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Differential quasivariational inequalities
in contact mechanics .

Zhenhai Liu
Guangxi Key Laboratory of Universities Optimization Control and Engineering Calculation, and College of
Sciences, Guangxi University for Nationalities, Nanning, China

Mircea Sofonea
Laboratoire de Mathématiques et Physique, Université de Perpignan, Perpignan, France

Abstract

We consider a new class of differential quasivariational inequalities, i.e. a nonlinear system that couples a differential
equation with a time-dependent quasivariational inequality, both defined on abstract Banach spaces. We state and prove
a general fixed principle that provides the existence and the uniqueness of the solution of the system. Then we consider
a relevant particular setting for which our abstract result holds. We proceed with two examples that arise in Contact
Mechanics. For each example, we describe the physical setting, the mathematical model and the assumption on the data.
Then we state the variational formulation of each model, which is in the form of a differential quasivariational inequality.
Finally, we apply our abstract results to provide the unique weak solvability of the corresponding contact problems.

Keywords
Differential quasivariational inequality, fixed point, contact problem, unilateral constraint, normal compliance, wear, weak
solution

I. Introduction

Variational and quasivariational inequalities represent a powerful mathematical tool used in the study of various
nonlinear boundary value problems with or without unilateral constraints. Their use is relevant in the study of
mathematical models arising in Contact Mechanics as shown in [1-9]. The theory of variational inequalities
began in the early 1960s, based on arguments of convexity and monotonicity. Basic references in the field are
[7, 10-12], among others. Currently, the theory is still developing, including new results needed in the study of
specific nonlinear free boundary problems. For instance, the study of a new class of quasivariational inequalities,
called history-dependent variational inequalities, has been performed in [13, 14], with emphasis to the study of
quasistatic contact problems. The notion of differential variational inequalities was introduced in [15]. It defines
a system that couples a differential equation with a time-dependent variational inequality. Recent results in the
study of differential variational inequalities have been obtained in [16, 17]. There, existence results have been
provided by using arguments of semigroups of operators and fixed point.
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There are two aims in this manuscript. The first one is to provide a general existence and uniqueness result for
differential quasivariational inequalities. The result is obtained under assumptions that could be easily verified
in the study of quasistatic models of contact. The second aim is to illustrate how the mathematical tools we
construct here can be directly applied in the study of some relevant examples of contact. This gives rise to a
new approach on the analysis of the corresponding models. In this way, the results we present here represent a
contribution to the development of the Mathematical Theory of Contact Mechanics.

The rest of the manuscript is structured as follows. In Section 2 we present a general fixed point principle in
the study of differential quasivariational inequalities that gives rise to generic existence and uniqueness results,
Theorems 2.1 and 2.2. In Section 3 we particularize Theorem 2.2 in the study of a specific class of differential
quasivariational inequalities for which we obtain a new result of unique solvability, Theorem 3.1. Then, in
Sections 4 and 5 we present two mathematical models of quasistatic contact for which our abstract result works.
For each model, we list the assumption on the data and provide its variational formulation, which is in a form
of a differential quasivariational inequality. The first model is viscoplastic and frictionless; there, the unknowns
of the quasivariational inequality are the irreversible stress field and the displacement field. The second model
is elastic and describes the sliding frictional contact with wear. There, the unknowns of the corresponding
quasivariational inequality are the wear function and, again, the displacement field. We use our abstract tools
with a specific choice of functions and operators and prove the unique weak solvability of each model.

