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A contact problem with normal compliance and
adhesion
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Abstract - The aim of this work is to study a quastistatic contact problem
between an elastic body and a deformable foundation. The behavior of the
material is modeled by a nonlinear elastic law and the contact is modeled
with normal compliance and adhesion. The evolution of the bonding field
is described by a nonlinear differential equation. We state the classical
formulation of the problem, then we derive its variational formulation. Next,
we prove the existence of a uniquene the weak solution to the problem.
The proof is based on arguments on variational inequalities, the Cauchy-
Lipschitz theorem and the Banach fixed point argument.
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1. Introduction

Contact phenomena with adhesion between two deformable bodies or be-
tween a deformable body and a rigid foundation abound in industry and
in everyday life. The contact with adhesion between the different layers
of a composite material and between the pistons and sleeves are current
examples. Because of the importance of the adhesive contact process in me-
chanical systems and structures, considerable efforts have been made in its
mathematical modeling, mathematical analysis and numerical simulations.

To model the process of contact with adhesion, Frémond [1], [2] intro-
duced a new internal variable of surface, the bonding field, denoted in this
paper by . It describes the fractional density of active bonds on the con-
tact surface I'3. When 8 = 1 at a point of contact surface the adhesion is
complete and all the bonds are active; when 8 = 0 all the bonds are inactive,
severed, and there is no adhesion; when 0 < 8 < 1 the adhesion is partial
and only a fraction of the bonds is active. The adhesive on the contact
surface introduces tension that opposes the separation of the surfaces in the
normal direction and opposes the relative motion in the tangential direction.
The adhesive tensile traction is assumed to be proportional to 82 and to the
normal displacement u,. Problems of contact with adhesion were studied
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by several authors. Significant results on these problems can be found in
[4], [6], [7] and references therein.

The aim of this work is to continue the study of adhesive problems
presented in [5], [8]. The novelty consists in the fact that here we consider
a quasistatic process of contact and we model the material’s behavior with
a nonlinear elastic law. The main contribution of this study lies in the
proof of the existence and uniqueness of the weak solution of the mechanical
problem.

The rest of the manuscript is organized as follows. In Section 2 we present
some notations and preliminaries. In Section 3 we describe the mechanical
problem, state the assumptions on the data and deduce its variational for-
mulation. Finally, in Section 4 we prove the existence and uniqueness of the
weak solution. The proof is carried out in several steps; it is based on ar-
guments of variational inequalities, ordinary differential equations and fixed
point.

2. Preliminaries

We denote by 7, the positive part of r € R, SV is the space of second order
symmetric tensors on RY ( N = 2,3), while ”-” and || represent the inner
product and the Euclidean norm on RY and SV, respectively. Thus, for
every u,v € RV and o,7 € SV we have

N
N

u-v=u;, |ul=(u-uw)?, o-T=0yTy, o|l=(0-0)

Here and everywhere in what follows the indices i, j vary between 1, N and
the summation convention over repeated indices is adopted.

Let Q ¢ RY be a bounded domain with a Lipschitz boundary I' and let
v denote the unit outer normal on I'. We need the spaces

H={u=(w) : € L*(V)}, H={o=(0y) : 0ij =05 € L*(Q)},

Hi={ueH : e(u)eHH}, Hi={oceH : Divocec H}

where ¢ : Hy — H , Div : H — H are the deformation and the divergence
operators, respectively, defined by

c(w) = (e (), 2y (w) = 3 (Gyui +0y), Divo = (D).

The spaces H, H, H, and H; are real Hilbert spaces endowed with the
canonical inner products given by

(w,v)y = /uivid:v Vu,v € H, (0,7)y = /Gijnjdw Vo, € H,
Q Q
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(u,v) g, = (w,v) g + (e (u),e(v))y Vu,v € Hy,
(0,T)3, = (0,7T)y + (Divo, Divr)y Vo, 7 € Hy.

The associated norms are denoted by ||, ||y, |-|z,and |.|5, respectively.
Since the boundary I is Lipschitz continuous, the unit outward normal vec-
tor v on the boundary is defined almost everywhere. For every vector field
u € Hi we still use the notation u for the trace of v on I'. The normal
and tangential components of v on the boundary I' are given by u, = u - v,
ur = u — uyv. We define, similarly, the normal and tangential components
of the Cauchy-stress vector ov on the boundary I' by equalities o, = (ov)-v,
o, = ov — o,v and we recall that the following Green’s formula holds:

(0,8 (u))qy + (Divo,u)y = /Uuuds Vu € Hy.
r

Let I'1 be a measurable part of I' such that measI'y > 0 and let V' be
the closed subset of Hy defined by

