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Introduction vii

Introduction

The classical approximation theory represents an older topic of math-
ematical analysis which still remains an area with active implications
in the present. One of the most modern chapters of the approximation
theory refers to the function approximation by positive linear opera-
tors, which represents our first interest in this work. Besides the aspects
concerning approximation theory, the second interest in this thesis is
the modelling and analysis of different problems which arise in Contact
Mechanics. Contact phenomena involving deformable bodies are often
encountered in industry and everyday life and, for this reason, the liter-
ature dedicated to this field is extensive, since considerable efforts have
been made in their modelling and analysis. For example the interaction
between road and tyres, breaking pads with wheels, hip implants, artifi-
cial knee joints or the impact analysis of cars represent just few real life
problems covered by the theory of Contact Mechanics.

The aim of this thesis is to present some results concerning both posi-
tive linear operators and history-dependent operators, respectively. The
first part of the thesis is dedicated to the study of the function approxi-
mation by positive linear operators while the second part is centered on
history-dependent operators and their applications in Contact Mechan-
ics.

The present thesis is structured into two parts and seven chapters
which are listed bellow.

Part I contains Chapters 1-2 and represents a brief introduction in
the study of function approximation by positive linear operators. More
precisely, we present here a study of the various convergence properties
for such kind of operators.

Part II contains Chapters 3—6 and it presents background results on
modelling of contact problems, as well as new results obtained in the
analysis of frictionless and frictional contact problems. More precisely, we
study three contact problems for which we obtain existence, uniqueness
and convergence results. The common feature of these problems arise in
the fact that all of them are governed by history-dependent operators
which appear either in the constitutive law or in contact conditions.

A detailed description of the chapters is as follows.
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Chapter 1 presents the specific framework for the problems we stud-
ied in Chapter 2. In other words, we give representative notions concern-
ing positive linear operators, modules of continuity and different type of
convergence. Finally, we present some Voronovskaja-type theorems.

Chapter 2 hosts the main results obtained in the first part of the
thesis. In this chapter we emphasize the conditions required for a certain
type of positive linear operators in order to fulfil a Korovkin-type theo-
rem. The results in this chapter were published in the papers [46], [47]
and [48]

Chapter 3 is devoted to preliminary material used throughout the
second part of the manuscript. More specific, in the first part of this
chapter we start with a survey of the basic properties of Banach and
Hilbert space. Then, we introduce the notion of history-dependent oper-
ator, provide some examples and state an existence and uniqueness result
for variational inequalities with history-dependent operators. In addition,
we emphasize some function spaces we need in the study of the contact
problems we approach in the rest of the manuscript. The second part of
this chapter represents an introduction to the modelling of the contact
problems which are presented in the following chapters. In order to deal
with this kind of problems, we present the constitutive laws we use, we
describe the contact conditions and, finally, we point out the frictionless
and frictional conditions, including the well known Coulomb’s law of dry
friction.

Chapter 4 is devoted to the study of a quasistatic frictional contact
problem in which the material’s behavior is modelled with a viscoelas-
tic constitutive law with long memory. The contact is modelled with
normal compliance and memory term and the friction is modelled with
Coulomb’s law of dry friction. For this problem we present both the clas-
sical formulation and the variational formulation, respectively. The main
result of this chapter is given by Theorem II1.4.1 which states the unique
weak solvability of the problem. The proof is based on arguments of vari-
ational inequalities with history-dependent operators. The second main
result of the chapter is Theorem I1.4.4. It states the continuous depen-
dence of the solution with respect to the data. The material presented in
this chapter made the object of the paper [117].

Chapter 5 deals with a mathematical model which describes the con-
tact between a viscoplastic body and a foundation. In this case the con-
tact is frictionless and is modelled with normal compliance, unilateral
constraint and memory term. The novelty in this chapter lies in the
contact condition. As in the previous chapter, we obtain a variational
formulation of the problem and we state and prove the unique weak
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solvability of the problem (Theorem I1.5.1). The proof of Theorem I1.5.1
is based on a Banach fixed point argument combined with arguments on
variational inequalities with history-dependent operators. We also give
a result which states the existence and uniqueness of the solution of a
penalized problem (Theorem I1.5.4). This theorem also guarantees that
the solution of the penalized problem converges to the solution of the
variational problem obtained earlier in this chapter, as the penalization
parameter converges to zero. The content of this chapter was written
following [49] and [100].

Chapter 6 presents a frictionless contact problem in which, as in
Chapter 5, the contact is modelled with normal compliance, unilateral
constraint and memory term. The novelty of this chapter arises in the fact
that here the material’s behavior is modelled with a rate-type constitutive
law with internal state variable. As usual, we present the classical and
the variational formulation of the problem together with two main results
concerning the existence and uniqueness of the solution of the problem
and its convergence, respectively. Theorem I1.6.1 represents the first main
result in this chapter. Its proof is based on arguments on variational
inequalities with history-dependent operators. Theorem I1.6.4 guarantees
the continuous dependence of the solution with respect to the data. This
chapter follows our paper [122].

The manuscript ends with a list of references in which various details,
comments and complements on the topics related to the material in this
thesis can be found.

The original results presented in this thesis have been distributed
in Chapter 2, Chapter 4, Chapter 5 and Chapter 6 as follows.

In Section 2.1: Lemma [.2.2 and Theorem 1.2.3 that we find in paper
[47].

Section 2.2: Lemma [.2.6, Lemma [.2.7, Lemma [.2.8, Lemma [.2.9 and
Theorem 1.2.10 published in [46].

Section 2.3: Lemma 1.2.11, Theorem 1.2.12 and Theorem 1.2.14 that
follows our paper [48].

