

{Jx}zEX = X”-

Theorem 1.1.1. The Hilbert spaces are reflexive.

1.2 Continuous functions spaces

Let  be an open set of R", (n > 1), and k > 1 is integer.

Definition 1.2.1. We note by C() (respectively C*(Q) ) to the space of continuous
functions on Q (respectively the space of functions which are k times differentiable
whose differentials of order k are continuous).

Definition 1.2.2. We We denote by C*(QQ) the space of restrictions to Q of elements
of C*(R™).

Definition 1.2.3. We define the space C>(Q2) to be the space of infinitely differen-
tiable functions.

Definition 1.2.4. The space C3°(2) is defined to be the space of elements of C*°(Q2)
whose supports are compact.

Remark 1.2.1. C§°(R2) is called the space of test functions and it is denoted by
D(Q).

1.3 Lebesgue spaces

Let €2 be open subset of R™ where n € N*. we endow 2 with the Lebesgue measure
dx. Let p be any real number in [1, 400].



1.3.1 Lebesgue space L?(2)

Definition 1.3.1. Let p € [1,+00), LP(Q2) is the linear-space of (classes of) measur-
able functions u : Q@ — R such that the function |ul? : Q — R is Lebesgue integrable:

LP(Q) = {u € Q — R measurable such that / |u(z)|Pde < oo} .
0

Definition 1.3.2. L>(2) is the space of (classes) of measurable functionsu : @ — R
which a essentially bounded on ).

L>®(Q) ={u e Q— R measurable such that 3C >0 |u(z)] < C — a.ein}.
Theorem 1.3.1. Let p € (1,+00) and define on LP(S2) the norm:

lullir@ = [ fue)Pde.
Then L*(Q)) is a Banach space.
Theorem 1.3.2. The space L*>(S2) endowed with the norm:
[ullL ) = essqsup fu(z)],
is a Banach space.
Remark 1.3.1.
essqsup |u(z)] =inf{C >0 |ul <Ca.eonQ}.
Proposition 1.3.1. L*(Q) endowed with the inner product:
(U, V) r2(0) = /Qu(x)v(x)dx u,v € L*(Q),
is a Hilbert space.

Properties 1.3.1. The space LP(§2) has the following properties.

1. Forp € (1,00), LP(Q2) is reflexive and separable and the dual space of LP(2) is
L9(2) where q is the conjugate of p.

2. The space L'(Q) is separable and not reflerive. The dual space of L*(S) is
L>(9).

3. The space L°°(Q)) is neither reflexive non separable. The space L*(S)) is strictly
contained in the dual of L>=().

Definition 1.3.3. The space L, () is defined by

loc

Ll

loc

Q) = {f Q=R ‘ flx € LY(Q) for every compact K C Q},
where 1 denotes the characteristic function of K.

Corollary 1.3.1. Let f € L;,.(Q) such that

| fedz=0 o e Q).
then f =0 a.e. on Q2.



1.4 Sobolev spaces

The spaces so-called Sobolev spaces are particularly useful when it comes to partial
differential equations. In fact, weak solutions to some important PDEs are guaran-
teed to exist in suitable Sobolev spaces, even when there are no strong solutions in
spaces of continuous functions with derivatives understood in the classical sense.

Throughout this section, {2 denotes an open subset of R™ and p is any real number
in the interval [1, c0).

1.4.1 Weak derivative
Let u,v € L (Q) and let a = (a1, o, ..., a,) € N* be a multi-index.

Definition 1.4.1. We say that v is the weak derivative of order o of u, and we
write
D% = v, (1.1)

if for every ¢ € D(Q2) we have

/QuDawda:: (—1)|a‘/9mpdx. (1.2)

Remark 1.4.1. A weak a-th partial derivative of u, if it exists, is uniquely defined
up to a set of measure zero.

1.4.2 Sobolev space W1?((Q)
Definition 1.4.2. The Sobolev space WP(Q) is defined by

T

Whe(Q) = {u c LP(Q) ‘ g@ cIP(), 1<i< n} (1.3)

u . .
3 1s understood in the weak sense.
X

Proposition 1.4.1. The space WP(Q) endowed with the norm

where the partial derivative

n p

[wllwre@) = |:||UHI£P(Q) +>

i=1

ou
3@»

7 p E [17OO>7
Lr(Q)

is a Banach space.

Remark 1.4.2. In the particular case when p = 2, the space W12(Q) endowed with
the inner product

(u, ’U>W1,2(Q) = (u, U>L2(Q) + <VU, VU>L2(Q)
is a Hilbert space.

Notation 1.4.1. The space W2(Q) is usually denoted by H'(2).



1.4.3 Sobolev space W"P(Q))

Let m be a nonnegative integer.

Definition 1.4.3. The Sobolev space W™P(§2) is defined by
WmP(Q) ={u e LP(Q) | D € LP(Q2), a € N", |a] < m}. (1.4)

Proposition 1.4.2. If we endow the space W™P(Q) with the norm

=

[ullwmr@) = ( > ||D“U|!’£p(g>) , pEl00),

laf<m

[ullwm.oe(@) = max [[D%ul| L (@),
<m

o<
then it is a Banach space.

Remark 1.4.3. In the particular case when p = 2, the space W™2(Q) endowed with
the inner product

(w, v)wna@) = D (D%, D)2y, v € W™2(Q),

|a| <m
is a Hilbert space.
Notation 1.4.2. The space W™?2(Q) is usually denoted by H™ ().

Proposition 1.4.3. Let m be a nonnegative integer. Then the space W™P(Q) is
separable for 1 < p < 0.

1.4.4 The space W;""(Q)

Definition 1.4.4. The space Wy""(Q) is defined to be the closure of D(Q) in
WmP(Q).

Proposition 1.4.4. If ) is bounded, then
Wi P(Q) = {u e W™P(Q) | D%u =0 on 0Q for all |a] < m — 1}.
Notation 1.4.3. The space Wi"*(Q) is denoted by H(Q).

Remark 1.4.4. From the previous proposition, we have
Hy(Q) = {u € H'(Q) ‘ u=20 on 89}.
Remark 1.4.5. Since D(R"™) is dense in H'(R"), we have
H)(R™) = H'(R™).

Definition 1.4.5. The space H () is the dual space of H}(Q).



Remark 1.4.6. If f € H 1(Q), we define the norm

1F -1 = sup {(f,u) | u € HYQ), [lullme) <1},
where (-,-) denotes the duality pairing between H () and HL ().

Theorem 1.4.4 (Trace Theorem). Let Q2 be an open and bounded subset of R"™ with
boundary O of class C*. Then there exists a continuous linear operator
Yo 1 HY(Q) — L*(09),
U = Yo,

that coincides with the usual restriction operator on D(S2).

Proposition 1.4.5. Let vo(H'(Q)) be the image of H* () by the trace operator vo.
Then

Ww(H'(Q) = H*(09),

ker vo = Hy(§2).

Definition 1.4.6. Let ) be bounded with boundary of class C™, m € N, and let 7y
be the trace operator defined by

Yo 1 H™(Q2) — L*(09),

U — Yol

We define the space Hm_%(aQ) to be the image of H™(Q2) by the trace operator .

That is, )
H™2(09) = 70(H™ (). (1.5)

In particular, we have

HE(09) = 70(H'()). (1.6)
Remark 1.4.7. The space H™ 2(0) is endowed with the norm

i = _inf Jvllam ). (1.7)

m_1
H™72(0Q)  veH™(Q)
Yov=u

Definition 1.4.7. The space H=/?(0Q) is defined to be the dual space of HY?(05).