V={veH : v=0 only}

Since measI'y > 0, then Korn’s inequality holds, and thus there exists a
constant ¢ > 0, depending on 2 and I'1, such that :

le (u)ly > cluly, YueV

A proof of Korn’s inequality may be found in [3], p. 79. Over the space V'
we consider the inner product

(u,v)y, = (e (u),e(v))yy VYu,veV

It follows from Korn’s inequality that |.|;, and |.|;; are equivalent norms on
V. Therefore, (V,|.|;,) is a real Hilbert space. Moreover, from the Sobolev
trace theorem, there exists a positive constant ¢ > 0, depending on €2, I’y
and I's such that

‘U‘LQ(F3)N <clv|l, VYveV

Finally, we use the standard notation for the spaces of fonctions de-
fined on the time interval [0,7] (I' > 0) with values in a real normed
space X. In particular, we shall use the spaces C(0,7;X), LP(0,T;X)
and W*P(0,T; X). Moreover, we define the set Q by

Q={BeC(0,T;L*(T'3)):0<B(t) <1 Vte[0,T] ae. onT3}

We end this preliminary with the following version of the classical theo-
rem of Cauchy-Lipschitz which can be found in [9], p. 60.
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Theorem 2.1. Let (X,|.|y), be a real Banach space and F (t,.) : X — X
an operator defined almost everywhere on (0,T) which satisfies the following
conditions:

1) There exists Ly > 0 such that |F (t,u) — F (t,v)|x < Lr|u—uv|yx
Vu,v € X a.e. t€(0,7T).

2) There exists p > 1 such that t — F (t,u) € LP(0,T;X) Vue X.

Then, for every ug € X, there exists a unique function u € WHP (0,T; X)
such that

u(t)=F (t,u(t)) a.e te(0,7T), u (0) = up.

This theorem will be used to prove the existence and uniqueness of the
weak solution of the contact problem we introduce in the next section.

3. The model

We consider an elastic body which occupies a bounded domain © c RY
(N = 2,3 for applications) and we assume that its boundary I' is regular
and partitioned into three disjoint measurable parts I'y, I's and I's such
that measI'y > 0. We are interested in the deformation of the body in
the time interval (0,7"), where T' > 0. The body is clamped on I' x (0,7)
and, therefore, the displacement field vanishes there. We also assume that a
volume force of density fy acts in 2x (0,7") and a surface traction of density
f2 acts on I'y x (0,7). On I's x (0,7) the body is in adhesive frictionless
contact with a deformable foundation. Moreover, the process is quasistatic
and the evolution of the bonding field is described by a nonlinear differential
equation. The classical formulation of the problem is as follows.

Problem P. Find a displacement field u : Q x [0,T] — RY, a stress field
0:Qx[0,T] — SN and a bonding field 3 : T3 x [0,T] — [0, 1] such that

o(t)=F(c(u(t)) inQx(0,T), (3.1)

Diva (t) + fo () =0 in Q x (0,7), (3.2)

u=0 onTyx(0,7), (3.3)

ov=Ffy onTyx(0,T), (3.4)

—0y = py (uy) =B (~R(uy));  onT3x(0,T), (3.5)
0, =0 onT3x(0,T), (3.6)
B=—(wBlR@),]* ~c) onTyx(0.7). (37

,B (0) = ,80 on F3. (38)
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For a detailed description of the equations and boundary conditions in
Problem P we refer to [7]. Here we restrict ourselves to recall that (3.1) is the
nonlinear elastic constitutive law, (3.2) represents the equilibrium equation,
(3.3) and (3.4) are the displacement and the traction boundary conditions,
respectively; condition (3.5) represents the normal compliance contact with
adhesion where p, is a given positive function, =, and ¢, are given adhesion
coefficients and R is the truncation operator defined by

L ifs>L
R(s) = sif |s| < L (3.9)
L ifs<-—L,

L > 0 being the characteristic length of the bonds; condition (3.6) represents
the frictionless contact and shows that the tangential stress vanish on the
contact surface I's, during the process; finally, equation (3.7) describes the
evolution of the bonding field and (3.8) represents the initial condition for
the bonding field.

In the study of Problem P we assume that the elasticity operator F', and
the normal compliance function p,, satisfy the following conditions.

(a) F: Qx SN — SV,

(b) Im > 0 such that (F (z,e1) — F (z,£2)) - (61 — 2) > m ey — o
a.e.  €Q Vep,eq € SV,

(¢) 3L > 0 such that |F (x,e1) — F (x,e2)| < L|e; — e9|
a.e.  €Q Vep,eq € SV,

(d) The mapping = — F' (x,¢) is Lebesgue measurable
a.e. z €, YeeSN.

(e) The mapping x — F (x,0) belongs to H.