Section 4.2: Theorem I11.4.1, Lemma I1.4.2, Lemma I1.4.3. Section 4.3:
Theorem I1.4.4. All these results were published in the paper [117].

Section 5.2: Theorem I1.5.1, Lemma I1.5.2, Lemma I1.5.3 published in
[49].

Section 5.3: Theorem 11.5.4, Lemma I1.5.5, Lemma I1.5.6, Lemma I1.5.7,
Lemma I1.5.8, Lemma I1.5.9, all published in [100].

Section 6.2 and 6.3: Theorems I1.6.1, Lemma I1.6.2, Lemma I1.6.3 and
I1.6.4, respectively, which follow our paper [122].
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Positive linear operators
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On positive linear operators

In this chapter we present some important notion concerning positive
linear operators, modules of continuity and aspects regarding different
types of convergence as well as Voronovskaja-type theorems for positive
linear operators. All these notion will be used later in Chapter 2.

1.1 Basic notion

This section is devoted to both, properties of positive linear operators and
the description of the summability methods. First of all we introduce the
concept of positive linear operator.

1.2 Rate of convergence

In this section we present two types of convergence and we refer to the
general framework for the rate of convergence of positive linear operators
regarding an asymptotic method of Voronovskaja type.

1.3  Fuzzy aspects on positive linear operators

In this section we collect some basic elements regarding the fuzzy positive
linear operators.
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New results on some classes of positive
linear operators

In this chapter we present our results that we obtained for the first part
of this thesis. First section aims to present a result concerning the fuzzy
version of a class of positive linear operators while in the second section
we give an asymptotic formula for a class of positive linear operators
defined on an unbounded interval. Finally the last part of this chapter
refers to an approximation property for a generalization of the operators
presented in the second section. The results presented in this chapter are
based on the papers [46], [47] and [48].

2.1  On some fuzzy positive and linear operators

In this section we prove that the fuzzy Bernstein-Stancu operators satisfy
the A-statistical version of fuzzy Korovkin theorem and we provide an
example that fits this case.

Definition 1.2.1 Let f € C([0,1],Rz), m €N, 0 < a < . We define

k+ o
m+

FLEPH@) = pasle) @f( ) , 2z eo,1], (1.2.1)

where ppi(x) = ( 7;3 ) k(1 — z)mF,

Here Rz represents the set of real fuzzy numbers and >_" stands for fuzzy
summation.
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Lemma 1.2.2 The fuzzy Bernstein-Stancu operators defined by (1.2.1)
are positive and linear operators.

Theorem 1.2.3 If the sequence (ngg’ﬁ)f)meN of operators defined by
(1.2.1) satisfies the conditions

sta—Tim | Ln ") —es =0, i =0,1,2, (1.2.2)
then
sty —lim D*(FL@P) | f) = 0. (1.2.3)

2.2 An asymptotic formula for Jain’s operators

In this section we prove a Voronovskaja type result for a class of linear
positive operators of discrete type depending on a real parameter.

Lemma 1.2.4 ( [70]) For0 < a < o0, |B] <1, let

wg(k,a) = aa + kB)F e @) /1 - |k € N, (1.2.4)
then -
Zwﬁ(k,a) =1 (I.2.5)
k=0
Lemma 1.2.5 ([70]) Let
S(roa, ) =Y (a+pk)F e TR /K1 r=0,1,2, . (1.2.6)
k=0
and
aS(0,a,p) = 1. (1.2.7)
Then

S(r,a,f) = ZB’“ a+kB)S(r—1,a+kB,5). (1.2.8)

Lemma 1.2.6 Let S be the function defined in Lemma 1.2.5. Then, one
has

) @ 3a3? B3+ 244
S )y L e

3 2 02 3 6 5 a4
() S(a.p) = a N 6?3 afB3(118+4) 66°+88°+ '

Q=0 (1=p5P ([1=p) (1-=p)"
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The operator defined by Jain is given by

(PP ) (x) = Zw[g(k‘,nm) . f(%), f € C|o,00), (1.2.9)
k=0
Lemma 1.2.7 The operators defined by (1.2.9) verify the following iden-
tities.
. (4] _ 3 302 w(68'—-68°—28-1)
(i) (PYes)(v) (1 _45)3 + n% g B)4 2(3664 n2<7125_35)536ﬁ2 o
.. 8] _ x Z o - + — -
(ii) (P es)(v) = 1— ,8)4+n(1 — By n%(1 — )8
2(10585 — 148 — 233 + 125% + 83 + 1)
! (1= B |

Lemma 1.2.8 Let the operator PP} be defined by relation (1.2.9) and
let @, be given by

0r € C5]0,00), @ (t) =t — x. (I.2.10)
Then
. [Bn] . £L‘3 - 31‘3 3[1)3 _ 3_:L‘2
O (B0 = T s =g TT-8 * T al- A
322 z(68 — 683 — 28, — 1)
Cn(l—5,)8 n2(1 — B,)°
.. 18] . 174 _ 4ZE4 6:[‘4 _ 41'4
(L k wy  l cpn cl rp Rl A
N 6> 1223 6>

n(1= B n(l— Bt (1= B
xQ(SGBfL — 72@3 + 36@% — 80, — 7)
- n2<1 - 5n)6
42%(68, — 632 — 26, — 1)
n2(1 - ﬁn)5
N 2(10585 — 1462 — 283 + 1282 + 843, + 1)
n3(1 — B,)7 '

Lemma 1.2.9 Let P be the Jain operator and let p, be defined in
(1.2.8). In addition, if
lim 8, =0 (I1.2.11)

n—oo
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holds, then

1223 i 2412 N 106x
n(l—73,)° n2(1-05,)° n3(1l-— Bn)7'