Theorem 1.4.5. Suppose u € HY(Q) such that Au € L*(2). Then the normal

derivative — defines an element of H=Y2(09).

ov

1.4.5 Sobolev inequalities

Definition 1.4.8. For 1 < p < n, we define the Sobolev conjugate p* of p by:

1.1 (1.8)



Theorem 1.4.6 (Gagliardo-Nirenberg-Sobolev inequality). Assume 1 < p < n,
then there exists a positive constant C' depending on n and p such that

lll ey < ClIVull oy, V€ CLR™). (1.9)

Theorem 1.4.7. Let 2 be bounded and 0N is C*, assume 1 < p < n and u €
WhP(Q) then

u € LP(Q),

HuHLP*(Q) < CHUle,p(Q).

where C' is a constant depending on n,p and €.

Theorem 1.4.8. Assume Q is bounded and u € Wy (Q) where 1 < p < n, then
[ull Loy < ClIVull o), (1.10)

where q € [1,p*] and C is a constant depending on p,q,n and ).

Theorem 1.4.9. Let Q be bounded and 09 is CV, then for u € Wy (Q), we have
the estimate

lull oy < Cllullygan oy

for all g € [1,00), where C is a constant depending on n and €.

Remark 1.4.8. This estimate is sometimes called Poincaré’s inequality.
The norm ||Vul| sy on Wo?(Q) is equivalent to ||ullwisy if Q is bounded.

Theorem 1.4.10 (Morrey’s inequality). Let suppose n < p < oo then there exists
a constant C' depending on n and p such that

[ullcomgny < Cllullwrr@n, (1.11)
for all u € CY(R™) where
n
y=1-— 1.12
: (112

1.4.6 Compactness

Definition 1.4.9. Let X,Y be Banach spaces with X C Y. We say that X is
compactly embedded in X and we write:

X ccv. (1.13)

provided

1. There is some constant C' > 0, such that

lzlly < Cllzllx (2 € X). (1.14)

2. Fach bounded sequence in X is precompact in Y.



Theorem 1.4.11 (Rellich Kondrachov compact theorem). Let 2 be bounded and
O is C*. Then we have the following compact embeddings

WiP(Q) cc LYQ); Vg € [L,p")if p<n, (1.15)
WP(Q) cC LYQ); Vg€ [p,oo)if p=n, (1.16)
WP(Q) cc C(Q) if p>n. (1.17)

Remark 1.4.9. Since p* > p and p* — 400 as p — n then we have in particular

WiP(Q) cc L1(Q), Vqe|[l,00]. (1.18)

1.4.7 Spaces involving time

We study some Sobolev spaces, in particular functions mapping time into Banach
spaces. Let X be a Banach space with norm ||.||.

Definition 1.4.10 (The space L?(0,T,X)). The space LP(0,T,X) consists of all
measurable functions:

u:[0,T] = X, (1.19)
with
1.
T P ]
lulsune = ([ 1) <00 1speo )
2.
|w||Lro,r,x) = €ss sup ||u(t)|| < oo ifp = +o0. (1.21)
0<t<T

Definition 1.4.11. The space C([0,T], X) consists of all functions:

u:[0,7] = X, (1.22)
with
||UHO([0,T],X) = olgtag}% ||u(t)|| (1-23)

Definition 1.4.12. Let u € L'(0,T,X), then v € L*(0,T, X) is said to be the weak
derivative of u and we write:

provided

/ "ty (t)dt = — / e, (1.24)
for every ¢ in D(0,T).
Definition 1.4.13.

B =

T
||U||W17P(0,T,X):</O <||u<t>||p+||u'<t>||p>dt) S 1gp<os

[ullwroeo.x) = esssupgcyer (lu(®)]| + 11w/ (DI]),  p = oo



Notation 1.4.12. We write H'(0,T, X) instead of W*2(0,T, X).
Theorem 1.4.13. Let u € W'?(0,T, X) with 1 < p < oo then
1. uwe C([0,T], X).
¢
2. u(t) = u(s) +/ u(r)dr (0<s<7<T).

5. goax [lu(t)|| < ellu' (&) lwroor ).

1.5 Weak and weak™ topology

Let X be a normed linear space.

1.5.1 Weak topology

Definition 1.5.1. We define the weak topology on X to be the smallest topology on
X to keep all the linear forms on X (elements of X') continuous. This topology is
denoted by o(X, X').

Definition 1.5.2. A sequence {z,} in X is said to be convergent weakly in X if it
converges in the weak topology o(X, X') and we write:

T, —~zinX,

instead of:
T, » xino(X, X').

Remark 1.5.1. The sequence {x,} converges strongly in X. That is

T, > xin X,

if:
lim ||z, —z|| = 0.
n—-+00
Proposition 1.5.1.
T, =z mX iff vfe X (f,a,) — (f,x). (1.25)

Theorem 1.5.1. Let {z,} and {f,} be two sequences in X and X' respectively,
then

Tp —x nX = x,—x inX,
z, =2 nX = {x,}is bounded in Xand |z| <liminf | z,],
T, =2 inX

— (frza) = (f,2).
fo—>f X'



1.5.2 Weak™* topology

Definition 1.5.3 (Weak™ topology). We define the weak™ topology on X' to be the
topology to keep all canonical embeddings {J,}rex continuous.

Remark 1.5.2. Let refer to this topology by o(X', X):

1. In general, we have
o(X'X)Co(X' X",

where o(X', X") is the weak topology on X'.

2. If X is reflexive then we have

o(X', X)=0c(X" X").

1.5.3 Extraction
Theorem 1.5.2 (Banach-Alaougle-Bourbaki). The closed unit ball:

Bxr={feX, [fll<1},
is compact in the weak*topology o(X', X).

Corollary 1.5.1. If X is reflexive then closed unit ball of X is compact in the weak
topology (X, X').

Theorem 1.5.3 (Kakutani). A Banach space X is reflexive if and only if By 1is
compact in the weak topology o(X, X').

Corollary 1.5.2. Fvery closed subspace of a reflexive Banach space is reflexive.
Corollary 1.5.3. A Banach space X is reflexive if and only X' is reflexive.

Corollary 1.5.4. Let X be a reflexive Banach space, then any closed convex bounded
set is compact in the weak topology o(X', X).

Theorem 1.5.4. Let X be a separable Banach space. Then X' is sequentially com-
pact in the weak* topology o(X', X).

Theorem 1.5.5 (Eberlem-Smulian). Let X be a reflexive Banach space. Then X
is sequentially compact in the weak topology o(X, X').

1.5.4 Application(case L? spaces)

Let 2 C R™ be an open bounded set with smooth boundary. We recall the notions
of weak and weak-* convergences in the Lebesgue space LP(12).



Case(1) p € (1,00)
e In this case, the dual space of LP(Q) is given by
(LP(Q)) = LU(Q),

where
1 1
—+ - =1.
p q

o If {f,} is a sequence in LP(Q2) and f € LP(Q2) then
NN ) p i q .
fo [ in LP(Q) iff Vg € LI(Q) - /angdx = /Qfgdx.

Case(2) p=1
In this case we have
(L1(Q)" = L=().
If {f.} is a sequence in L'(Q) and f € L'(2) then
fo s f in LY(Q) iff Vg e L¥(Q) : /angd:n N /Qfgdm.
Case(3) p = +o0
e In this case, the dual space of L>() is strictly contained in L*(£2). That is
(L=(@) 2 1}(9),

and so the weak convergence in L>()) does not make sense. However, since
L>(Q) is the dual space of L'(2) we can define the weak* convergence in

L>(Q).
o If {f,} is a sequence in L>®°(Q2) and f € L>(Q2) then
fo S F i L(Q) iff Vg e LYQ) : /angdx = /Qfgdx.

Theorem 1.5.6. Let p € (1,00) and {f.} be a bounded sequence in LP(2). Then
we can find a subsequence { f,, } which converges weakly to some f € LP(Q).

