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VARIATIONAL ANALYSIS OF A VISCOELASTIC FRICTIONAL CONTACT WITH
LONG-TERM MEMORY BODY WITH THERMAL EFFECTS

Karima Sidhoum'® and Abdelbaki Merouani

ABSTRACT. In this article we study a mathematical model which describes the
quasi-static process of contact between a piezoelectric body with long-term mem-
ory and an obstacle. The contact is modeled with a normal conformity condition
and a version of Coulom’s law. The evolution of temperature is described by a
first kind evolution equation. The problem is formulated as a system of scalable
elliptical variational inequalities for displacement, and a variational equality for
electrical stress. We prove the existence of a unique weak solution to the problem.
The proof is based on arguments from time-dependent variational inequalities,
differential equations and fixed point.

1. INTRODUCTION

Due to the importance of contact processes in structural and mechanical sys-
tems, considerable progress has been made recently in mathematical modeling
and analysis and numerical simulations and, therefore, the technical literature on
this subject is quite abundant [[1-3] . Contact and friction phenomena are increas-
ingly taken into account in industrial issues. Engineering of wheel-in-rail contact,
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in the modeling of prosthetic medical devices, mechanical assemblies, formula-
tion, etc. This requires having robust, reliable and precise resolution and analysis
tools. The mechanical contact presents the most difficult nonlinearities to take
into account. There are different contact resolution methods. The main idea is to
link abstract results and models for different body types in order to apply these
results in practice. We present a variant formulation of the problem for which we
prove the existence and the uniqueness of the solution with respect to the data and
the parameters. In most systems of continuum mechanics, there are situations in
which a deformable body comes into contact with other bodies or with a rigid or
deformable foundation.

The problem of the contact is primarily to know how the efforts are applied
on a structure and how these structures react when they undergo these efforts.
Mechanical contact problems are mainly found in fields as varied as aeronautics,
mechanics, civil engineering and medicine. Taking into account the behavior of
continuous media includes elasticity, plasticity, etc. Given the importance of the
phenomenon, considerable efforts have been devoted to modelling. The general
mathematical theory of contact mechanics emerged. He is interested in the mathe-
matical structures which are at the origin of the problems of contact with different
laws of behavior, see [|1,2]].

We study a new constitutive law called thermo-viscoelastic material with long-
term memory given by

(1.1) o (t) = Ae (a () +Be (u (t))+/g(t— s, (u(s))) ds+C*Ve (£)— M8 (1),

(1.2) D (1) = (e (u(t)) = BVe () = PO(1),

Here A and B are nonlinear operators describing the purely viscous and the elas-
tic properties of the material, respectively, and G, E(¢) = =V, ¢ = (eik), M,
B, P are respectively relaxation operator, electric field, piezoelectric, thermal ex-
pansion, electric permittivity pyroelectric tensors, and ( is transpose of (. Note
also that when ¢ = 0 and D = 0, (L.I)-(1.2) becomes the Kelvin-Voigt thermo-
viscoelastic with long memory constitutive relation used in [4]. Moreover, when
M =0 and P = 0, the relations (1.1)-(1.2) becomes the Kelvin-Voigt electro-
viscoelastic with long memory constitutive relation used in [5].
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We use an evolution of the temperature field obtained from the conservation of
energy and defined with the following differential equation

(1.3) 0 () —Div (K(0 () ) = $(MO (¢) it (t) +qy,)

Here 6 is the temperature, K denotes the thermal conductivity tenser, M the ther-
mal expansion tensor, ¢y, is the density of volume heat sources and ¢ is a nonlinear
function, assumed here depends on thermal expansion tensor and the velocity.

The Coulomb friction is one of the most useful friction laws and known from
the literature. This law has two basic ingredients mamely the concept of friction
threshold and its dependence on the normal stress.

The normal compliance law is a contact law allowing penetration into the foun-
dation, considered to be deformable. Various versions of the normal compliance
law were recently presented in the literature [6]], [7], [8]1, [9].

In this paper, we use the thermal and the mechanical contacts and we neglect
the electrical contact for some reason used in materials such as car battery there
is no electric field between the battery and the sheet metal.