PPg; <

Theorem 1.2.10 Let f € Cy([0,00)) and let the operator PP be de-
fined as in (1.2.9). If (1.2.9) holds, then

T

lim n(P,[f"}(f;x) — f(x)) ==f"(z), Vz>0.

n—o0 2

2.3 An approximation property of the generalized Jain’s
operators of two variables

The purpose of this section is to introduce a new class of double positive
linear operators which depend on a parameter 3. For these operators we
prove a Korovkin type theorem and we present some associated conver-
gence properties.
We present a new class of operators namely a generalization of Jain’s
ki + oy ke + Ozz)
mA4y mA+y /)

operators on the nodes <

]i]1+061 k2+a2
m+m’ n+ 7

gm0 = 37 3 Wl ma)esd ko, my)

k1=0 ko=0

) (1.2.12)

with (z,y) € D, f € C(D) and a = (a1, a3), v = (7,7)-

Lemma 1.2.11 Let (xz,y) € C(D) and let foo(z,y) = 1, fio(z,y) =

z, fo(z.y) =y, folz,y) = 2% foo(x,y) = y*. Then for the operators
described in relation (1.2.12) we have:
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PLT 00 (fo.05,y) = 1 (1.2.13)
(8] 7a, ) _ mx Qaq
Tm(fr0:2,y) = A8 T (1.2.14)
8] 7, . _ ny a
T (Jo.1:2,y) = R R (1.2.15)
2
PL T (fo0 + fo,22,y) = (m+$f(1 — (1.2.16)
N mx [ 1 N 200 ]+ a?
(m+m)Ll(1—p5%) 1-81" (m+mn)?
ny? ny 1 209
e et el R ]
a5
(n+72)*

Theorem 1.2.12 Let f € C(D) and 5, — 0 when n — oo. Then the
sequence I T (fix,y)} converges uniformly to f(z,y) on K C D,
where K = [0, A] x [0, 4], 0 < A < o0, that is

lim || 750 (f5,0) = fla)]| =0,

m,n—00

Theorem 1.2.13 [34] Let A = (ajrmn) be a nonnegative RH-reqular
summability matriz method. Let {L, .} be a double sequence of positive
linear operators acting from C(D) into itself. Then, for all f € C(D),

5t124 - lnllng ”Lm,nf - fHC(D) =0
if and only if
st — lim || Ly, o f; — filletpy =0, (i =0,1,2,3), (1.2.17)

where fO(xay> = 1,f1(:c,y) = x,fQ(x,y) =Y and f3(xay> = 12 +y2'

Theorem 1.2.14 Let P17 be the operators defined in (1.2.12). In ad-
diton we take 8 = (3, and o = au,,y = ¥, with the properties

Brn — 0,n — 00 (1.2.18)

and,
a, = 0,n — 00,7y, = 0,n — oo, (1.2.19)
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respectively. Then we have

Ol om0, y) — f(x,y)( <w(f;{1+ %(23:2 +27)}. (12:20)
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3

Preliminaries

In this chapter we gather both preliminary material which will be used
later in the study of boundary value problems presented in Chapters 4—
6 and preliminary material which is necessary in the modelling of the
boundary value problems we present in Chapters 46 of the thesis. This
chapter is divided into two main sections. First section is devoted to
background results from functional analysis and the second section aims
to present some preliminary results concerning the modelling of contact
problems.

3.1 Backgrounds on functional analysis

In this section we first recall important notion concerning the conver-
gence on normed spaces and some details regarding the Hilbert spaces.
Then we introduce the concept of history-dependent operators. We pro-
vide some examples, describe their properties, and present an existence
and uniqueness result for variational inequalities with history-dependent
operators. We continue with a short description of the function spaces
we need in the study of contact problems. Most of the results are stated
without proof since they are standard and they can be found in many
other references while for the results which are frequently used through-
out the manuscript we give the proofs, too.
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3.1.1 Basic notion

In this subsection one can find information regarding the Hilbert space
and some theorems which we use later in the manuscript.

3.1.2  History-dependent operators

In this subsection we present the definition and some examples of history-
dependent operators as well as fixed point results used later in the ma-
nuscript. Finally, we present an abstract existence and uniqueness result
concerning a class of history-dependent variational inequalities.

3.1.3  Function spaces in Contact Mechanics

In order to introduce a mathematical model that describes a contact
process, we need to describe first the spaces to which the data and the
unknowns belong.

3.2  Modelling of contact problems

We start this section by presenting the physical setting of contact pro-
cesses. Then we make a survey of the constitutive laws used in the lit-
erature, including the viscoelastic and the viscoplastic constitutive laws
we use in this manuscript. We proceed with a description of the contact
conditions. Finally, we discuss the frictionless and the frictional condi-
tions, including the Coulomb law of dry friction. More details on top-
ics related to the material presented in this chapter can be found in
8, 35, 39, 42, 54, 59, 61, 73, 86, 101, 114, 118, 128|.

3.2.1 Physical setting

We consider a general physical setting presented in Figure 3.1 and we
describe it in what follows. A deformable body occupies, in the reference
configuration, an open bounded connected set 0 C R? with boundary T,
composed of three sets I'y, T'y and 'y, with the mutually disjoint relatively
open sets I'y, I's and I's. The body is clamped on I'y. Surface tractions
of density f, act on I'; and volume forces of density f, act in €. In the
reference configuration the body is in contact on I's with an obstacle, the
so-called foundation.