Theorem 1.5.7. If {f.} is a bounded subsequence in L>*(Q2) then we can find a
subsequence { f,, } which converges weakly™ to some f € L>(Q).

Proposition 1.5.2. Let p € (1,00) and q be the conjugate of p, let {f.} be a
sequence in LP(§2) which converges weakly to some f € LP(§2). then

i)
||f||LP(Q) < lim inf anHLP(Q)'

i) If
gn — g in LY(Q),

/angn—>/gfg-

[ fulle@) = [[fllze) = fu = f in LP(Q).

then

iii)



1.6 Some Inequalities

Lemma 1.6.1 (Holder inequality). Let 1 < p < oo and let q be the conjugate
exponent of p. If u € LP(Q) and v € LI(QY), then

/Q|u(ac)v(x)| dr < |ullr@[|v]| o) (1.26)

Lemma 1.6.2 (Young inequality). Let 1 < p,q < oo with %—l—é =1. Foralla,b>0

and n > 0,
1

q(np)r/a’

Lemma 1.6.3 (Poincaré inequality). Let w € H}(0, L). Then there exists a constant
C > 0 such that

ab <na? + CH?, C, = (1.27)

|wlr20,0) < Cllwg || r2(0,1)-

Theorem 1.6.1 (Gronwall inequality). Let f € C([0,T]), g € L*(0,T) with f(t) >
0 and g(t) > 0. If

f) < et [ g()f(s)ds

then
f(t) <cexp (/Otg(s) ds) , Vtel0,T].



CHAPTER 2

LSTUDY OF THE EXISTENCE AND UNIQUENESS OF
THE SOLUTION

2.1 Introduction

In this chapter we study the existence and uniqueness of solutions for the following
problem:

puy + ET (umm - /Ot h(t — $)Upgrs(S) ds) — Tz, =0,
V(z,t) € (0,L) x [0, 00),
u(0,t) = up(0,t) = upe (L, t) = 0,
Uz (0, 1) = Uy (0, 1), (2.1)

BT (~taa(L,0) + [t = $)utgan (L) ds ) + Tun(L,1)
= A(t) — dsuy(L,t) — Mguy(L,t), Vte][0,00),
u(z,0) = up(x), w(z,0)=u(x), xe€(0,L).
The proof is based on the Galerkin method, which consists of three steps:

e Construction of approximate solutions.

e Establishing a priori estimates on these approximate solutions to show exis-
tence and uniqueness for the approximated problem.

e Passing to the limit using compactness property.

We define the following spaces:

V ={u€ H*0,L) : u(0) = u,(0) =0},

20



endowed with the norm
lwlli = llwsll2,
W ={ueVnNH0,L): tu.(0) = ug(L) = 0},
with the norm
[w[ffy = l[wezll3 + Weeee 3,

and the scalar product

L
(u,v) :/ uvdz.
0

In this work, we aim to demonstrate the well-posedness by taking
A(t) =dsuy (L, t). (2.2)

To establish the existence of solutions to problem (£2.1)), we assume the following
hypotheses:
(A1) Hypotheses on the kernel A(t):

Suppose the kernel satisfies

h:[0,00) — [0,00) is a C? non-increasing function such that
h € WH2(0,00) N WH1(0,00), h(t) >0, Vt>0, (2.3)
1— f°h(s)ds=1—h>0.

(A2) Hypotheses on the initial conditions:
Suppose u® € W, u! € L?(0, L) satisfy the compatibility condition

Elugpe:(2,0) — Tugz(x,0) =0,

u(ov O) = um(ov 0) = uac:c(L7 0) =0,

uxxx(0> 0) = uxx(()? 0)7

EI(~tgen(L, 0)) + Tuy(L,0) = —Mguy (L, 0),

equivalently,
EIe, . —Tu =0,

u’(0) = up(0) = ug, (L) =0,
Uy (0) = 13, (0),

EI(—ugy, (L)) + Tup(L) = —Mguy(L, 0).
We define the classical energy associated with system (2.1]) by

(2.4)

E(t)=E,(t)+ E,(t), t >0,

where

By (t) = Mo [uy (L) + 2 [ |ue|* dz, t >0

represents the kinetic energy and

E,(t) = 2L [P ug | do + T [ |u,|* dz, £ >0

represents the potential energy.
Our main theorem can be stated as follows.



2.2 Main Result Theorem (Well-Posedness)

The main result concerning existence and uniqueness reads as follows:

Theorem 2.2.1. Suppose uy € W, u; € L*(0,L) and the hypotheses —
hold. Then the problem admits a unique solution such that

u € L®(0,00,V), ' € L*0,00,V), " €L>0,00,L*0,L)).

2.3 Proof of the Theorem

2.3.1 Existence of the Solution

The proof is based on three a priori estimates, which are crucial for establishing
existence, uniqueness, and the global continuation of the solution. These estimates
control the norms of the solution and its derivatives, allowing us to apply compact-
ness arguments and Gronwall’s lemma.

Proof. The variational formulation associated with (2.1)) is: find u(¢) € W such that

pfOL ugwdx + ET fOL UgpWagdr — BT fOL Wy fo Mt — 8)Uyy(s)dsd
(2.5)
+T fOL Uz wedr + Mguyw(L,t) =0, Yw € V.

Let {w’}22, be an orthogonal system of W such that {u°,u'} € Span{w',w?}.
For m € N, let
W, = span{w', w?, ..., w™}.

We look for the approximate solution

u™(t) =YKt
j=1
such that for all w € W, it satisfies the approximated problem
p [Fumwde + EI [T u™ wepdr — ET [ wey [ h(t — s)u™ (s)dsdx

+T [Furw.de = —Mgufiw(L,t), Yw e W,
(2.6)
u™(0) = u® — u® in W,

u(0) = u'™ — ! in L0, L).

By standard ODE methods (such as the Picard-Lindelof theorem), we can prove
the existence of a unique local solution to the approximate problem on the
interval [0,¢™), where ™ > 0 is the maximal time of existence. Then, using the
a priori estimates established below, this solution can be extended to the closed
interval [0, 7] for any 7' > 0 (and in particular to [0,00)), provided these estimates



ensure that the solution does not blow up in finite time. First a priori estimate

Replace w by u}" in (2.6) to obtain
& 3ol 2 + S BT |? + 3T a2 + § Moup (L, 1)?]

= LBT [Fum [§h(t — s)u™(s)dsdz
—EI [Fum [Eh(t — s)u™ (s)dsdz — ETh (0) ||u™ ||,

we have used the fact that

—EI (/ m/ (t —s)uy, )dsda:)
L ¢
= EI/O um/o R (t — s)ul.(s)dsdx

+EI/ m/ ' (s)dsdz + ETh (0) [uls |

Now, using Cauchy-Schwarz, Young inequalities, the properties of h(t), we get

_EI (/ / B(t — s) )dsdx)

EI 2 1 L rt 1y m 2 2
< BL\jum|* = BIL (J3 Jy 1 (6 = s) [um, ()] dsdz) 2.8)

< ET ||“m|| - Ell Hh,HLl(OOO fo Jo B (t = ) |uz, (5)|2 dsdx

m (s)szs.

- % Hum ‘- E[% Hh,HLl(O,oo) f(;t W (t - 8) ”u:c:c

zal]

We replace (2.8)) in (2.7), we get

& [3ollur 12 + S ET|uz | + 3T | + 3 Msu (L, t)?]