2. THE MODEL

The physical setting is the following. An thermo-electro-viscoelastic body with
long term memory occupies a bounded domain @ C R?¢ (d = 2,3) with outer
Lipschitz surface I'. This boundary is divided into three open disjoint I';, "y and
I';, on one hand, and a partition of I'; U I'; into two open parts I', and I',, on
the other hand. We assume that meas(I'y) > 0 and meas(I',) > 0. Let T> 0 and
let [0, 7] be the time interval of interest. The body is subjected to the action of
body forces of desity f;, a volume electric charges of density q, and heat source
of constant strength q,,. The body is clamped on I'; x [0, 7], so the displacement
field vanishes there. A surface traction of density fy act on T'sx [0,7]. We also
assume that the electrical potential vanishes on I',x [0,7] and a surface electric
charge of density q, is prescribed on I',x [0,7]. Moreover, we suppose that the
temperature vanishes on (I'; U I'y)x [0,7]. Moreover, we suppose that the body
forces and tractions vary slowly in time, and therefore the accelerations in the
systemmay be neglected. Neglecting the inertial terms in the equation of motion
leads to a quasistatic approach to the process.
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The classical formulation of the mechanical problem is as follows.

Problem P : Find the diplacement field u : Q x [0,7] — R¢ | the stress
field o : Q x [0,T] — S¢, the electric potential ¢ : Q x [0,T7] — R, the electric
displacement field D: Q x[0,7] —+ R? and the temperature 6 : 2 x[0, 7] — R such
that

(a(t))) +B= (u(t))

@D /g (t—s.2(u(s)ds+ Vo () ~MO () in Qx[0,T]
(2.2) —Ce(u(t) = BVp(t) —PO(t) in Q x[0,7]
(2.3) 0 (t) — Div (k(0 (1)) = »(MO (1), 0 (t) + qn) in Q x [0,T]
(2.4) Divo +f,=0 in Q x[0,7]

(2.5) DivD = ¢, in Q x[0,7]

(2.6) u=0 on T, x [0, 7]

(2.7) ov =f, on Ty x [0,7]

(2.8) { Z _ :i‘ (luu_’v“; ‘;;g"o on Ty x [0,7]

(2.9) ki 0m; = ko(0(t) — ) on Ty x [0, 7]

(2.10) D.v = U(u, — g)®(p — o) onTsx [0,7]
(2.11) 0 =0 on (I UT) x [0,7]

(2.12) ©=0 on Ty x [0,7]

(2.13) Dv=gq on Ix [0,7]

(214) u(O) =Uy 0(0) = 90 in
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We now describe problem (2.1)-(2.14) and provide explanation of equations and
the boundary conditions.

Equations and represent the thermo-electro-viscoelastic constitutive
law with long term memory, the evolution of the temperature field is governed by
differential equation given by the relation where 1 is the mechanical source
of the temperature growth, assumed to be rather general function of the strains.
Next equations ([2.4) and are the steady equations for the stress and electric-
displacement field, conditions and are the displacement and traction
boundary conditions. Equation (2.11)) means that the temperature vanishes on
(I'y UTy)x [0, 7] which implies that there is only an electro-mechanical effect on
(I'; UT,). Next, and represent the electric boundary conditions for
the electrical potential on I', and the electric charges on I';, respectively. Equation
represents the initial displacement field and the initial damage field where
Uy is the initial displacement, and 6 is the initial temperature.

We turn to the contact conditions ([2.8)-(2.10) describe the frictional thermo-
mecanical contact on the potential contact surface I';. The relation describes
a normal compliance conditions with the Coulomb’s law of dry friction where
p, is a prescribed function, and g represents the gap in direction v. The difference
u, — g, when positive, represents the penetration of the surface asperities into
those of the foundation. Moreover the last two inequalities in the relation (|2.8])
describe Coulomb’s law of dry friction. The equation ([2.9) represents an associated
temperature boundary condition on contact surface, where k, is a heat exchange
coefficient between the body and the obstacle. and 6 is the temperature of the
foundation. Finally, the equation shows that there are no electric charges on
the contact surface. We not here for the condition (2.8)) we choose the following
version of the normal compliance

Pv = UDr.
This choice can be found often in the literature, here 1 is the coefficient of friction
and p, is called tangential compliance.
3. VARIATIONAL FORMULATION

In order to obtain the variational formulation of the problem P, we use the
following notations and preliminaries.
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3.1. Notations and preliminaries.

We present the notation we recall some preliminary material. For more details,
we refer the reader to [[10]], [[11]] .We recall that the canonical inner products and
the corresponding norms on R? and S¢, respectively are given by

uv = w.v;, |v]=+vvv forall uv €R?
o1 =0i.7ij, |Tl=v 7.7 forall o7 €S
We introduce the spaces
H= L}(Q)" = {V = (vi) v € L2(Q>}7
H = {7’ =7 : Ty =Ty € L? (Q)},
H'( Q) ={v=(v)eH :e(v)eH},
Hy = {7 €: Divr €H}.

Here e: HY(Q)Y — and Div : H — H are the linearized deformation and
divergence operators, respectively, defined by

e(v) = (g5(v),  &;5(v) :%(Uz@ﬁvi’i)’ Divr = (7).