We are interested in mathematical models which describe the equilib-
rium of the mechanical state of the body, in the physical setting above,
in the framework of small strain theory. To this end, we denote by wu,
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f
/{ 12 2
1

FIGURE 3.1. The physical setting; I's is the contact surface

o, and € = g(u) the displacement vector, the stress tensor, and the lin-
earized strain tensor, respectively. These are functions which depend on
the spatial variable  and on the time variable . Nevertheless, in what
follows we do not indicate explicitly the dependence of these quantities
on x and t i.e., for instance, we write o instead of o (x,t). Also, recall
that the components of the linearized strain tensor €(u) are given by

i) = () = 5 (1 + 15) (11.3.1)

where u; ; = Ou;/0z;. Finally, note that, here and below, all variables
are assumed to have sufficient degree of smoothness consistent with de-
velopments they are involved in. To present a mathematical model for
a specific contact process, we need to precise the constitutive law, the
balance equation, the boundary conditions, the contact conditions and,
eventually, the initial conditions.

3.2.2 Constitutive laws

A constitutive law represents a relationship between the stress o and the
strains € and their derivatives, eventually, which characterizes a specific
material. It describes the deformations of the body resulting from the
action of forces and tractions. Though the constitutive laws must satisfy
some basic axioms and invariance principles, they originate mostly from
experiments.

3.2.8 Contact conditions

In order to present a mathematical model for a specific contact process,
beside the constitutive law we need to describe the balance equation, the
boundary conditions and the contact conditions.
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We describe here the basic equations and boundary conditions which
are used in the study of contact problems with viscoelastic and viscoplas-
tic materials. We assume in what follows that the data and the unknowns
depend on time and we study the contact process in unbounded time in-
terval R.

3.2.4  Friction laws

We present now some conditions in the tangential directions, called also
frictional conditions or friction laws. The simplest one is the so-called
frictionless condition in which the tangential part of the stress, (also
named the friction force) vanishes, i.e.

o, =0. (I1.3.2)



4

A history-dependent frictional contact
problem

In this chapter we consider a mathematical model which describes the
contact between a viscoelastic body and a foundation. The contact is
frictional and is modelled with normal compliance and memory term,
associated to the Coulomb’s law of dry friction. We derive a variational
formulation of the problem which is in a form of a variational inequal-
ity for the displacement field or, equivalently, in a form of a history-
dependent variational inequality for the velocity field. Our main results
in this chapter are Theorem I1.4.1 and II1.4.4. Theorem I1.4.1 states the
unique solvability of the problem and is obtained in several steps, based
on the arguments presented in Section 3.1.2. Theorem I1.4.4 states the
continuous dependence of the solution with respect to the data. It is ob-
tained using various estimates and monotonicity arguments. The material
presented in this chapter made the object of the article [117].

4.1 Problem statement

For the problem studied in this chapter the contact is frictional. It is
modelled with normal compliance and memory term, associated to the
Coulomb’s law of dry friction. The material’s behavior is described with a
viscoelastic constitutive law with long memory. The classical formulation
of the contact problem is the following.

Problem P. Find a displacement field u : Q x Ry — R? and a stress
field o : Q2 x R, — S such that
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~—

o(t) = Ae(u(t)) + Be(u(t)) + /0 K(t — s)e(u(t)) ds,

Dive(t) + fo(t) =0
u(t)=0
oty = f(t)

ou(t) = plu (1)) + / bt — s)u (s) ds

o (O] < plow(t)],
—o () :,u|ay(t)\ﬁ if w.(t)£0

for allt € Ry and, moreover,

u(0) = ug in Q.

4.2 Existence and Uniqueness

n
on

on

on

on

Q, (I1.4.1)

Q, (I14.2)
Iy, (I14.3)
Ty, (I1.4.4)

Ty, (I14.5)

Iy (IL4.6)

(11.4.7)

First we assume that the viscosity operator satisfies the condition

(a) A: Q xS?— §4.
(b) There exists L4 > 0 such that
Az, 1) — Az, &2)|| < Laller — &
v&'l,&'g € Sd, a.e. x € .
(c) There exists m4 > 0 such that

(A(x, 1) — Az, €2)) - (€1 — €2) > ma[ler — &2

Ve, es €S% ae x e

(d) The mapping « +— A(x,e) is measurable on (2,

for any € € S°.
(e) The mapping « — A(z, Os,) belongs to Q.

(11.4.8)
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Also, the elasticity operator and the relaxation tensor satisfy the follow-
ing conditions.

(a) B: QxS — S )
(b) There exists Lg > 0 such that
[B(x,e1) — Az, &2)|| < Lgller — &
Ve, eq € Sd, a.e. x € (). (II49)
(¢) The mapping « — B(x, ) is measurable on €,
for any e € S°.
(e) The mapping « — B(x,0s,) belongs to Q.

KeCRy; Qo). (I1.4.10)
The densities of body forces and surface tractions are such that
fo € C(RL;LA(Q)Y), f,€ C(Ry; LA(Ty)%) (I1.4.11)
and the normal compliance function p satisfies

(a) p: T3 xR — R, )
(b) There exists L, > 0 such that
p(, 1) = p(x,72)| < Ly |11 — 12
Vry, rg €R) ae x el (I1.4.12)
(¢) The mapping x — p(x,r) is measurable on I's,
for any r € R.
(d) p(x,r) =0 for all <0, ae. x € Is.

Finally, the surface memory function, the coefficient of friction and the
initial data verify

be C(Ry; L>™(T3)), b(t,z) >0 (I1.4.13)
forallt e R,, a.e. x € I's,

we LX(3), px)>0 ae xels, (I1.4.14)

ug € V. (I1.4.15)
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Problem PV. Find a displacement fieldu : R, — V such that u(0) = ug
and the following inequality holds, for all t € R,:

(Ae(a(t)) + Be(u(t)), e(v) - e(u@)))Q (I1.4.16)

+(/0t}C(t — s)e(u(t)) ds, e(v) — s(u(t)))

Q

(oot + [ 00— 5)u 5) s, = 1)

L2(T'3)
(o) + [ ot =) ). ool = 0],

= (Folt), v = @(t))r2(q)e + (fo(t), v — w(t)) r2@yye VO EV.