< LEI [Fum [§h(t — s)u™ (s)dsdz
(2.9)
U1+ B 10| o.00) Jo 7 (8= ) luie ()] ds
—EIh (0) [Juz|1*

we have

T rt T T
L= syl () dsdt = [ (a9 [7# (¢ = ) dt) ds

0 JO 0 s

if we set r =1t — s, then

/STh’ (t—s)dtz/(:_sh'(r)dré/Ooo|h'(7”)|d7“: 111 1 0,00)



we get
T t t
| w0 =) s (91 dsdt < 10y | e ()] . (2.10)

Integrating (2.9) over (0,¢) and using (2.10)), we obtain

ol |® + ST um|? + 37 |[u|® + dMsu (L, t)?]
< i1E(0)+ EI JEum fE(t — s)u™ (s)dsdx

o2 S (2.11)
+ B Ji [P ds + BIS IR || g.00) (101151 0,00) 5 1 ()1 ds)
—EIh(0) fi [t Pds,
as we have
JEum [Lh(t — s)u (s)dsdx
<€ Hu:m:H + 4i€ HhHLl(O,oo) Hh’HLw(O,oo) f(f Humc (S)H dS,
then (2.9) becomes
2ol |I? + 3BT [ |* + 3T Jum | + SMsup (L, 1)°]
Qp t 2 T 2 x 2 t )
< E(0) + Ele |[ut]|” + B 1Bl 1o o) 1]l o 0,00y Jo 10 ()11 ds
m ||2 m 2
+ 5L Ji [P ds + BIS |51 gm0y ([1H1] s 0,00 S5 1 ()] ds)
—EIh(0) J{ | |Pds,
choosing e sufficiently small, we get
3ol |IP + 3BT s |* + 57 Jum | + S Msup (L, 1)°]
m 2
< E(0) + ETo [Pl| 1 g,00) 1Al e 0,00) Jo 1 ()17 ds
m |2 m 2
+ 5L I3 [P ds + BIS || 5s g.o0) ([1H 1] p: 0,000 S5 1 ()] ds)
—EIh(0) fy luz|*ds.
That is ) ) ) )
[l |7+ Nz ™ =+ [l [|” + ui® (L, 2)
< Cy+Co fy ([lum, (s)]) -
Applying Gronwall’s lemma yields
g1 + uge ) + [l |* + uf (L, 1) < M, (2.12)

where M, is a positive constant.
We thus obtain a local solution «™(¢) on an interval [0, T']. The a priori estimates
derived above allow us to extend this solution globally, that is, for 7" = oo.



Second a priori estimate:
L L
p/ ugwdx+E]/ ugéwmdx—EI/ w/ (t—s)u dsderT/ ulwydz
0 0
= —-Mujw(L,t), Ywel.
(2.13)

First, we estimate u}}(0) in L?. To this end, setting t = 0 and w = u}}(0) in
(2.13), we get

L L L
p/o upul(0)dx + E[/O ul (0) upy..(0) + T/o uw (0) u™, (0)dx

= — My (L,0),

then
pllug; (0 )H + BT (ug,, uff,.(0)) + T (ug, uj;,(0))
(2.14)
—Mguguy (L,0).
We have
T (u), 13 (0)) = =T (udy, uff (0)) + Ty (L, 0) uff (L,0),
and

ET (ul,, ul(0)) = —EI (ul,, (L), uf (L,0)) + EI (u,,, (L), uf(0)),

then (2.14)) becomes

plluii (O)* = B (uly, (L), uif (L, 0) + EI (ufy, (L), uit (0))

=T (ugy ugy (0)) + Tug (L, 0) uff (L, 0)

.'131'7
= —Mgupjuy (L,0), YVweV.
According to the compatibility condition ([2.4])

EI(—u®, (L)) +Tu(L) = —Mguy(L,0)

rxrxr

EI(~l,, (L)) + Tl (L) = Mgl (L).

rxrxr

Then
pllut (O + EI (4, (L), u(0)) = T (ul,, u (0)) = 0.
We deduce that

pllu (0))* < BT ||ul ul | Il )],

e (D) 2237 (0)



pllugp (O)|| < BT |

from (2.13)), we get

0
Uz

e (L)|| + 7|

Y

|ur (0)]|* < My, ¥m € N.

where M, denoting a constant independent of m.
We now estimate the terms uy and u,,s in the L2, Differentiating (2.6) with
respect to time and multiplying by wu(t), we obtain

S [ Il + Ml [P + T ||l [P + Msugy (L,6)°) + ETR(0) ||um, |
L ¢ L t "
= %E[/ uﬁct/ R (t — s)ull(s)dsdx — EI/ u;’;t/ h(t = s)ug(s)dsdz  (2.15)

0 0 0 0

L L
~EIN0) [ Cumnde — BIRO)S [ um,de,
0 0
using ([2.3)), we get

L ¢
EI/ u;’”;t/ R (t — s)u (s)dsdx
0 0

(2.16)
1 m |2 "2 t " m 2
< Rl P e 10 oy [, B8 = ) ()] s
By using (2.16)), and integrating (2.15]) over (0,t), we get
Lol + ] 1P + T [lugl|* + Mswgy (L, )] + EIR(0) [[u ||’
L t t L
< E[/ u;’;t/ R (t — s)ul(s)dsdx — E[h’(O)/ / ut u drds
: ‘ 00 (2.17)

t t
FEIE W sy [ s (5)1ds + BT [ [l (9] ds
L

—E[h(O)/ ultul dx.
0

zx Vrxt
Since we have
L 2
EIh0) | iy de < SO 1P+ luz, |
/ bk m ., m ! 2 K m 2 1 ¢ m 2
ELW(0) [ [ dvds| < e (BIN©) [ ()| ds + £ [ [ugk, ()] d.

L t 9 t 5
BI [ Cuy [ 1(¢ = ) (s)dsde < |1 |10 | oy [, Il (5)] ds

2
+e l[u, (I

(2.18)



We replace (2.18)) in (2.17)), yields

m||2 m |2 m||2 m 2
%[puuttu [ |+ Tl | + Mswiy (L, )] + EIR(0) [Jum, |

— ||L1000 Hh,HLOOOoo / Hu:r:a: )H d8+8||umct( )H2
B [ iz ()] ds+ & [, (5)] ds

t t
EIE W [}3 0. /0 g () ds + BT /0 luy (5)] ds

(th

for € sufficiently small and taking into account (2.12)), we obtain

t
3 1P g I+ Il T ||l [* + Mswyy (L,6)°] + th(O)/O [z, ()1 ds

< et e [ (gl + s ()P + el + (L, 5)7) ds.
where ¢, ¢ are positive constants. Applying Gronwall’s lemma yields:
||utt|| + Huth + ||U’xt|| + ugy (L, t) < M; (2.19)
where Mj is a positive constant. From the estimates ) et ( - we get
u™ is bounded in L*>(0, 00, V)
uy™ is bounded in L*°(0, 00, V)
uf? is bounded in L*>°(0, 0o, L? (Q2))
Passing to the limit: Consequently, there exists a subsequence v, that satisfies
u™ —*win L>(0,00,V)
uf* —* uy in L2(0, 00, V)
ut —* uy in L=(0, 00, L? (2))

“Using the previous results, we can pass to the limit in and conclude the

existence of global solutions on [0,7]. To prove uniqueness, we employ standard
arguments together with Gronwall’s inequality.

solution follows from standard arguments combined with Gronwall’s inequality.