The spaces H, H, H'(Q2)¢ and H, are real Hilbert spaces endowed with the canon-
ical inner products given by

(u,v)y = / w;.v; de, (0.7)y = / 0ij.Ti; dx,
Q Q
(u>V>H1(Q)d = (u,V)H + (8(11)7 8("))7‘[7
(0.7)=(0.7) + ( Divo, Divr),.
We introduce the closed subspase of H'(0)? defined by
V={v eH'(Q)? :v=0 onT },
we also introduce the spaces
We={peH' Q) :¢=00nT,},
W, ={D=(D,) : D, € L*(Q), DivD €L*(Q)},
Wy ={weH'(Q) : w=0aecon(T;Ul)}.



VARIATIONAL ANALYSIS OF A VISCOELASTIC FRICTIONAL CONTACT 439

Since measl’, > 0 and measl’; > 0, the Korn’s and Friedrichs-Poincaré inequali-
ties holds, thus,

(3.1) | e(v) lx = Coll v |mry, Vv eV,

(3.2) | Vo |

we = Cr | ¢ llm, Yo eW,

(3.3) | VW ||z = Co | W [|pi), YW €Wy,

where here and below Cj, C; and (), are positive constants that depend on the
problem data but is independents of the solutions, the value of which may change
from line to line.

On the spaces V, W,, W, and Wy, , we define the following inner products

(3.4) (w,v)y = (0,e(v)y, Yu,veV),
(3.5) (¢, Dw. = (Vo, Volw,, Yo, ¢ €W,
(3.6) (w,2)w,, = (Vw, Vz)y, Yw,z Wy,
where

(¢, P)w, = / V. V¢ dr,
Q

(D, E),, = / D.E dx +/DiUD.DiUE dzx.
Q 0

There exists a constants Cy, C; and C; are positive constants, such that

3.7) IV 2wy« < Co || v [lv, Vv eV,
(3.8) 16 2w < Coll & llw,  VoeW,
3.9) 12 [ 2ws)= Co | 2 [lwiys V2 €Wy

and we denote by v, and v, the normal and tangential components of v on I" given
by

(3.10) v, = V.U, V.= V—U,l.
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Similarly, we define its normal and tangential components by
(3.11) o,= (ov).v, V.= 0V — 0o,V

forallo € Hy,0 € H'(Q)? and D € W, the following three Green’s formulas holds:

(3.12) (0, (V) + (Divo,v )g = /O'Z,V da, Yv & H'Y(Q)"
r
(3.13) (0, VW)g + (Divd, w)r2q) = /Ql/.w da, Vw € H'(Q),
r
(3.14) (D, V) + (DivD, )20y = / Dv.dda, ¥ pe H(S),
r
where

Divd =6;;, DivD = (D,.).

2,0

We recall the following Theorem

Theorem 3.1. Let V C H C V' be a Gelfand triple. Assume thatA:V — V' isa
hemicontinuous and monotone operator that satisfies

(3.15) (Av, V)i = wlVI3 +¢, v eV,

(3.16) V|2, <C(Ivllv +1), VveV.

For some constants w > 0, C>0 and ¢ € R then, given vy € H and f €
L*(0, T, V') there exist an unique function u € L*(0, T, V)N C(0, T, H) satisfies

ue L¥0, T, V')n C(0, T, H), ue L*0, T, V'),
u(t) + Au(t) =f (t) aete(0, T),
u(0) = uy.
The proof of this abstract result may be found in [12].

We denote by C(0, T; X) and C!(0, T; X) the space of continuous and con-
tinuously differentiable functions from [0, 7' to X , respectively, with the norms

f L x) = f(t :
|| ||C(o, T; X) téﬂ[(f%H ()HC(O, T; X)»

f ) = £(t £(£)]| x.
f]lcz 0, 75 x) tén[(%ll ()] x + ténm%}ll (1)l x



VARIATIONAL ANALYSIS OF A VISCOELASTIC FRICTIONAL CONTACT 441

If X; and X, are real Hilbert spaces then X; x X, denotes the product Hilbert
space endowed with the canonical inner product (., .) x,xx,-

3.2. Assumptions on the problem’s data. The viscosity operator A : ) x S? —

S? satisfies

( (a) There exists L4 > 0 such that,
[ A, 2,) — Ak, )l < La le1 — ]
for all £, e,€ S a.e. x € Q.
(b) There exists m4 > 0 such that
(3.17) (A(x,2,) — A, 2)) /(21 — 22) > mu [lz1 — 2]
for all £1, ,€ S9, a.e. x € Q.
(c) The mapping x — A(x, ¢) is Lebesgue measurable on €,
forany ¢ ¢ S°.
\ (d) The mapping x — A(x,0) belong to H

The elasticity operator B : 0 x S — S? satisfies

( (a) There exists Lp > 0 such that
1B(x.2,) — Blx.ey) | < La llor —

(3.18) for all e1,6,€ S, a.e. x € Q.