A couple of functions (u, o) which satisfies (I1.4.1) and (I1.4.16) is
called a weak solution for the frictional contact problem, Problem P.

We have the following existence and uniqueness result.

Theorem I1.4.1 Assume that (11.4.8)—(11.4.15) hold. Then, Problem PV
has a unique solution which satisfies

u € CHR,; V). (I11.4.17)

Problem QV. Find a velocity field w : Ry — V such that the following
inequality holds, for all t € Ry:
(Ae(w(t)),e(v) —e(w(t)))q (11.4.18)
+o(Rw(t),v) — p(Rw(t), w(t)))
> (f),v—w(t)) VvelV
Lemma I1.4.2 Let u € C'(R;V) and w € C(Ry;V) be given func-

tions such that u = Sw. Then w is a solution to the Problem PV if and
only if w is a solution to the Problem QV.

Lemma I1.4.3 There exists a unique solution w to Problem QY and,
moreover, it satisfies w € C(R; V).
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4.3 A convergence result
Consider the following assumptions:
K,—K in C(Ry;Qx) as p—0. (I1.4.19)

There exists F': R, — R, and Ly > 0 such that )
(a) |pp(x,7) = plx,7)] < F(p)(Ir| + 1)

Vr eR, ae. x €Iz, for each p > 0. (11.4.20)
(b) F(p) -0 as p—0.
(¢) L, <Ly as p—0. )
b, = b in C(Ry;L>=(T3)) as p—0. (I1.4.21)
fo,— fo in CR;LHQ)Y) as p—0. (11.4.22)
fap— F2 in C(Ry;L2(T2)Y) as p— 0. (11.4.23)

Theorem I1.4.4 Assume that (11.4.19)—(11.4.23) hold. Then the solution
u, of Problem 73:)/ converges to the solution w of Problem PV, i.e.

u, —»u in C'RV) (11.4.24)

as p — 0.
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5

A history-dependent frictionless contact
problem

In this chapter we consider a first mathematical model which describes
the quasistatic contact between a viscoplastic body and a foundation. The
contact is frictionless and is modelled with normal compliance, unilateral
constraint and memory effects. We derive a variational formulation of the
problem, then we prove its unique weak solvability. The two main theo-
rems which state the unique solvability and the convergence result in this
chapter are Theorem I1.5.1 and Theorem I1.5.4, respectively. The proof
of Theorem II.5.1 is based on arguments presented in Section 3.1.2. The-
orem I1.5.4 states that the solution of the penalized problem converges to
the solution of the variational problem, obtained previously. The results
obtained in this chapter were published in [49] and [100].

5.1 Problem statement

For the problem analyzed in this chapter the contact is modelled with
normal compliance, unilateral constraint and memory term. The ma-
terial’s behavior is described with a viscoplastic constitutive law. The
classical formulation of the problem is the following.
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Problem M. Find a displacement field u : Q x Ry — R? and a stress

field o : Q2 x R, — S such that

o(t) = Ee(u(t)) + G(a(t),e(ul(t)))
Dive(t) + fo(t) =

F27

for allt € Ry, there exists £ : I's x Ry — R which satisfies

uy(t) < g, ou(t) + plun(t)) + (1)

(u, (t) = g) (00 (1) + p(us (t) +£()) =0,

0<et) < / bt — s) i (s) ds,
€)= 0 if uy(t) <0,

g@):/o bt — s)ut(s)ds if w(t) >0

for allt € Ry and, moreover,

o.(t)=0

’U,(O) = Uy, O'(O) = 0y

\

Vs

on

I's, (IL5.5)

(I1.5.6)
(I1.5.7)
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5.2 Existence and uniqueness

In the study of problem M we assume that the elasticity tensor £ and
the nonlinear constitutive function G satisfy the following conditions.

(a) €= (Eiju) : 2 x ST — S7. )

(b) Eijit = Ekiij = Eji € L®(N), 1 < 4,5, k,1 <d.

(c) There exists mg > 0 such that
ET-1m>me|7T|> VT €S? ae. in Q. )

(I1.5.8)

(a) G: O xS4xS?— S

(b) There exists Lg > 0 such that
1G(x,01,€1) — G(x, 02, 6)|

< Lg (loy — oaf + |ler — &) (I1.5.9)
Voi,,09,€1,6 €S% ae x €.

(¢) The mapping  — G(x, o, €) is measurable on (2,
for any o, e € S%.

(d) The mapping @ — G(x, 0sa, 0sa) belongs to Q. )

Also, the normal compliance function p satisfy

(a) p: I3 xR = R,. )
(b) There exists L, > 0 such that
(2, 71) — p(e, 72)| < Ly |r1 — 72
Vri, 9 €ER, ae x el
(c) (p(x,r1) —p(a,re))(r1 —19) >0 (I1.5.10)
Vri, 9 €ER, ae x el
(d) The mapping « — p(x,r) is measurable on I's,
for any r € R.
(e) p(x,r) =0 for all » <0, a.e. x € Is. J

Finally, the densities of body forces and surface traction, the memory
function and the initial data are such that

fo € C(Ry; L2(Q)Y),  f,€ C(Ry; LX),  (IL5.11)
be C(Ry; L>(Ty)), b(t,xz) >0 a.e xely (I1.5.12)
u €V, o0€Q. (I1.5.13)
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Consider now the subset U C V, the operators P : V. — V., B :
C(Ry; V) — C(Ry; L*(T3)) and the function f: R, — V defined by