O



2.3.2 Uniqueness of the solution

Proof. We now demonstrate that the solution is unique. To this end, taking the
relation ([2.2)), let u; and uy be two solutions of problem ([2.1)). Denote w = u; — us.
Then w satisfies, for any test function v € V', the identity:

L L L ¢
p/ wyuv dr + E[/ Wy Vg AT — EI/ vm/ h(t — s)wys(s) dsdx
0 0 0 0

i (2.20)
+ T/ W,V dx + Mswy (L, t)v(L) =0, Yv eV,
0
with initial conditions
w(0) =0, wy(0) = 0.
Choose v = wy(t) in (2.20)) and use the facts that
p [ e = Sl
Eld
EI/ Wz Wat AT = 2 dt”wIwHLQ(O L)
Td
T/O Wy de = |l Fa 1)
Mg d
Ms wa(L, t)wi(L,t) = = (we(L,1)?) .
Then we obtain
d /p EI T Mg
5 (Bl + =l + sl + S (L))

L ¢
= E[/ wmt(x,t)/ h(t — s)wy(x, s) ds dz.
0 0
Noticing that

/OL Wt (T, 1) /Ot h(t — $)wgs(x, s) ds dz
= c;if/oL Wae (T, 1) /Ot h(t — $)wye(x, s) ds dx

= h(O)[[wao () 20,1
—/ Wy (2, 1) / "t — $)wee(z, s)ds du,

then (2.21)) yields
d El T Mg
dt( ol + 2 el + e+ (L, )7

— FEI /OL Wee /Ot h(t — s)wy.(s) ds dx)



L t
:—EﬁmmW%AQ—EI/ wm/iﬂz—gwm@ymdx (2.22)
0 0
Integrating (2.22)) from 0 to ¢ yields

ET T M
Ll + Sl 4 5l P + P Z, 1)

L ¢
:E]/ wm/ h(t — s)wy(s) ds dz
0 0
¢
— ETh(0) / |wee||? ds
—E[// We (s / h' (s — T)wee(7) dr dx ds.

We now estimate the right-hand side of (2.23). For the first term, applying the
Cauchy-Schwarz inequality in x and then in s gives, for any € > 0,

L ¢
’/ wm/ h(t — $)wg,(s) ds dx
0 0

(2.23)

19
< §||wx:v||2

1 t 9
+2§HhHL1<o,oo>/0 At = )| lwea ()| ds.
(2.24)
For the third term, we have

/ Wy (S / W' (s — T)wee(7) d7 dz ds| <

Insert estimates and (| into and choose ¢ = ETh(0) (which is
positive by assumptlon (Hl)) Then we obtam

p EI Mg
2wl + - Nl w2+ =L, 1)
/ (2.26)
<C [ (lwaa( )P + ()12 + wi(L, 5)7) ds

where C' is a positive constant independent of ¢. Set

EI T Mg
7szx”2 + §”wa2 + 7wt(L,t)2.

wgcf¢@@

Since ®(0) = 0, Gronwall’s lemma implies ®(¢) = 0 for all ¢ > 0. Consequently,

p
0(t) = ] +

then, (2.26]) becomes

Jwel| =0, |we| =0, wi(L,t)=0 Vt>0.

From ||wg.| = 0 and the boundary conditions w(0) = 0, w,(0) = 0, we deduce

w, = 0 and then w = 0 almost everywhere. Hence u; = uy, proving uniqueness.
O O



CHAPTER 3

{EXPONENTIAL STABILIZATION OF A SYSTEM WITH
A RELAXATION KERNEL

3.1 Introduction

In this section, we investigate the exponential stabilization of an Euler-Bernoulli
beam model involving a relaxation kernel that accounts for memory effects in the
material. Our main objective is to analyze the asymptotic behavior of the cor-
responding solutions as time tends to infinity. In particular, we aim to establish
sufficient conditions ensuring that the total energy of the system decays at an ex-
ponential rate.

To achieve this goal, we rely on suitable energy functionals combined with Lya-
punov techniques. These tools allow us to capture the dissipative mechanisms in-
duced by the relaxation kernel and to derive explicit decay estimates.

In this section, we study the stabilization of the following Euler—-Bernoulli beam
problem:

i+ B1 (trgs = [ (0= 9)taran(5) ds) = Ttz = 0,
V(z,t) € (0,L) x [0, 00),
w(0,t) = u,(0,t) = upe(L,t) =0,
Uz (0, 1) = Uge (0, 1), (3.1)

EI( Uz (L +/ $)Upee (L, 8) ds) + Tu, (L, t)
= A(t) — dsuy(L,t) — Msuy(L,t), Vte[0,00),
u(x,0) =ug(x), w(x,0)=ui(x), =x€(0,L).

Our goal in this section is to state and prove the exponential decay of solutions
under a suitable control. We start by our assumptions on the kernel h(t):
(H1) h(t) >0 forallt >0and 0 < h = [;°h(s)ds < 1.
(H2) 0 < W (t) + vh(t) < £(t) for almost all ¢ > 0 where ~ is a positive constant
and £(t) is a nonnegative function.
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We denote by £ the expression £ = [5°&(s)ds. To stabilize the system , we
propose the following boundary control law, for ¢ > 0

-K

At) = ) ( u?,, (L, t) +u? (L,t) + (/Ot h(t — $)Ugpee (L, S) ds>2> . (3.2)

where K is a positive constant. The velocity of the displacement is assumed nonzero
or else there is no need for control.
Theorem 2: Under hypotheses (H1), (H2), the control law and the condi-

tion o
/ ¢ (s)ds < oo
0

for some 3 > 0, the energy of the system decays to zero exponentially; that is,
there exist positive constants C' and b such that

E(t) < Ce™, t>0
provided that £, = [° eP¢ (s) ds is small enough.

Remark 3.1.1. The existence and uniqueness have been established in the previous

chapter by taking the condition .

3.2 Modified energy

The energy associated with the problem ([3.1]) is defined by

E@) =E,(t)+E,(t), t >0,

where
B () = 2 [uy (L, 1)) p/ w2 dz, t >0 (3.3)
represents the kinetic energy
EI (L T (L
E,(t) = 7/ |um|2dx+§/ g2 d, £ >0 (3.4)
0 0

represents the potential energy.
Lemma 3.2.1. We have the following equality

%% (hOuy,) (1)
= — [P gy [ R(t s)um( )dsdx + = (h’Dum)( )
+34 {5 h(s)ds [ |ugal® da} — Sh(t I g de

where
(hDuge) ( / / (t = ) [ttan () — e ()2 dsdz, t > 0. (3.5)

Proof. See [0] O



Lemma 3.2.2. The modified energy associated to problem s given by

Et) =5 (1= [T h(s)ds) Ji taal* du+ i Jua da + B (hDgs) (2)

My (L0 + 2 f) el da, > 0.

such that
& (t) = _%h(t) fOL |U:M|2 dx + % (W Ougy) () — ds [u (L7t)]2
(3.6)
+A(t)uy (L,t), t > 0.
Proof. By multiplying the first equation of the system ({3.1)) by u(),
pfOL upudr + ET fOL Upppaledr — BT fOL Uy fé h(t — $)Uppes(s)dsdx
(3.7)

_Tf()L u:pxutdx = 0,
Integrating over [0, L] leads to the following relation:

L _ L L
EI [y upgeredr = EI (uggoue |¢ — Jo uxmumd:c)

= BT (Usaa (L) w (L 1) = Ugar (0,) uy (0,8) — f Um:cutzdI> :
using the boundary conditions
W(0,8) =y (0,8) = s (L, 1) = 0,
we get
EI [ tagaatudr = EI (tgge (L) ur (L 1) = J3 Urpptiszd) . (3.8)
On the other hand, we have

ET fOL Uy fot h(t — $)Upgys(s)dsdx
=FEI (ut JER(t — 8)Uage(s)ds |5 — [ e [ R(E — s)umm(s)dsdx> (3.9)

=FEI ((ut (L,t) J§ h(t — 8)Ugpa (L, s)ds) — Fug fER( - s)umm(s)dsdx> :

We have
TfOL Uggpdr = T (uguy |5 — fOL uxumd:p)

= T (ug (L, t)u; (L,t) — fOL uxumdac) )
By substituting the equations into (3.8))-(3.10)) into (3.7)), we get

p%% ||u75||2 + EI (ui&rz (L7 t) Uy (L’ t) - fOL u:c.tzut:cd-r)

(3.10)

—E1 (ut (L, t) [T h(t — 8)Upea(L, 8)ds — [ we [L h(t — s)umm(s)dsdx) (3.11)