(b) The mapping x — B(x, ¢) is Lebesgue measurable on €2,

for any e€ S%.

[ (¢) The mapping x — B(x,0) belong to H.

The relation operator G : () x S — S satisfies

;

(a) There exists a constant Lg > 0 such that
1G(x,t,, 1) — G(x,ty,€2)|| < Lg |le1 — 2| for all t;, t,€ (0, T),
for all e, e,€ SY, a.e.x € Q.
(b) The mapping x +— G (x,t,¢) is Lebesgue measurable on €2,
for any t € (0, T), for any ¢ € S%.
(¢) The mapping x +— G (x,t,¢) is continuous, in (0, T),

(3.19)

for any € € S¢, a.e. x € Q.
| (d) The mapping x — G (x,0,0) € H.
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The piezoelectric operator ¢ : Q x S — S¢

(3.20) (a) E(Xa t) = (eijijk) VT = (Tjk) e s , a.e. x € (.
' (b) €ijkTjk = €ikjTjk € LOO(Q) , 1< i,j, k <d.

The thermal expansion operator M : 2 x R — R

( (a) There exists a constant Ly, > 0 such that
HM(X, 01) - M(X,Qg)” < LM H91 — (92” for all 91, 91 eR.
(3.21) (b) Themapping x — M (x, ) is Lebesgue measurable on €2
for any 0 € R.
| (©) The mapping x — M (x,0) € H.

The nonlinear constitutive function v : Q x R x V — R satisfies

( (a) There exists a constant Ly > 0 such that
[(x, MOy, v1) = (x, My, vy < Ly ([[MOr = MOy|| + [[vi— val|
for all #;, 0; € R, for all vq,vy €V, a.e. x € Q.
(b) The mapping x—1(x, M0, v) is Lebesgue measurable on (2
forany § € R, forany v € V.
| (¢) The mapping x — ¢ (x,0,0) €L?*(Q).

(3.22)

The electric permittivity operator B = (B;;) : Q x RY — R? satisfies

(a) B(z,E ) = (Byj(x)E;) for all E = (E;) € R% a.e. x € Q.

(b) B;; =By € L®(Q). 1 < i, j < d.

(¢) There exists a constant Mg > 0 such that BE.E > Mg | E |?
forall £ = (E;) € R% a.ein € Q.

(3.23)

The pyroelectric operator P : 2 x R — R

(a) There exists a constant Lp > 0 such that

|P(x,0,) — P(x,02)|| < Lp ||6h — 0] for all 1,6, € R, ae. x € Q.
(b) mi; =myji € L*(Q). 1 <14, j <d.
(¢) The mapping x —— P (x,0) belongs to W.,.

(3.24)
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The thermal conductivity operator £ : @ x R — R

(a) There exists a constant Lx > 0 such that

IC(x,0,) — K(x,02)|| < Lg |11 — 12| forallry, 1o € Ryae,x € Q.
(b) m;j =mji € L*(Q). 1 <i,j < d.
(¢) The mapping x — S (x,0,0) belongs to L*(12).

(3.25)

The normal compliance function p, : 2 x R — R,.

() There exists a constant L, >0 such that

lpo(x, 1)) =Dy (x,12) || < Ly [[r1 — 12| forallry, ro € R, ae. x € Q.
(3.26) (b) The mapping x —p,(x, r) is Lebesgue measurable on Ty,
for any r € R.

| (¢) The mapping x —p,(x, 0) belongs to L*( T3).

We also suppose that the body forces and surfaces tractions have the regularity

(3.27) f,ec(0, T; H), f,e C(0, T; L*(Ty)%,
(328) qo € C(O, T, LQ(Q> ), Go € C(O, T, L2( Fb)),
(3.29) ¢ (t)=0 onTjy, Vte€[0,T].

The functions g and p have the following properties:

(3.30) g€ L*(T3), g(x) =0, ae on I's
(3.31) pe L2(Ts), p(x) >0, ae. on I's
(3.32) u €V

and the initial temperature field satisfies
(3.33) 0y € Wy, Op € L*(0, T,L*(Ty)), ke € L¥(Q, R,), q,, € L*(0, T, Wy,).

Using the above notation and Green’s formulas given by (3.12)-(3.14]), we obtain
the variatonal formulation of the mechanical problem ([2.1))-(2.14)), for all functions
veV, weWy,, ¢ W, and a.e te (0, T') given as follows.