U={veV:v,<gonly}, (I1.5.14)

(Pu,v)y = / p(uy)v,da Yu,veV, (I1.5.15)
I's

(Bu(t), €) 2y = ( /0 b(t — s)u (s) ds,g)m(rs) (11.5.16)

Vuc C(R;V), € € L*(T3), t € Ry,
(f(t)aU)VZ/Qfo(t)-vdx (I15.17)

+ [ fot)-vda YveEV, teR,.
1)

Problem M. Find a displacement field w : R, — U and a stress field
o : R, — Q such that, for allt € Ry,

o(t) =Ee(u(t)) + /0 G(o(s),e(u(s)))ds+ oy — Ee(uyp), (11.5.18)
(o(t),e(v) —e(u(t)))g + (Pu(t),v —u(t))y (I1.5.19)
+(Bu(t), v —u) () 2wy > (f(t), v —u(t)y Yovel.

A couple (u, o) which satisfies (I1.5.1) and (I1.5.19) is called a weak
solution for the frictionless contact problem, Problem M.

The unique solvability of Problem MY is given by the following result.

Theorem 11.5.1 Assume that (11.5.8)~(11.5.13) hold. Then Problem MY
has a unique solution, which satisfies w € C(R;U) and o € C(R.; Q).

Lemma I1.5.2 For each function u € C(Ry;V) there exists a unique
function Su € C(Ry; Q) such that

Su(t) = /0 G(Su(s) + Ee(u(s)),e(u(s)))ds  (11.5.20)
+oo—Ee(uy) VteR,.

Moreover, the operator S : C(Ry; V) — C(R4; Q) is a history-dependent
operator, i.e. it satisfies the following property: for every n € N there
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exists s, > 0 such that

t
|Sui(t) — Sua(t)|g < sn / |lui(s) — ua(s)|lvds  (11.5.21)
0
Vuy, us € C(R; V), Vit €[0,n].
Lemma I1.5.3 Let (u, o) be a couple of functions such thatu € C(R,; V),
o € C(R;;Q). Then, (u,a) is a solution of Problem MY if and only if
o(t)=Ee(u(t)) +Su(t) VteR,, (I1.5.22)

) —e(u(t))q + (Su(t), e(v) — e(u(t)))q (11.5.23)
t), vy — () reqry) + (Pult), v —u(t))y
> (f(t),v —u(t))y YvelU VteRy

(Ee(u(t)), e(v
+(Bu(

hold.

5.3 A convergence result

In this section we prove a convergence result in the study of Problem M.
To this end, everywhere in this section we restrict to the homogenous case
i.e. assume that the function p does not depend on @ € I's. Moreover, we
assume that p satisfies

(a) p: R—Ry,. )
(b) There exists L, > 0 such that
p(r1) — p(ro)| < Lylry —ra| Vi, r2 € R (11.5.24)
(¢) (p(r1) —p(r2))(ri —m9) 20 Vry, g €R.
(d) p(r) =0 for all r < 0. J

Let ¢ be a function which satisfies

(a) q: [g,+oo[—= Ry )
(b) There exists L, > 0 such that
|q(r1) = q(r2)| < Lolry — 2| Vr,ma>g. (11.5.25)

(c) (q(r1) —q(r2))(r1 —1re) >0 Y1y, 1m0 > g, 11 # 12
(d) q(g) = 0. )




28 5. A history-dependent frictionless contact problem

Let 1 > 0 and consider the function p, defined by

(r) it r<ugy,
{ qg’)%-p(g) if r >g. (I1.5.26)

Using assumption (I1.5.25) it follows that the function p, satisfies condi-
tion (I1.5.24), i.e.

(a) p, : R =R, )
(b) There exists L,, > 0 such that
Pu(r1) = pu(re)| < Lp,|ry — 2| Vry, r2 € R (I1.5.27)
(€) (Pu(r1) = pulr2))(r1 —r2) 20 Vry, ra € R
(d) pu(r) =0 for all r <O0. )

This allows us to consider the operator P, : V' — V defined by
(Pau,v)y = / pu(w)v,da Vu,veV (I1.5.28)
I's

and, moreover, we note that P, is a monotone, Lipschitz continuous op-
erator.
With these notation, we consider the following contact problem.

Problem M,,. Find a displacement field w,, : Q x R, — R? and a stress
field o, : 2 x Ry — S? such that

&.(t) = Ee(in,(t)) + G(ou(t), e(u,(t)) in (I1.5.29)
Divo,(t)+ fo(t) =0 in (11.5.30)

w,(t) =0 on T, (I1.5.31)

o.(v = fy(t) on T (I1.5.32)

for allt € Ry, there exists £ : 2 x Ry, — R which satisfies

Juu(t) + pu(uuu(t)) + S(t) =0,

060 < [ bt -9t (s)ds
€ =0 i wu(t) <0,

£(t) = /0 b(t — )t (s)ds i upu(t) >0

on Iz, (IL.5.33)

Vs
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for allt € Ry and, moreover,

0, (t)=0 on I}, (I1.5.34)
u,(0) = ug, 0,(0) = o9 in Q. (I1.5.35)

Problem ML/ Find a displacement field w, : Ry — U and a stress field
o, Ry — Q such that, for allt € Ry,

o, (t) = Ec(u,(t) + | Glou(s),e(uu(s)))ds (11.5.36)

(ou(t),e(v) —e(uu(t)))q + (Puy(t), v —uu(t))v (I1.5.37)
+(Buy,(t),v; —wl, () 2wy > (F(t), v —uu(t)y Yovel.