-T (um (L, t)u; (L, t) — fOL umumdac) =0,



we have

L L L
f() umxxut:rdx = Ugg Uty |0 - f() uwxutmmdm
_ L L
= Ugzp Uty |() - fo uxxutarardx

= Upy (L, 1) Uy (L, 1) — Uy (0,8) gy (0,8) — fOL U Uprp AT,
then

L L
—/ Uz Utz AT = —Ugy (L) Uge (L)1) + gy (0,1) gy (0, 1) —i—/ UggpUpzedr, (3.12)
0 0
and

foL Utz J§ Bt — 8)Upgn(8)dsdz
= g Jy It = $)tta(8)ds [§ = Ji ttas J Bt = )tz (s)dsda (3.13)

= gy (L, t) J§ h(t = 8)tigy (L, 8) ds — [ tpas J§ B(t — 5)tsa(s)dsda;
We have

d d L L

7 [ ug]|* = dt/o |ug|* do = 2/0 Uz Ut T, (3.14)
L 1, d

T/ gl = i 3.15
e = ST (315)

d d L L
] = %/ (g2 dz = 2/ U htna L, (3.16)
E[/ do = 1ErL fu.? (3.17)

Replacing (3.12), (3.13)), and (3.14)-(3.17) in (3.11), we get

L8 wg||? + Eltgey (L t) us (L, t) — Eltug, (Lyt) wg (Lyt) + LETS |Jug, |

—ETu; (L,t) [3 h(t — 8)Usee(L, s)ds — Elug, (L, t) f§ h(t — 8)uge (L, s) ds

—FEI fo Utz fo ( )Uzz( )del’ — Tux (L,t) Uy (L7t) _ %T% ||u:r”2 _ 07

(3.18)
from the third third equation of problem (3.1) we can write
Elu; (L) f§ h(t — 8) Ugga (L, 5) ds
+Tuy (Lyt)ug (Lyt) —w(t)ug (Lyt) +ug (Lyt) dsug (L, 1) (3.19)
+uy (L, t) Mguy (L,t) = Elug (L, t) Uger (L, 1) Yt € [0,00).
from the lemma 3.2.1, we have
fo Uzt fo h(t — 8)ugze(s)dsdr = _%(hlljum>(t)
(3.20)



If we replace (3.19)) and (3.20)) in (3.18]), we get

1% \wg||” + ETug (L, 1) Jg h(t — 8) s (L, 5) ds

+Tus (Lyt) g (Lyt) — w () wy (Lyt) + uy (L, t) dgug (L, t)

+auy (L, t) Mty (L, t) — ETug, (L) ug (L, t) + SETL [|ug, ||

CELug (L) [Lh(t — $)tgee(L, 8)ds — ETu (L,t) f£ h(t — $)uge (L, ) ds 320
+EIL L (hOuy,) (t) — EIL (hDOuy,) (t) + BISh() f) Jug.|” do

LIy h(s)ds i |tae|* da} — Ty (L) uy (L) = 374 [lua|® = 0.

Since we have
w(0,t) = uy, (0,t) = uge (L,t) =0,

then (3.21]) gives us
2 pllwl® + T g |* + ETS (hDug,) (t) + s Msu? (L, )]
+ o [<EIS 5 h(s)ds Ji |tae|* d — 3T [Jug||’]
= BT} (hOug,) () = EISA(E) i [t do

+A () uy (L, t) — dsuy (L, 1)*,

we put

&(x) = 3pllwl® + 5BI (1= g h(s)ds) lluga|* + $ET (WD) (¢)
—5T |Jua|” + 5 Msuf (L, 1),

then

d 1 1 2 2
@) = BT (4Du.,) () L BINE) [l P+ (L 1) A () — ds i (L),

3.3 Lyapunov Functionals

Neither E (t) nor € (t) are ready yet to provide the exponential decay. For this
reason we shall ‘modify’ further the functional € (¢) with the following ones

L(t):=XE#)+ M@ (1), t>0 (3.22)



ou .
Py (t) = P/ upude,
0

By (0)=—p [ we [ 0l 5) (u(t) () dsdr.
By (6) = [ [ Holt— 5) s (5 ds

®4(w::tétfﬁ,@——s)fu(L,s)——u(lﬁtHstdx,

D5 (0) = [ [ o 6~ 5) s (5 ds
where

e (1) =e 7" /t+oo & (s)e%ds,

+oo
H, (t) = e_”t/ h(s)e’ds, t >0

t
and o > 0 is a constant to be determined later.

We consider the functional

for some \; > 0,7 =1, ..., 5 to be determined.

It is our intention to prove that this new functional L (¢) satisfies a differential
inequality of the form L’ (t) < —CL (t) for some positive constant C' to derive the
exponential decay of L (t). To pass to E(t) we will need some ‘equivalence’ between
the two functionals.

Proposition 3.3.1. There exist two positive constants p; > 0, i = 1,2 such that

pr[E(t) + @5 (t) + Py (t) + D5 (1)] < L(t) < p2[E(F) + 3 (t) + Py (t) + 5 (2)],
(3.23)
for allt > 0.

Proof. Proof. Applying (1.26) and (1.27]), we find

L 4 rL
@ngg/|mﬁm+%?/|mﬂ%@tza
0 0

nd
’ B (8) = p e JLR (= 5) (u (8) — u (s)) dsd
< P de 5 fE (Rt —s) (u(t) — u(s))) dsda
< 2 [ e dz + ERLY (hDug,) (t)
then

L L'h
@ﬂwgg/|mﬁm+p2 (hDuzs) (), &> 0.
0




These two relations imply that

L(t) <8+ +X) J [ul’ do + § (BT + AapL'h) (hOuy,) (t)
+3 (BT (1= fih(s)ds) + MpL?) Ji |use|* dz + T f ua|* d

+ s Ty (L, 8))? 4 Aa®3 (1) + M@y () + N5 ®s (t), ¢ > 0.

On the other hand, we have

2L () > p (1= M = Xo) i |wf* du + (BT = AopL*h) (hDugy) (t)
+ (BI (1= R) = MpLt) Ji [unel* do + T f [ua* da + M Jug (L, 1))

+2X3D3 (£) + 2M4Py (1) + 205P5 (¢), t > 0.
Therefore
p1(E(8) + @3 () + P (t) + D5 (1)) < L(2) < pof (1) + D3 (t) + Pa(t) + 5 (D)

for some constants p; > 0, ¢ = 1, 2 provided that

EI(1—-h
A1 < min (17(>)7 )\2<min< i)”h 1—)\1>.

3.4 Technical Lemmas

For the stabilization analysis, we will make use of the following technical lemmas.
These results play a fundamental role in the proof, as they provide the essential esti-
mates and inequalities required to control the energy and to construct an appropri-
ate Lyapunov functional. They will be repeatedly used throughout the stabilization
argument.

Lemma 3.4.1. The derivative of ®1 (t) fulfills the following estimate

) (t) < 2E16u® (L, t) + EI (51 +h— 1) JE e | da + p [F udda

B (R (E = 8) tagy (L) ds) + Bl (Lot) + BER (hOug,) () (3:24)

TTT 461

+Tu (L, t) ug (L, t) — T [ Jug)* dz, 6, > 0,t > 0.
Proof. A differentiation of ®; (¢) with respect to ¢ along solutions of (3.1)) gives

O () = ply (wgu+uf)de
— foL u (_Efumm +FEI fot h(t —$) Upger (5)ds + Tum) dx
+p JFuddx, t > 0.