3.3. Problem. Py. Find the displacement field u: [0, T] — V, the stress field
o : [0, T] — H,, the electric potential ¢ : [0, T] — W, the electric displacement
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field D:[0, 7] — H and the temperature 6 : [0, 7] — V' such that

o (t) = A(e (a (1) + Bz (u /g
+ eV (t) — MO (),

(3.34)

(3.35)  (o(t), e(v—ua(t)x +j((u(t),v)) —j (u(t),a(t)) > (£(t), v—ua(t))y .

(3.36) D (t) =ec(u(t)) —BVe(t) —Po(t),
(3.37) (D (), Vo) = —(qe(t), ))w,
(000, Wy, + (KT (6), W) = (a0, w) + 6 M8 (1)
(3.38)
+ (ch7 W)W;hxwtha
(3.39) u(0) = u,, 6(0) = 0, in Q.

Here j:V XV x L*(T3) >R, £:0, T] =V, q. : [0, T] = W, ju Wy XWy, —
R are respectively, defined by

(3.40) itwv)= [ el v, =V )+ v
(3.41) mNW:L%@Vw+£ﬁ@ym,
(3.42) (@010)w = [ alt).0ds | (0)6 d,
(3.43) ﬁh:—A¥QWy—9pmwdw

We define the mapping h : V x W, —W, by

(h(w, 9), ), = / U((w, — 9)Pilp — ¢0)é da,
forallv € V,

(BV(,O, v¢)H - (88(U,V§Z§)H + (h’(u7 @)7 ¢)We = (Q(t)7 (b)Weu
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forallu, v € V, 0, we Wy, and ¢ € W, and t € [0, T]. We note that the
definitions of f and ¢. are based on the Riesz representation theorem. Moreover,

the conditions (3.29)) and (3.30) imply that
(3.44) f €C0,T; V), qeCO,T; W)

4. EXISTENCE AND UNIQUENESS OF A SOLUTION

Now, we propose our existence and uniqueness result.

Theorem 4.1. Assume that (3.19)-(3.35)) hold. Then there exists a constant a which
depends only on ), T'y, I's and A such that if

(4.1 Ly (U [ 1 [z 1a)) < 0,

where o = % such that m_ is defined in (3.19) and C, defined by 1) Then

0
there exists a unique solution {u, o, 0, ¢, D} to problem P\ . Moreover, the solution

satisfies

(4.2) uecC(0,T; V),

(4.3) oce C0,T; Hy),

(4.4) 0 € L*(0, T,Wy)NC(0,T;L*() ),
(4.5) pe C(0,T; W),

(4.6) DecC(O,T; W,).

The proof of Theorem 4.1 is carried in several steps. It is based on results
of evolutionary variational inequalities, ordinary differential equations and fixed
point arguments.

To prove the theorem we consider the following three auxiliary problems for
given € C(0,T; V), x € L*(0, T,W,,), A € C(0,T; W,) we consider the fol-
lowing three auxiliary problems.
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4.1. Problem PYV,. Find a displacement field u,, : [0,T] — V and a stress field
o, [0, T] — H such that

(4.7) oy (t) = Ae (uy ())) + Be (uy (1))
(Un (t),e (V_un (t)))H +Jj(uy,(t),v)—j (un (t),uy, (t))
> (£(1), v—u, (1)),

(49) u, (0) = Up, mn Q,

(4.8)

forallu,,veVandteC'(0,T).

4.2. Problem PV,. Find the temperature 6, : [0, T] — W, which is solution of
the variational problem
(0 (1), W)Wghxwth + (K(v6 (1)) , VW)W,

(4.10) o
=(x (t) + qun (t), W)

thh

, )
Win XWen

(4.11) 0,(0)=0,, in Q,

for all 6, w € Wy,, a.e.t €(0,T),

4.3. Problem PV,. Find an electrical potential ¢,: [0,T] - W., D, : [0,T] —
W. such that

(4.12) D, (t) = Bupa(t) — €e(u, (1)) — P8,

(4.13) (Bvea(t), Vo) y — (Ec(uy (1), V9) iy = (A1), @)w..

forall p), 0 € W, ,t €(0,T).
We begin with an auxiliary result on the priorities of the functional j : V xV —

R and jy, : Wi x Wy, — R defined by (3.42)) and ((3.43)), respectively.