We have the following existence, uniqueness and convergence result.

Theorem I1.5.4 Assume that (11.5.24), (11.5.11), (I1.5.13) and (I1.5.25)
hold. Then:
a) For each p > 0 there exists a unique solution u, € C(Ry;V) to

Problem ML/

b) The solution u, of Problem MX converges strongly to the solution
u of Problem MV, that is

[wn(t) —u(®)llv +llou(t) —o(t)le =0 (I1.5.38)
as i — 0, for allt € R,.

Lemma I1.5.5 There ezists a unique solution u, € C(R4;V) to prob-
lem /\/lx

In order to complete the proof of the main theorem we consider the
auxiliary problem of finding a displacement field w, : Ry — V such that,
forall t € R,

H(Pa,(t), v — w,(1)v + (Bu(t), v} — U, (1)) r2(ry)
> (F(t),v = wu(t)y Vo eV,

(Ee(uy(t)),e(v) —e(uu(t))q + (Su(t), e(v) — e(wu(t)))q (11.5.39)
)



30 5. A history-dependent frictionless contact problem

Lemma I1.5.6 There exists a unique function u, € C(Ry;V) which
satisfies (11.5.39), for allt € R,.

Lemma I1.5.7 As yu — 0,

w,(t) — u(t) inV,
forallt e Ry.
Lemma 11.5.8 As u — 0,

e, (t) — u(t)|y =0,
forallt e Ry.
Lemma 11.5.9 The following convergence holds.

|lw,(t) —u(t)||v + [ou(t) —o(t)|o =0 as p—0 forall t € R,.
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A history-dependent frictionless contact
problem with internal state variable

In this chapter we consider a second mathematical model which describes
the quasistatic contact between a viscoplastic body and a foundation.
Unlike the problem studied in the previous chapter here we model the
material’s behavior with a rate-type constitutive law with internal state
variable. The contact is frictionless and is modelled with normal compli-
ance, unilateral constraint and memory term. We present the classical
formulation of the problem, list the assumptions on the data and derive
a variational formulation of the model. Then, in Theorem I1.6.1 we prove
its unique weak solvability. The proof is based on arguments of history-
dependent quasivariational inequalities. We also study the dependence
of the solution with respect to the data and prove a convergence result,
Theorem I1.6.4. The content of this chapter is based on the paper [122].

6.1 Problem statement

For the problem studied in this chapter the contact is modelled with
normal compliance, unilateral constraint and memory term. Moreover,
the material’s behavior is described with a rate-type constitutive law
with internal state variable. The classical formulation of the problem is
the following.

Problem N. Find a displacement field u : Q x Ry — R?, a stress field
o: QO xRy — S% and an internal state variable K : Q x Ry — R™ such
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that

o(t) = Ee(u(t)) + G(a(t),e(u(t), k(t)) i €  (IL6.1)
R(t) = G(o(t),e(u(t), k() in Q (1162
Divo(t)+ fo() =0 in Q, (11.6.3)
0 (IL.6.4)

(I1.6.5)

(I1.6.6)

for allt € Ry, there exists £ : I's x R, — R which satisfies

3

uy(t) < g, ou(t) + p(uy(t) + £(t) <0,
(u,(t) = g) (00 (t) + p(w (1)) +£(2)) =0,

0< &) < / bt — )t (s) ds, on Ty (IL67)
€)= 0 if w(t) <0,

Et) = /Otb(t —s)ut(s)ds if wu,(t) >0

Vs

for all t € Ry and, moreover,

u(0) =ug, o(0) =09, £k(0)=kKo in Q. (I1.6.8)

6.2 Existence and uniqueness

In this section we list the assumptions on the data, derive the varia-
tional formulation of the problem N and then we state and prove its
unique weak solvability. To this end we assume that the elasticity tensor
£ satisfies

(a) &= (5ijkl) : QX Sd — Sd.
(b) Eijrt = Eriij = Ejim € L=(), 1 <4, 5, k, 1 < d.

(c) There exists mg > 0 such that

ET-m>mg||T||? VT €S?, ae. in Q.

(11.6.9)
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and the constitutive functions G and G satisfy the following conditions.
(a) G: Q2 xS% xS xR™ — S%
(b) There exists Lg > 0 such that
IG(x,01,e1,k1) — G(x,02,€9, Ko
< Lg(llor — o2 + [ler — &of| + [[k1 — Kal])
Voi, 09, €1, €S K1, kg €ER™, ae. x € Q.

)

(11.6.10)

(¢) The mapping x — G(x, 0, €, k) is measurable on 2,
for any o, € € S% and k € R™.
(d) The mapping « +— G(x, Oga, Osa, Orm ) belongs to Q.

/

(a) G: QxS xS%xR™ — R™. )
(b) There exists Lg > 0 such that
|G(x,01,e1,k1) — G(x,02,€2, Ko
< Lo(llor — ool + llex — & + 51 — £
Vo, 09, €1, €S% Ky, ko €ER™, ae. e Q. 3 (11.6.11)
(¢) The mapping « — G(x, 0, €, k) is measurable on (),
for any o, € S? and kK € R™.
(d) The mapping & — G(x, 0ga, 0ga, Ogm )
belongs to L?(Q)™. )

The densities of body forces and surface tractions are such that
fo € C(R.; L2 (Q)Y), fy€ C(Ry; LA ()Y (11.6.12)
and the normal compliance function p satisfies
(a) p: I3 xR = R,.

(b) There exists L, > 0 such that

Ip(x, 1) — p(,r2)| < Ly [r1 — 12
Vri, o €R, ae x el

(c) (p(z,m1) — p(@,72)) (11 —72) > 0 (I1.6.13)
Vri, m e€R, ae x el

(d) The mapping « + p(x,r) is measurable on I's,
for any r € R.