We set

L
O (1) = Bi + By + p/o Wldz, (3.25)
where .
B, = / (—Elutyyyy + Tuuy,) dz, (3.26)
0
and . ,
By = EI/ u(t) / h(t — 8) Uggas (s) dsdx. (3.27)
0 0

Integrating the expression in (3.26)) by parts and using the boundary conditions in
(3.1]), we obtain

By = —EIu (L, t) Uyge (L, t) — EI [Fu?,de + Tu (L, t) u, (L, t) — T [ uldz.
(3.28)

Applying Young’s Inequality ((1.27) in (3.28) yields

By < 6 ET? (L,t) + frul,, (L,1)

Txrxr

—EI [P do+Tu (L, t)ug (L, t) — T [ ude, t > 0.

After integrating the expression of By in (3.27)) by parts and using the boundary
conditions, we get

(3.29)

By, =FEI [u(L,t)/Oth(t—s)umx(L,s)ds—k/oLum/Oth(t—s)um(s)dsdx :

(3.30)
Clearly, by adding and subtracting u,, (f) inside the inner integral, we obtain

Joh(t — 8) gy (8) ds = B (1) Uge (8) 4+ f3 b (t — 8) (Une (8) — Uge (1)) ds,
hence

EI [F g, (t) JEh (t — ) Usg (5) dsdr = EIh (t) [ |uge (5)| dz

(3.31)
+ET [F g (t) [T 1 (t — 5) (g (5) — Uge () dsdi.
Using Young’s inequality
1
< 2, L [i2
[ab<on [a +451/b,
we get
L t
EI / s (1) / h(t— ) (ttae (8) — tige (1)) dsda (3.32)
0 0
(3.33)
L L t 2
< EI51/O || da + ié ; </0 h(t—5s) (tgs (8) — Ugs (1)) ds) dx
(3.34)

L ) EI_ L gt )
SEIcSl/ [t dm+—h/ /h(t—3)|(um () — g ()| dsdz
0 461 Jo Jo



(3.35)

L EI_
< EI51/ |ugm|2 dr + Eh (hDum:> ( ) )
0

if we replace (3.32)) in (3.31)) yields

EI [F gy [Eh(t — 5) Ugy (5) dsdx
(3.36)
< B (01 +h) Jy [tae|* do + ELR (hDugy) (£), 61> 0, £ > 0.

We have
ETu(L,t) [y h(t = 8) taas (L, 5) ds < EI6u? (L, ) + ZL ([T B (t = 5) tga (L, 5) ds) .

(3.37)
Replacing the relations (3.36)) and (| in - we get

By < EI <6lu2 (L, 1) + (fo (t = 8) U (L, 5) dS)z)
(3.38)

+EI (61 +h) Jy [ure|* dz + Z2 (hOug,) (2), £ > 0.

Now back to (3.25)), by(3.29)) and (3.38) we see that

) (t) < 2EI6u* (L,t) + EI ((51 +h— 1) JE Juge|” da + p [E udda

2 _
+EL(foh(t = 8) s (L, 8)ds) " + £Lu2,, (L, 1) + £LR (h0uy,) ()

+Tu (L, t) ug (L, t) — T [ |ug|* dz, t > 0.

Lemma 3.4.2. The derivative of ®, (t) satisfies the following estimate

(1) < (B 4 TLE 4 o) (hOu,,) (t) + (EI6; + T6,) fy u2,dx
+ (py61 + pda — pho) fy uldx + o :2cacx (L, 1)
F2EIS R b (¢ — 5) [u(Lys) — u (L) ds+ E (fEh (t — ) tpns (L, 5) ds)’

BT [y o b (t = ) Juge (5)] dsda + 25 [E (s) ds (E0uas) (1), t > to.

(3.39)
Proof. For @, (t) we have
P = —p/OLut/Oth(t— $) (u(t) — u(s)) dsdz
D) (1) = p I A (¢ — ) (u (5) — w (0) dsd — p [ e 1 (5) ds
(3.40)

o JEu LW (=) (u(s) — u(t)) dsdz, t > 0.



Using the first equation of , we find
Y (t) = =BT [ tpgae [T 1 (t — 5) (u(s) — u(t)) dsdzx
BT [Jo h (t = 5) tages (5) ds f§ b (t = 5) (u(s) = u(t)) ds| da
+T [ E g JER (= 5) (u(s) —u(t)) dsdz — p [ udz [Lh(s)ds

+p S (8) [T R (t — ) (u(s) —u(t))dsdx, t > 0.

We set
@, (1) = C1 + Co + C3 + Cy + G, (3.41)

where

¢ =—pI [ s Ji Bt —s) (u(s) — u (b)) dsda, (3.42)

ngE]/OL Uoth(t—s)umm(s)ds/oth(t—s)(u(s)—u(t))ds de,  (3.43)

Cy = p/OL ” /Ot W (t = s) (u(s) — u (t)) dsdz, (3.44)
Cy = —p/OL uidzx /Ot h(s)ds, (3.45)

and
=1 | s / Bt — s) (u(s) — u(t)) dsda. (3.46)

Let us estimate these terms separately. First an integrating by parts in (3.42) gives
Cy = —Flug, (L) f{h(t —s) (w(L,s) —u(L,t))ds

(3.47)
+E1 fOL Uz fg h (t - S) (ux (8) — Uy (t)) de‘Ta
and a second integration by parts in (3.47)) leads to
C1 = —Eluge, (L) [gh(t —5) (u(L,s) —u(L,t))ds
—ET [F gy [Eh(t = 5) (tgg (5) — Uag (1)) dsdax.
Then
Cr < B2, (L,t) + §,BT (fih(t = s) (u(Los) —u(L,1)ds)’
(3.48)
+EI (81 Jy v2,dx) + E2 (WD) (t), 6, >0, ¢ > 0.
Similarly, an integration by parts in (3.43]) yields
Co = BT (f§ h(t = $) g (L, 5) ds) (J5 b (t = 5) (u(L, 8) = u(L,t)) ds)
(3.49)

—BI i (Jh(t = 8) g (5) ds) (Jo 1o (t = 5) (us (5) — ue (£)) ds) d,



and another one in ([3.49) gives

Co = EI (J§ h(t = ) tgae (L, 5) ds) (J3 b (t = 5) (u(L,5) = u(L,t)) ds)

+EI [y (fo (t =) o (s )dS) (foth (t

Therefore

— ) (ttaa (5) = Usq (1)) ds) da

, < EI (fo (t — 8) Ugaa (L, 8) ds)2

+EIhS, [Eh(t —s)|u(L,s) —u(L,t)]*ds (3.50)
+EISh fy Jo h(t = 8) [uge (5)]* dsdr + 22 (hOug,) (t), ¢ > 0.

We have

Cs = pJy ue Jo ' (t = 5) (u(s) — u(t)) dsda

— —p b fih (t = 8) (u(s) — u (1)) dsde

+p Jo we fo (B (t =) +yh(t = s)) (u(s)

—u(t)) dsdz.
We have

Cs = p JTug [ (R (t —5) +yh (t — 5)) (u(s) — u(t)) dsdx

— v S [ (= s) (u(s) — u (1)) dsde

o Jo ue Jo I (t = 8) (u(s) — () dsda (3.51)

< pyo1 fy udde + O (hOug,) (¢)

+pdy Jy udda + 65 (J3 € (s)ds) (§0uag) (), £ >0,
D)

where d, > 0.
For t >ty > 0, the fact

t
/ ds>/0 s)ds = ho > 0,

implies that

L
—p/ ds/ uldr < —pho/ uldx, t >ty > 0.
0
Further, we have

L TL*h
05 < le/ Uixdlli +
0

T (D) (0), 1> to. (3.52)



Substituting (3.48)), (3.50)-(3.52) and (3.45)) into (3.41)), we arrive at

® (1) < (B 4 TLL 4 0L (hDug,) () + (E16y + T6y) fy u2,dx

+ (p761 + p§2 - phO) fO d.T + EI ix:p (L7 t)
F2EIS R b (t — ) |u(Lys) = u (L) ds + EL ([0 (t — 5)tgns (L, ) ds)

+El5lﬁf0L Joh(t—8) U (s )| dsdx + G5 fo E(s)ds (§0uy,) (t), t > to.