Lemma 4.1. Under the hypotheses (3.19)-(3.35), functionals j and j,;, satisfy

4.19) j(u,.) is convex and lawer semicontinuous on V,
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(4.15) j(ar, vo) + j(ug, vi) —j(w, vi) —j(uz, va)
< CF (e ey +1) | w = wg [y ]| vi = va |lv,

fOT all u;, Ug, Vi, Vo € V,
(4.16) (01, W)= Jen (02, W) |l 2 1y < Gl | (62() = 62(0) |y, »
fOT all 91, 92,W S Wth-
Proof. We use condition (3.33]) and inequality (3.7)) to see that the functional j
defined by ([3.42)) is a seminorm on V' and moreover,
51, v)+j(us,v) IS G | @ Lo ra) (I 1 lzoe mg) +1) ([ wr = [y | vi—va [[y .

Thus, the seminorm j is continuous on V' and, therefor, (4.14) holds. From the
definition of the functional j given by ([3.42)), we have

(4.17)  j(ay, v2) +j(ug, vi) — j(ug, vi) — j(ug, vo)
= / (al[uy —alluw)(p | var = v | =p || vie = V7 ||) + 02 — v1,)da
s
< Gille oo gy ([ 4 [Loorg) +1) ([ wr = a2 flv ]| vi = va [[v .
Next we use the following majoration: For the functional j;;, defined by ([3.43))

Jin(0,w ) = —/ ke(0.v — Op.v)w da, for all 0, Op, w €Wy,.
I's

Thus by the assumption (3.35) and majoration (4.17), we get
| Jen (01, W ) = Jin(02, W) |12 1g) S| Ke [[Loe( rg) | O1(8) = 02(2) [[22( o)

| Gen (01, W ) — Jen (02, W ) |22 13) < C1 || ke [|Loo o) || 01(2) — Oa(2) [l
thus we can write
| Gen (01, W ) = Jen(O2, W ) (|22 1)< Cjyp, || O1(8) — 02(t) [lwys for 01,00 € Wy O

We have the following result for problem PV,,.

Lemma 4.2. Under the hypotheses (3.19) -(3.35), for every n € C(0 ,T; V), problem
PV, has a unique solution {u,, o,}, such that

(4.18) u, €C'(0,T; V),0,€C(0,T; Hy).
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Moreover, if {u;, 0} is the solutions of the problem PV,. , corresponding n = n; €
C(0,T; V) fori=1,2,then

(4.19) Hmw—m@m<cA | ma(s) = ma(s) Ilv ds.

Proof. We chose v =u(t) + ¢ in (4.8) , where ¢ € D (Q)? is arbitrary, we find
(o (), €(9)) = (£(), 9)v-

Using the definition for f, we deduce

(4.20) Divo,(t) +1£,(t) =0, te (0, T).

With the regularity assumption (3.29)) on f; we see that Divo,(t) € H. Therefore,
O'n(t) S Hl.
Forallu, veVandt € [0, T],

(4.21) | Au— Av |y < La | u— v v,

which shows that A : V' — V' is Lipschitz continuous,

(4.22) (Au— Av), > ma |u— v}, Vu, vev
and by (4.19) and (3.19) we obtain
(4.23) | Bu— Bv |ly< Lg [[u— v |y,

if 4.1 is satisfied, since strongly monotone and Lipschitz continuous operator on
V and B is Lipschitz continuous operator on V , j(u,.) satisfies the conditions
(4.14) and (4.15)), u, satisfies the assumption (3.34) and we note that for any fixed
n €C(0,T; V) we use the definitions and to show that f,C(0, T; V) .
we deduce from classical results for evolutionary elliptic variational ineqalities
(see for example [10] that there exists a unique function u, € C(0,T; V). More-
over, for u; = u,, solutions of the problem PV,, for i=1, 2, then we have

t

(4.24) [ (t) = ua(?) [lv < 0/ [0 (s) = us(s) [[v ds
0

using (|4.25)) the inequality (4.26])) becomes

(4.25) Humw—munw<cA | mu(s) = ma(s) Ilv ds.
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For the problem PV, we have the following result.

Lemma 4.3. Under the hypotheses (3.19)-(3.35|), for every c, problem PV, has a
unique weak solution such that

(4.26) 0, € L*(0, T, W) N C(0, T, L*(2)),

Moreover, if 0; is the solution to problem PV, corresponding x = x; € C(0, T, W},),

T
(4.27) 166 = 020) [ < € [ 1xa(s) = xa(o) [y, s
0 t

Proof. The problem (|4.10)-(4.11]) may be written as

0. (1) + K 0,(1) = Q(1),
QX(O) = by,
where, K :Wy, — W,, and Q : [0, T] — W,, are defined as

d

0T Ow
28 Kro Wt o = Fij—5—d W da,
(4 ) ( W)WthXWth Z/Q J&.ﬁl}j axl x+/1“‘37—w ¢

1,j=1

(4.29) (Q W)t vy, = (X(0) + (), W)