(3.10)
(a) pp:Tg xR — Ry.
(b) 3L, > 0 such that |p, (z,71) — py (z,72)] < L, |r1 —ra|
Vri,ro € R, a.e. € I's.
(c) (pv(z,r1) —py (@,72)) (1 —712) 20 (3.11)
Vri,72 € R, a.e. x € I's. ’
(d) The mapping x — p, (z,r) is Lebesgue measurable
on I's,Vr € R.
L (&) py(z,r)=0 Vr<0, ae. zels.

We also suppose that the adhesion coefficients satisfy
Y € L®(T3), € € L*(T3), Y, € >0 ae onls, (3.12)
the densities of the body forces and surface traction have the regularity

foe WH®(0,T;H), fo e Wh(0,T; L*(TY)) (3.13)
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and, finally, the initial data satisfies
Bo€ L*(T3), 0<By<1 a.e. onTs. (3.14)

It follows from (3.13) and Riesz-Frechet’s representation theorem that
there exists a unique function f : [0,7] — V such that :

<f (t) 7U>V = (fO (t) ’U>H + <f2 (t) 7U>L2(p2)N Vv € V’t € (OaT) (3'15)

and, moreover,
fewh=(0,T;V). (3.16)

Finally, we define the adhesion functional j : L® (I's) x V x V — R
and the normal compliance functional k£ : V' x V — R by equalities

Jj (B u,v) = —/F 7wB% (=R (uy))y vods, (3.17)

k(u,v):/r Dy (uy) vyds (3.18)

for all w, v eV, g € L>®(I'3).

Applying Green’s formula and using the equilibrium equation and the
boundary conditions, we can easily deduce the following variational formu-
lation of the mechanical problem.

Problem PV. Find a displacement u : [0,T] — V', and a bonding field
B:[0,T] — L (T's) such that :

(F (e (u(t),e())gy +5(B(E),ult),v) +k(u(t),v) (3.19)
=(f(t),v—u(t), YoeV, te(0,T)

B =~ (wBW[~Rw @), ~e) ae te©OT) (320

+

B8(0) = Bo. (3.21)
The unique solvability of Problem PV will be proved in the next section.

4. Existence and uniqueness

Our main result in the study of Problem PV is the following.

Theorem 4.1. Assume that (3.10)—(3.14) hold. Then, there exists a unique
solution (u, B) to Problem PV which satisfies

weWh=(0.T;V),  FEWNX(0,T;L%(T)NQ.  (41)
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Proof. The proof of Theorem 4.1 will be carried out in four steps that we
sketch in what follows.

(1) Assume that 8 € Q is given. In the first step we consider auxiliary
problem of finding a displacement ug : [0,7] — V such that

(F (e(ug(?)),e())y +3(B({#),us(t),v) (4.2)
i (ug (8) ,0) = (f(t),0), YoeV, te(0,T).

We prove that this problem has a unique solution which satisfies ug €
C(0,T;V). To this end we fix ¢t € [0,7] and we consider the operator
Ay : V. — V defined by

<Atu7 U>V = <F (E (u)) € (’U)>7_[ +J (ﬁ (t) y U (t) 7”) +k (u7 U)

for all u,v € V. It is easy to see that A; is a Lipschitz continuous operator
and, therefore, it follows from standard results that there exists a unique
element ug(t) such that A;(ug(t)) = f(t). We conclude from here that us(t)
satisfies (4.2). A standard computation shows that ug € C' (0,7;V).

(ii) In the second step we use the displacement field ug obtained in the
previous step and we consider the auxiliary problem of finding a bonding
field 05 : [0, T] — L> (I'3) such that

6 0) = (285 () [(—R(uﬁy<t>>>+f—ea>+ ac. te(0,T), (43)

05 (0) = Bo. (4.4)
We show that there exists a unique solution to the Cauchy problem

(4.3)—(4.4) which satisfies 05 € W1 (0,T; L> (T'3)) N Q. Indeed, consider
the mapping Fj : [0,T] x L*> (I'3) — L*° (I'3) defined as

2
s (0,05) = = (305 ) [(-R s ), ] =)
It follows from the properties of the truncation operator R, that Fj is
Lipschitz continuous with respect to the second argument, uniformly in
time. Moreover, for any 63 € L° (I's), the mapping : t — Fjz(t,0p)
belongs to L (0,7; L (I's)). Then, from Theorem 2.1 we deduce the
existence of a unique function 65 € WhH* (0,T; L> (I's)) which satisfies
(4.3)-(4.4). The regularity 65 € Q, follows from (4.3)—(4.4) and assump-
tion 0 < By < 1 a.e. on I's. Indeed; equation (4.3) implies that for a.e.
xz € I'g, the function t — 603 (z,t) is decreasing and its derivative vanishes