2. A fixed point principle

Throughout this section X and V will be a normed spaces endowed with the norms || - ||x and || - ||y, respectively,
We denote by V* the strong topological dual of V and by (-, -) the duality paring mapping between V* and V.
Below, I denotes either a bounded interval of the form [0, T] with T > 0, or the unbounded interval R, =
[0, +00). We denote by C(I;X) and C(I; V) the space of continuous functions on / with values in X and V,
respectively. Moreover, for simplicity, we use the notation V = C(I; V). In addition, we denote by X = C'(I; X)
the space of continuously differentiable functions on / with values in X. Therfore, x € X if and only if x €
C(Il;X) and x € C(I; X) where, here and below, x represents the time derivative of the function x.
In the case I = [0, T'] the space V = C(I; V) will be equipped with the norm

IVllcqorvy = max [[v@)|ly.
1€[0,7]

It is well known that if V is a Banach space, then C(I; V) is also a Banach space. Assume now that/ = R . Itis
well known that, if V' is a Banach space, then C(/; V') can be organized in a canonical way as a Fréchet space, i.e.
a complete metric space in which the corresponding topology is induced by a countable family of seminorms.
The convergence of a sequence {v;}; to the element v, in the space C(R; V), can be described as follows

vp —> v inC(R,;V) as k — oo if and only if

n%gx] lvi(r) —v(r)|ly — 0 as k — oo, forall n e N.
rel0,n

In other words, the sequence {v;}; converges to the element v in the space C(R; V) if and only if it converges
to v in the space C([0, n]; V) for all n € N. Here and below N represents the set of positive integers.
The space C'([0, T]; X) will be equipped with the norm

x| ot xy = max ||x(¢ + max ||x(®)]x.
Il o = max Ix(@)lx + max 150y

It is well known that if X is a Banach space then C ([0, T]; X) is a Banach space, too. Next, the convergence of
a sequence {x;} to the element x, in the space C'(R_; X) can be defined as follows

x; — x in C'(Ry;X) as k — oo if and only if
II%(Z)[X] |lxx(r) — x(r)|lx — 0 as k — oo and
re[0,n

m[(a)lx] [xx(r) — x(r)|lx — 0 as k — oo, forall n e N.
relU,n



LetF:IxXxV—->X,xeX,KCV,G:IxXxK—V*andj: X x K x K — IR be given. With these
data, we consider the following problem.
Problem P. Find a pair of functions x € X and u € V such that

x(t) = F(t,x(2), u(t)) Vtel, (D
x(0) = xo, (2)
u(?) € K, (G, x(1), u(®)), v — u()) + j(x(2), u(?), v) (3)

—j(x(0), u(®), u(t)) > 0 Vvek, tel.

Note that Problem P represents a system which couples the differential equation (1) with the quasivariational
inequality (3), associated to the initial condition (2). For this reason, following the terminology in [15, 16], we
refer to Problem P as a differential quasivariational inequality.

Our aim in what follows is to provide conditions for the solvability and the unique solvability of Problem P.

To this end, we denote by 2% and 2V the set of parts of X and V), respectively, that is

X (A Acxy, 2V ={(B|BcV).

We say that a set A C A’ is a singleton if it reduces to a single element. In what follows we shall consider both

univalued maps and multivalued maps and, for a multivalued map R : X — 2V, we denote by D(R) its domain
defined by
DR)={xe X |Rx#£0}.

We recall that an element x € X is called a fixed point of the univalued map R: & — X if Rx = x and, moreover,

x € X is a fixed point of the multivalued map R: X — 2X if x € Rx. We adopt the same terminology and
notation for a set B C V, and for univalued or multivalued maps S defined on V.

We denote in what follows by X x V' the Cartesian product of the spaces X and V. A typical element of
X x V will be denoted by (x, u) or (x, n). Consider also two subsets P C X x V and Q C X x V defined by the
equivalences below

(x,u) € P < (x,u) satisfies (1) and (2), 4)
(x,u) € @ <= (x,u) satisfies (3). (5)

It is clear that Problem P has at least one solution if and only if P N Q # @ and, moreover, it has a unique
solution if and only if P N Q@ C X x V reduces to a single element, i.e. is a singleton. For this reason, our aim
in what follows is to provide sufficient conditions such that P N Q # ) and, alternatively, such that P N Qis a
singleton. To this end, we assume in what follows that the following conditions hold