, .
Wi XWip

It follows from the definition of the operator K, we obtain
(4.30) | KT — Kw HWih< Ll 7—w ”Wih’

which shows that is K :W;, — W), is continuous and by (4.32)-(3.27)(c), we
obtain

(4.31) (KT — Kw,7 —w) _, >me | T—w |y, V7, weWqy,

WULXWth

K is a monotone operator. Choosing w = Ow,, in (4.33) we fined

((Kﬂ T)W;hXWm Z my H T H%Vth - H KOWth ||W;h|| T ||Wth)
1 1
2 ome I R, —5— [ KOw,, llw;, V7 € W

K
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Thus, K satisfies condition (3.16) with w = ¢ and ¢ = —5— || KOw,, |l and
K t
by (4.32) we deduce that

| K7 e < L | 7 llwis + 1| KOw, |

Wih’ V1 € Wth-

This inequality implies that K satisfies condition (3.18)). Moreover, for x(t)
L2(0, T, Wy,) and ¢;,(t) € L2(0, T, L2(Q)) which implies Q@ € L2(0, T, W,,) and
6y € L*(Q). From theorem 3.2 there exists a unique function function 0, €
L*0, T, Wy,) NC(0, T, L?(2)) which satisfies the problem PV, . we take x =
x1 and y = x in (4.10)) , we deduce by choosing w =60, (t) — 02(t) as test function.

(6:(6) = 02(0), 01(1) = (O2(D)y, s, + K 01(8) = K 6a(t), 6:(1) = 6a(1) )
:(Xl(t) - Xz(t), 91(t> - 92(75) )WLhXWth'

Then integrating the last property over (0,¢), using (3.15)-(4.32)) and (4.33]), we
deduce (4.29). OJ

’
W, X Wy,

For the last problem PV, we have the following result.

Lemma 4.4. Under the hypotheses (3.19)-(3.35), for every A € C(0, T, W.), problem
PV, has a unique solution {p, , D,}, such that

(4.32) o €C(0, T, W.), Dy €C(0, T, W,).

Moreover, if {¢; , D;} is the solutions to problem PV,;, corresponding A = \; €
C(0, T, W,) fori=1,2, then

(4.33) I e1(t) = @a(t) lw < C | wa(t) —wa(@) [lv + [ Au(t) = Ao(t) [lw. -
Proof. We define the operator F : W — W by
(4.34) (Fo, o)w = (BVp(t),Vo)u — (Ce(uy(t), Ve)w, Yo, ¢ € We.
Let ¢1, @o € W. By (3.25), we find that
(4.35) (For = Fa, o1 = do)w = ma | o1 — 2 |[iy, Ve, ¢ € We.
On the other hand , using the assumption ([3.22))-(3.25) we find

(Fp1 — Foa, o)w < Ce |l o1 — 92 |3, ¢ lw. Vo, ¢ € W,
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where C, is a positive constant which depends on (. Thus

(4.36) | Fior — Foa lw.< Cc || o1 — o2 |

We?

and by (4.37)-(4.38) we obtain that F'(¢) is a monotone and Lipchitz continuous
operator on W, and there exists a unique element ¢, € W, such that

(4.37) F(H)pa(t) = A(t) Y € W..

We obtain that ¢,(¢) is a solution of PV,. Let A1, Ay € C(0, T, W,). From (j3.22)-

(325) and (13) that

mp || 1= @2 [, < Cllw(t) —uat) v + | A(t) — Aao(t) |

w.)

We7

|801—<P2’

which implies

(4.38) o1 = 2 [, < Clw(t) —uat) llv + | () = A2(2) Iwe),

Where C is S—; and for every A € C(0, T, W,) and u, € C'(0, T, V), the in-
equality implies that ¢y € C(0, T, W,.). Then for A € C(0, T, W,) the
previousinequality and the regularity of ¢, imply that ¢y € C(0, T, W,) . By
and definition of the divergence operator that

(4.39) (DivDy, ¢ i = (e, @) Yo € H' (),

which shows that D, € C(0, T, W,).
Finally, as of these results and by the properties of the operators G, ¢, M, P and
the function ¢ € [0, T, we consider the element

A(n,0)(t) = (Ar(n, x, A)(t), Aa(n,x, A)(t), As(n,x, A)(t))

(4-40) €V x L2 (W,,) x W,

defined by

(4.41) (Ai(n,x, A / Gg(t—s, 2(8)))ds + (*Va(t) — M0, Vt € [0, T,
(4.42) Aa(n, X, A)(E) = (MO, (t)) + jin(0, w), vi € [0, T7],

(4.43) As(n,x, A)(t) = POx+ q(t), Vt € [0, T].



452 K. Sidhoum and A. Merouani

We have the following result.