(e) p(x,r) =0 for all r <0, ae. x € ;.

7

Also, the surface memory function and the initial data verify

be C(Ry;L>®(T3)), b(t,z) >0 forallt e Ry, ae. x eI, (11.6.14)
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ug €V, oo€Q, kg€ L*(Q)™. (11.6.15)

Problem N'V. Find a displacement field w : R, — U, a stress field
o R, — Q and an internal state variable k : Ry — L*(Q)™ such that,
for allt € R, we have

o(t) = /O (o (s), e(u(s)), (s)) ds + oo — Ee(ug) + Ee(u(t)),

K(t) = /0 G(o(s),e(u(s)),k(s))ds + Ko,
(o(t),e(v) —e(u(l))q + (Pul(t), v — u(t)v
+<Bu(t), vt - @(t))wm > (f(t),0 —u(t))y Vovel.

In the study of the problem NV we have the following existence and
uniqueness result.

Theorem I11.6.1 Assume that (11.6.9)—(11.6.15) hold. Then, Problem N'V

has a unique solution which satisfies
uc CR;U), o€CR;Q) and ke O(Ry;L*(Q)™). (11.6.16)

Lemma I1.6.2 For each u € C(Ry; V) there exists a unique function
Su = (S1u,Syu) € C(Ry; Q x L*(Q)™) such that

Siu(t) :/0 G(Siu(s) + Ee(u(s)), e(u(s)), Saul(s))ds  (11.6.17)

+oo — Ee(uy),

Sou(t) = /0 G(S1u(s) + Ee(u(s)), e(u(s)), Sau(s))ds  (11.6.18)
+Kg

for all t € Ry. Moreover, the operator S : C(R; V) — C(R,;Q %
L2(Q)™) s a history-dependent operator, i.e. it satisfies the following
property: for every n € N* there exists s, > 0 which depends only on n,

d, G, G and &, such that

|Su(t) — Sv(t)|loxr2@m < Sn /0 |lu(s) —v(s)|lvyds (11.6.19)

Vu,veCR;V) Vitelo,n].
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Lemma I1.6.3 Let (u, 0, k) be a triple of functions which satisfy (11.6.16).
Then (u, o, k) is a solution of NV if and only if
o(t) =Ee(u(t)) + Si(u(t)), (I1.6.20)
K(t) = Sau(t), (I1.6.21)
(Ee(ult), =(v) — e(u(t))g + (Srult),(v) — e(u())g (1622)
+(Pu(t), v — u(t))v + (Bu(t), v — ) (t)) 2wy
> (F(t),0 — ult

=
<C
e
m
S

forallt e Ry.

6.3 A convergence result

We now study the dependence of the solution of Problem ANV with
respect to perturbations of the data. To this end, we assume in what
follows that (I1.6.9)—(I1.6.15) hold and we denote by (u, o, k) the solu-
tion of Problem AV obtained in Theorem IL.6.1. For each p > 0 let p,,
bps Jops F2ps Wops O0p and Ko, represent perturbations of p, b, fo, fo,
ug, oo and K, respectively, which satisfy conditions (11.6.12)—(11.6.15).
In addition, for every p > 0 we define the operators P, : V. — V|,
B, : C(Ry;V) = C(Ry; L*T3)) and the function f, : Ry — V by
equalities

p

(Pyu,v)y = / po(w)v,da Yu, v eV, (I1.6.23)
I's

(Byu(t), &) ory) = ( /0 t byt — s) ut (s) ds, g) oy (16:2)

T'3)

Vu e C(RJr; V)7 6 € LQ(FB)a le RJra

(f,)(t),v)v—/Qfop(t)-vda:Jr : fop(t) - vda  (IL6.25)
VveV, teR,.

With these data, we consider the following perturbation of Problem

NV,
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Problem N;/. Find a displacement field uw, : R, — U, a stress field
o,: Ry — Q and an internal state variable k, : Ry — L*(Q)™ such that

= /0 g(O'p<S)7 E(up(s)); ""fp(s)) ds + Oop — g&'('llfop) (11626)

+Ee(u,(1))
/ Gl(o,(5), e, (s)), r,(5)) ds + Ko, (11.6.27)
(o,(t), e(v) —e(u,(t)))q + (Ppu(t), v — u,(t))v (11.6.28)

H(Bult)of —u0) > (Fo—u )y VvV,

forallt € Ry.

It follows from Theorem II.6.1 that, for each p > 0, Problem N X
has a unique solution (u,,o,, k,) with the regularity u, € C(R4;U),
o, € C(R:;Q) and k, € C(Ry; L*(Q)™). Consider now the following
assumptions:

There exists F': R, — R, and o € R, such that

(4) Iyl ) — pla. )| < F(p)(Ir| + ) 1629)
Vr € R, a.e. x € I's, for each p > 0. o

(b) F(p) >0 as p—0.

b, = b in C(Ry;L>(T3)) as p—0. ( )
fo, = fo in CRLX Q)Y as p—0. ( )
fop = fo in C(Ry;L*(T2)Y) as p— 0. (11.6.32)
u, > uy in V oas p—0. ( )
oo, =0y in Q as p—0. ( )

( )

Koy — ko in L*(Q)™ as p—0.

We have the following convergence result.

Theorem I1.6.4 Assume that (11.6.29)—(11.6.35) hold. Then the solu-
tion (u,, 0, k,) of Problem N} converges to the solution (u,o, k) of
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Problem NV, i.e.

u, > u in C(R4; V),

o,—o in CR;;Q), (11.6.36)
Kk, =k in CRy; L*(Q)™)
as p — 0.
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