For each n € V' there exists x € X’ such that (x,n) € P. (6)
For each x € X’ there exists n € V' such that (x,n) € O. (7
We now define the map R: V — X by
Rn={xe X |(n)eP} foral nel. (8)
In other words, for any n € 1V we have the equivalence
X€ERn &< (x,n) €P. )
In a similar way, we define the map S: X — 2V by
Sx={neV]|xneQ} forall xe X. (10)
We note that for each x € X, we have the equivalence

nesSx < (x,n) € Q. (11)



Next, we consider the multivalued map A: V — 2V defined by

An=|JSx forall neV. (12)

XE€Rn

Note that this definition has sense since assumptions (6) and (7) guarantee that D(R) = V and D(S) = X,
respectively. Moreover, it follows from (12) that D(A) = V. In addition, note that if R and S are univalued
operators, then

A = SR, (13)

where the product represents the composition of the corresponding maps. For this reason, for simplicity, we use
the shorthand notation (13) even in the multivalued case.

Our first result in this section is the following.

Theorem 2.1 Assume that (6) and (7) hold. Then, the following statements are equivalent.
(1) Problem P has at least one solution.
(2) The map A has a fixed point.

Proof. Assume that Problem P has at least one solution or, equivalently, assume that P N Q # (. Let (x*, n*) €
PN, ie (x,n*) € P and (x*,n*) € Q. We use the definitions (9) and (11) of the maps R and S to see
that x* € Rn* and n* € Sx*. This implies that n* € SRn* and, therefore, the definition (12) of A shows that
n* € An*. So, we proved that

&N ePNQ = n*eAn* and x* € Rnp" (14)

Conversely, assume that n* € An*. Then, the definition (12) implies that there exists x* € X such that n* € Sx*
and x* € Rn*. We now use the definitions (9) and (11) of the maps R and S, respectively, to see that (x*, n*) € P
and (x*, n*) € Q. Thus, we proved that

n* e An* = Ix* € X suchthat (x*,n*) e PN Q. (15)

Relations (14) and (15) prove that P N Q # @ if and only if A has a fixed point. Therefore, the statements (1)
and (2) are equivalent, which concludes the proof. (Il

We now reinforce conditions (6) and (7) by considering the following assumptions
For each n € V there exists a unique x € X such that (x,n) € P. (16)
For each x € X there exists a unique n € V such that (x,n) € Q. 17

Note that if (16) holds then the map R is univalued and, if (17) holds, so is B. Moreover, under the above
mentioned hypotheses, we have the equivalences

xX=Rn < (,n) € P, (18)

respectively. We proceed with the following result.

Theorem 2.2 Assume that (16) and (7) hold. Then Problem P has a unique solution if and only if the map A
has a unique fixed point.

Proof. We combine (14) and (18) to see that
", n)ePNQ = n*eAn* and x*=Rn". (20)

Conversely, assume that n* € An* and x* = Rn*. Then (18) implies that (x*, n*) € P. On the other hand, (15)
implies that there exists X € X such that (X, n*) € P N Q and, therefore, (X, n*) € P. We now use assumption
(16) to see that x* = X. So, we proved that

n* e An* and x*=Rn* = (", n")ePnNA. 21



We now combine implications (20) and (21) to deduce the equivalence
@) ePNQ < n*eAn* and x* =Rn" (22)

This proves that the set P N Q is a singleton if and only if the operator A has a unique fixed point, which
concludes the proof. 0

Remark 2.3 Note that under the assumption (16) and (7) the map R is univalued but the map S is, in general,
multivalued. As a consequence, the map A is multivalued. Nevertheless, if (16) and (17) hold then, both R and
S are univalued and equality (13) holds. In this case Theorem 2.2 states that the unique solvability of Problem
P is equivalent with the existence of a unique fixed point of the operator A 1V — V.