Lemma 3.4.3. The derivative of ®3(t) satisfies

O, (1) = —oy (1) // (t — ) |ttze (5)|* dsdz + Ty / a2 dz, >0, (3.53)

where

hy = /Oo e’®h (s)ds.
0

Lemma 3.4.4. The derivative of ®4 (t) satisfies the following estimate
P, (t) = —o®y (t) — [Th(t —s) |u(L,s) —u(L,t)|*ds
(3.54)
—2uy (L,t) f[{ Hy (t — ) (u(L,s) —u(L,t))ds, t > 0.

Lemma 3.4.5. The derivative of @5 (t) obeys the following estimate
P} () = —os (¢) / /gt—s e (5) [ dsda + €, / e d, £ >0, (3.55)
where ~
&= [ emels)ds
0
3.5 Proof of our main result
Proof. of Theoreme

Gathering all the previous estimates (3.2), (3.6)), (3.24), (3.39)-(3.55) and using
the facts that

2 L 2
w(L,t) SL/O uy (z,t)" dx, (3.56)

(/H (t — ) Ls)—u<L,t)]ds)2gHUcp4(t),

where



we get, for t > t5 >0

L' (t) < — (pAaho — pA1 — pyAady — pAads) f ufdm - /\1T7fOL u? (x,t) dz
—0')\3(133 ( ) - O')\5q)5 ( ) + 2>\4 ds) Ut (L t) + /\4 (2(53Hg — O') @4 (t)
+ (20E160h — A, fo (t—s)|u(L,s) —u(L,t)]*ds
— (As = NEI&R) [ fy h (t = 5) |ttag (5)|* dsda
- (AlEI — Ashy — M EIS, — M EI (51 + h)) w2, du

B 4 4 3.57
+ ()\QT51 + MLy + N5, ) fOL u? dr + h[AlEHAQ(TLMJ:%ZEHmL ) ( )

X (hOug,) (t) + pZ%QL‘* f(;5 € (s) ds ({0ug,) (t) + % (h,Dum) (t)
s o o 6 (8= 5) [tag ()| dsda + (ZL0E2) — K) w2, (L, 1)
+ (W - ) (fo (t — ) Ugaa (L, ) ds)2

(2)\1E151 + M K) w? (L, t),

where we have used the estimation

2

Tu(L,t)ux(L,t)g(hL/ u? dx+4T5u (L1).
4

Let _
pP= 4};1 {MEI+ X (TL' 4+ 2ET + pyL') },

then under assumption (H2), we can write

0 <h' () <E() —h(1),

and
L (2L 1+ BI) JF J€(t — ) [tas () — g (8)* dsda
= 1(22LE 1 BT) (60us) (1)
<2 (BEE 1 B0) iR e (1 — 8) Juse (s)] dads
+2€ (2228 + EL) J 2, do,
then

P (hDug) (1) + 235 (f5 € (s) ds) (€00use) (1) + 5 (WDug) (1)

< — (L = P) (hOuge) () + 3 (225°€ + BT) (60uz) (2)
(3.58)
< — (2L — P) (hOuay) () + 28 (225 + £ Jif w2, da

+2 (228 + ED) [ Ve (= 5) [ugs (5)] dads, > 0.



Next, substituting (3.58)) into (3.57]), we obtain for t >ty > 0

L' (t) < = [pAa (ho =01 = 82) = Map] Jy wida — M T [y a2 (z, 1) da
—oXs®s (1) — oAs D5 (1) + (B2 — ds) wy (L, t) + i (205H, — o) D4 (1)
+ (20EI00h = M) Joh (t = s) [u(L, ) = u (L, 1)) ds — (As — \EI0, 1)
< Jy s h(t = s)u2, (x,5) dsdz — [MEI = \shy — M EI16; — M EI (8, + 1)
x L2, de — [—)\gTél MIL6y = NsEo — & (235°€ + ET)| Ji u2,da
+ (8 + BT = X5) o Jy € (t = 9) [uae (5)]” dads — (25 = P) (h0uy,) (¢)
(B0 — ) L2 (L, 0) + ([ R (= )t (L 5) )|
+ (2MEIS + M - K)u? (1),

(3.59)
Now we start selecting the different parameters in such a way that all the coefficients
in the right hand side of (36) are negative. That is

pAahg — pA1 — pyA2d1 — pAade > 0,
—dg < 0,
2(53F0 — o <0,
2)\2E]615 - < 0,
/\3 — AQE](SlE > 0,
MEI = Xshy — MBI — MET (8y + 1) — AT,
—M Loy — A€, — € (B2 E+ BI) > 0,
e2LE + BT — N5 <0,

o {AlEI + X (TL* + 2EI + pyL*)} < ~&

EI(Mi+X2)
# K <0,

2\ EIS; + AlT — K <0.

(3.60)

For the last three conditions in (3.60)), A\; and Ay will be selected small enough. Let
us ignore the parameters ¢; and d, for a moment, we need

)\1 < )\2 (ho — 52) ,
253 < ds,
253H < 0,

AsC, + € (WL £+ EI) <MEI(1-h),
2L+ BT < ).

Notice that we have only a smallness Condition on A3 in the sixth condition in (3.60)).
So we forget about it for a while. Let 05 = %2, 3 = 2 and Ay = 03dg. The system

reduces to
A< )\2

AsE, + & (PML €+ EI) <MEI(1-h),
Pellg 4 BT < X,

Take, for instance, A\ = %0)\2, then we must have



(2 + B1), +E(S4-+ 1)
< A€, +E(BEE+ EI) <o MEBI(1-1).

We will be able to find A5 if

p)\2L4 = - p)\2L4 h[) —
( - §+EI>§(,+§< %, §+EI> < 5A2E1(1—h),
that is . "
(§U+§)EI<<20EI(1— )——55 -t )xz.

This condition holds for small £, . Roughly, as £ < £_ it suffices to assume that

p—L4 f;OE](l—h),

ho
that is
 _ V2h EI(1-h)
7 412 P
and
£, <};0)\2( ~h),
ie

(v [EIR) 4,
£ < mln{ e g e (1-R) 3. (3.61)
Having imposed the above condition on £, we can determine )5 (in terms of Ay and
&¢,). Then we select 07 and d4. In turn, Ay will be fixed through K and v according
to (3.60)).

Finally, we get

L'(t) <=C"(E{t)+ D3 (t) + Py (t) + D5 (1)),

for some positive constant C’. In virtue of Proposition 1 we entail that

_CL(t):—bL(t), t >ty > 0.
P2

L'(t) <

We deduce that L(t) < L(0)e™™, ¢ > t, > 0 and thereafter & (t) < L0t
t >ty > 0.

The existence of an M > 0 such that &€ (t) < Me™ on [0, o] is trivial. The proof is
complete. O]




GENERAL CONCLUSION

In conclusion, this work provides a rigorous mathematical analysis of the stabi-
lization problem for a flexible marine riser interacting with vessel dynamics. By
introducing an appropriate boundary feedback control, we have shown that the vi-
brations of the system can be effectively damped and that the associated energy
decreases exponentially with time.

The analysis relies on the construction of suitable Lyapunov functionals together
with the multiplier method, allowing us to overcome the difficulties caused by the
viscoelastic memory effects and the distributed delay term. The obtained stabil-
ity result highlights the important role played by the boundary control and the
relaxation mechanism in enhancing the dynamic performance of the system.

These results contribute to the theoretical understanding of marine riser stabi-
lization problems and may serve as a basis for further investigations on more general
coupled systems, nonlinear models, or different types of damping and delay effects
arising in engineering applications.
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