2
when 7,63 (t) [(—R (ugy (t)))J < €¢,. Combining these properties with the

inequality 0 < ffyp < 1 we deduce that 0 < 6g(t) <1, for all t € [0,1], a.e. on
I's, which shows that 05 € Q.
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(iii) In the third step we denote by ug and 63 the solution of the auxiliary
problems defined in the previous steps, for every 5 € Q. Moreover, we define
the operator A : @ — Q by equality

AB =03 (4.5)

We prove that the operator A has a unique fixed point 5*. To this end we
suppose in what follows that (§; are two functions of Q and we denote by
u;, 0; the functions obtained in steps (i) and (ii), respectively, for 5 = 3,
(1 =1,2). Let t € [0,T]. We use (4.2) and the properties of F, j and k to
deduce that

Jur (8) = ws (Bl < 181 (1) = Ba ()] aqry (4.6)
which implies that
t t
/ [ui (s) — ug (s)]y, ds < c/ 181 (s) = B2 (8)] 2(ry) ds- (4.7)
0 0

Here and below ¢ denotes a positive constant which does not depend on ¢
and whose value may change from place to place.

On the other hand, it follows from (4.3) and (4.4) that

0 (1) = fio — /O (31 5) (R (D)) — ) s i = 1,2
and then
101 () — 02 ()] 21y <

e [ Jor ) (=R (99, = 80 5) (<R e (51,

L2(T'3)

Using the definition (3.9) and writing 61 = 0; — 03 + 62, we get
t
000 =0 Olpary < ¢ [ 101(5) =026y s +
t
b [ o (5) = w2 9)l gz s
0
By Gronwall’s inequality and the Sobolev trace theorem, it follows that

000 = 82 (Dl < c [ (5) = (3l s (48)

and, substituting the definition (4.5) into (4.8), we get

A8 (0 = 88 ey < [l () —w(lyds. (@9)
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We now combine (4.7) and (4.9) to obtain

t
[ABL (£) = ABs ()] oy < / 1B1(5) = B2 (5) 2y d

Reiterating this inequality p times yields

PP
T ‘Bl - 62‘C(O,T;L2(F3)) Vp € N. (410)

[APBr = APBaco e ry)) < ol

The previous inequality shows that for p sufficiently large the operator
AP is contractive. Since Q is closed subset in the Banach subspace in
C (0, T; L? (F3)), it follows that AP has a unique fixed point 5* € Q. There-
fore, the operator A has a unique fixed point f* € Q, which concludes the
proof.

(iv) In the fourth step we prove the existence part in Theorem 4.1. Let
B* € Q be the fixed point of A and u* be the solution of equation (4.2) for
p = p* i.e. u* = ug+. Then, (4.6) implies that

u” (1) —u” (t2)]y < |87 (t1) = B7 (t2)lp2ryy Vi, b2 €10,T].  (4.11)

Since 3* = 6~ it follows from step (ii) that 3* € W1 (0,7 L*> (I's)) and
therefore (4.11) implies that u* € W5 (0,7; V). From (4.2), (4.3) and (4.4)
we conclude that (u*, 5*) is a solution of the Problem PV whit regularity
(4.1).

(v) In the fifth step we prove the uniqueness of the solution. It is a
consequence of the uniqueness of the fixed point of the operator A and
the uniqueness of the auxiliary problems studied in the steps (i) and (ii).
Indeed, let (u, ) be a solution of Problem PV which satisfies (4.1). Since
B € Q, it follows from (3.19) that u is a solution to (4.2); on the other hand,
step (i) implies that this problem has a unique solution, denoted ug. Thus,

u = ug (4.12)

Letting u = ug in (3.20) and using the initial condition (3.21), we can see
that S is a solution to problem (4.3)—(4.4). Therefore, since step (ii) implies
that this last problem has a unique solution, denoted 63, we deduce that

B = 0. (4.13)

We now use (4.5) and (4.13) to see that A = (3, i.e. [ is a fixed point of
the operator A. It follows from step (iii) that

8= p" (4.14)

The uniqueness of the solution is now a consequence of (4.12) and (4.14). O
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A triple (u, o, 8) which satisfies (3.1) and (3.19)—(3.21) is called a weak
solution of the mechanical problem P. It follows from Theorem 4.1 we that
the mechanical problem P has a unique weak solution. Note that the regu-
larity of the weak solution is o € W1 (0, T;H1). Indeed, taking v = ¢ €
D> (Q) in (3.19) and using (3.1), (3.15) we find that Divo (t) + fo (t) = 0,
for all ¢ € [0, T]. This equality and (3.13) imply that Dive € W1 (0,T; H),
which in its turn implies o € W1 (0, T; H;).
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