We end this section with the comment that the results above are valid in more general cases, as explained in
[18]. Nevertheless, we decided to present them in the current form, which is relevant with the study of Problem
P, as it results from the next section.

3. An existence and uniqueness result

In this section, we use Theorem 2.2 in the study of Problem P. To this end we consider the following assumptions

F: I xX xV — X is such that

(a) The mapping ¢ — F(t,x,u): I — X is continuous
forall xe X, ueV.

{ (b) For any compact set J C I there exists L; > 0 (23)
such that
”F(tsxl’ M]) - F(te X2, MZ)”X
< Li(llx1 — x2llx + llur — u2llv)
forall xi, x, € X, uj,up €V, teJ.

Xo € X. (24)

K is a closed convex nonempty subset of V. (25)

Next, we assume that the function G has a special structure, i.e.

G: I xX xK— V*
G(t,x,u) = A(x,u) — f (1) (26)
foralltel, xe X, uek,

where the operator A and the function f satisfy the following conditions

A: X x K — V*issuch that

(a) There exists L' > 0 such that
AGer, u) — ACx, w)|lve < L'llx — xallx
forall x1, x, € X, u € K.

(b) There exists L” > 0 such that 27)
|AGe, u1) — ACx, up)|lve < L'|lug — ually
forall x € X, u;, up € K.

(c) There exists m > 0 such that
(A, ur) — A, un), u — wo) > mlluy — us |13
forall x € X, uj, ur» € K.




fecu,v. (28)

Moreover, we assume that

j: X x K x K — Ris such that

(a)Forallx € X and u € K, j(x,u,-) is convex
and lower semicontinuous (l.s.c.) on K.
(b) There exist @ > 0 and 8 > 0 such that (29)
JOxn, ur, va) — j(xi, ur, vi) + j(xa, uz, vi) — jlxz, ua, va)
< allx; —xallx [lvi = vally + B llur — wally Ilvi — wvally
forall x1, x, € X, uy, up € K, v, v € K.

m > B. (30)

Note that condition (27) shows that A is a Lipschitz continuous operator with respect to the first argument,
uniformly with respect to the second one. It also shows that A is a Lipschitz continuous and strongly monotone
operator with respect to the second argument, uniformly with respect to the first argument. Moreover, recall that
m and B are the constants in (27) and (29), respectively.

Our main result in this section is the following.

Theorem 3.1 Assume that X is a Banach space, V is a reflexive Banach space and, moreover, (23) to (30) hold.
Then Problem P has a unique solution (x,u) € X x V.

The proof of Theorem 3.1 is carried out in several steps. To provide it we need several preliminary results
which will be useful to guarantee the validity of assumptions (16) and (17).

Lemma 3.2 Let X be a Banach space and assume that

F:1xX — X is such that
(a) The mapping ¢ ?(t, x): I — X is continuous, for all x € X.

1 (b) For any compact set J C [ there exists L; > 0 such that €1V
IF@x1) — Ft,x2)llx < Lyllxr —x2llx
forall xi,x, € X, teJ.

Then, for each xy € X, there exists a unique function x € X such that

i(t) = F(t,x(t) Vtel, (32)
x(0) = xq. (33)

Note that Lemma 3.2 represents a version on the well-known Cauchy—Lipschitz Theorem. Its proof could be
found in [18], for instance.

Lemma 3.3 Let V be a reflexive Banach space and, besides (25), assume that

A:K— V*isa strongly monotone Lipschitz continuous operator, i.e.

(a) There exists m > 0 such that

< (Auy — Aug,uy — up) = m|luy —up |3 forall uy,u; € K. (34)
(b) There exists L > 0 such that

|Au; — Au|ly+ < Llluy — ua|ly  forall uy, u, € K.




¢: K x K — R issuch that

(a) For all u € K, ¢(u, -) is convex and lower semicontinuous
(I.s.c.) on K.