Lemma 4.5. Let (4.1)) is satisfied. Then for (n,x, A) € C(0, T, V) x L3(W,,) x
W., the function A(n,x, \) : [0, T] — V x L2(W,,) x W, is a continuous, and
there is a unique element (n*,x*, \*) € C(0, T, V) x L3(W,,) x W, , such that

FAGs x5 A () = Ay Xas A2)(0) Iyt gy, = (17X A

Proof. Let (n,x, A) € C(0, T, V) x L2(W,,) x W, and t, to, s, s, € [0, T]. From
(3.20)-(3.24) and (3.26)), we have

A, X1, A)(E) = A2, X2, A2)(8) Nl sz w, s,

<Lg /Ot [ui(s) —uax(s) [[v ds + C¢ || 1(t) = @2(t) [[w
FLy(L [ 02() = 02(2) [lL2(@) + | a1 (s) — 0a(s) [lv)
+ 1 Jen(01, Wi ) = (02, w2 ) {22 my) +C¢ || w () — 12(s) [lv
+Lp || 61(8) = 02(2) [l2g) + [ @er(t) — qe2(?) [[w -
We use (3.39) and (4.13) from (3.22)-(3.25) and (3.26]) we obtain
I ger(£) = gea(t) lw< CB || ¢1(t) — @2(t) [|w
+C¢ [[wi(s) —az(s) lv +Lp | 0:1(t) = 02(t) |z
Inserting the last inequality in (4.45)) and by (4.35)
A, X1, An)(E) — A(U2=X2a 22) () [l Lz w, ) xw,

<Lg/0 [ wi(s) —ua(s) [[v ds + (Cc + Cg) [| Ai(t) — Aa(t) [[w.
+(LyLm +2Lp + Cy,, ) [| 01(t) — 62(F) |lLe(
+(Ly + C¢) [ a1 (5) —uz(s) lv +(2C¢ + Cg) || wi(s) — ua(s) [lv,

we obtain by (4.26)

(4.44)

(4.45) Lg/o l'ai(s) = ua(s) [lv ds + (Ly + C) ||t (s) —1a(s) [lv
+(2C + Cp) [l wa(s) —ua(s) [lv
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t s
< Lg / / | () — () [ly drds
0 0

HLo+30+Ca) [ i () — el |

t S
< (Lo + Ly +3C; + Cp) / / |t () — talr) v drds
0 0

t s
C/ / || ay (r) —as(r) ||v drds,
o Jo
we have

t S
(4.46) / / | () — tia(r) ||y drds
0 0

t s
< C/ / [ w(r) —ua(r) (v + || m(s) = m2(s) [|v drds.
0 Jo
The inequality ([4.29) becomes

// | (r) —aa(r) [|v drds < /// | 0y (2) — wa(2) ||y dzdrds

o [ [ mt) = tr) e dras.
From Gronwall’s inequality

/ [ )iy 1y aras < € / 1) = ) e aras

<c/0 I mi(s) = mas) Iy ds.
The equations (4.35)-(4.44))-(4.46|) become
(4'47) || A(TIl?Xl) A1)(15) - A(n2>X27 A2)( ) ”V><L2 W )XWe

< Cfy I AL Y M) = Ao, xa, Ao)(1) 1V s e,

Existence

Let (n*,x*, \*) € C(0, T, V) x L2(W,,) x W,, the fixed point of A defined by

([4.42) — (4.44) we denote
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u, = 1177* s 9* = QX* , Px = O
0. = Ae(i)) + B(=(w,)) + /0 Gt — 5, 2(ua(s)))ds + C"Vepu (t) — MO,

D, = (e(u,) — BVy, — P0..

Let {u,, 0.}, 6. and {p., D,} be the solution of the problems PV,., PV,- and
PV, respectively , the equalities Ay (n*, x*, \*) =7n*, Ay (%, x*, A*) = x* and A;

(n*, x*, \*) = A* combined with (4.42)-(4.44)) show that (3.36])-(3.40)) are satisfied.
The regularity (4.2)-(4.6]) follow from Lemmas 4.3-4.4 and 4.5.

Uniqueness

The uniqueness of the solution is a consequence of the uniqueness of the fixed
point of the operator A defined by (4.42)-(4.44) and the unique solution of prob-
lemsPV,-, PV, and PV~ which complete the proof. O

5. CONCLUSION

- We have presented a mathematical model which describes the quasi-static
process of contact between a piezoelectric body with long-term memory
and an obstacle.

- The problem was posed as a variational inequality for the displacements
and a variational equality for the electric potential.

- The existence of a unique weak solution for the problem was established
using arguments from the theory of evolutionary variational inequalities
and a fixed point theorem.

- This work opens the way to the study of other problems with other condi-
tions of conductive materials.
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