. (35)
(b) There exists 8 > 0 such that
@(ur,v2) — (U1, v1) + 9(uz, vi) — @(uz, v2)
< Blluy —wzlly lvi —v2lly  forallu;, u; € K, vy, v2 € K.
m > B. (36)
Then, for each f € V* there exists a unique element u such that
uek, (Zu,v—u)+<p(u,v)—g0(u,u)z(f,v—u) Vv eKk. 37

Lemma 3.3 represents a standard result on quasivariational inequalities which could be found in many books
and surveys, see for instance [18].

We now recall with the following fixed point result, obtained in [19].

Lemma 3.4 Let V be a Banach space and S: C(I; V) — C(I;V) be an operator with the following property:
for any compact set J C I there exists s; > 0 such that

t
|Sui () — Sua(Dlv < SJ/ lui(s) — uz()llv ds (33)
0
forall uy, up € C;V), telJ.

Then, S has a unique fixed point, i.e. there exists a unique element n* € C(I; V) such that Sn* = n*.

Note that here and below, when no confusion arises, we use the shorthand notation Su(f) to represent the
value of the function Su at the point ¢, i.e. Su(t) = (Su)(¢). An operator which satisfies condition (38) is called
a history-dependent operator. This term was introduced in [13] and since it was used in many papers, see [9, 14,
18] and the references therein. There, relevant examples of such operators have been provided.

We now proceed with the following results.

Lemma 3.5 Let X be a Banach space and assume that (23), (24) hold. Then, for each n € V, there exists a
unique function x € X such that

x(t) = F(t,x(t),n(t)) Ytel, 39)
x(0) = xp. (40)

Moreover, if x1, X, € X represent the solution of the Cauchy problem (39), (40) for the functions ny, n, € V,
respectively, then for each compact set J C I, the following inequality holds

t
Ix1 (1) — 22D lx < Lye™! / [m1(s) —m@)llvds forallrel. (41)
0

Proof. Let n € V be given and consider the function F:1xX — X defined by
Ft,x)=F(t,x,n(t) Vtel, xeX.

We use assumption (23) to see that F satisfies condition (31). Therefore, the existence and uniqueness part of
Lemma 3.5 is a direct consequence of Lemma 3.2. Assume now that n;, 7, € V, consider a compact setJ C [
and let r € J. We integrate equation (39) with the initial condition (40) to obtain

xi(H) = / F(s,xi(s), ni(s)) ds + xp Vi=1, 2.
0



This implies that t
x1(t) — xo() = /O (F(s,x1(8), 11(5)) — F(s,x2(5), 12(5))) ds
and, therefore t
1 () —x2(Dllx < /0 1FGs, x1(5), m1(5)) — F (5, x2(5), 112(s))) Il x ds. (42)
Inequality (41) follows from (42), (23)(b) and a standard Gronwall argument. ]

Lemma 3.6 Let V be a reflexive Banach space and assume that (25), (27) to (30) hold. Then, for each x € X,
there exists a unique function u € V such that

u®) € K, (Ax(@),u(®)),v — u(t)) + j(x(@), u(@), v) — jlx(@), u(®), u(?)) (43)
> (f(1),v — u(r)) Vvek,tel.

Moreover, if uy, uy € V represent the solutions of the inequality (43) for the functions x1, x, € X, respectively,
then the following inequality holds

/

1 (8) — w2 (D lv < I - @l Viel (44)

Proof. Let x € X be given and let t € R, be fixed. Define the operator A : K — V* and the function
¢ : K x K — R by equalities

Au = Ax(1), u), o(u,v) = jx(®), u,v) Yu,vek.

Note that both the operator A and the function ¢ depend on x and ¢. Nevertheless, for simplicity, we do not men-
tion explicitly this dependence. Then, using assumptions (25), (27), (28) and (29), it follows that the operator
A satisfies condition (34), the function ¢ satisfies condition (35) and, moreover, the smallness condition (36)
holds. Therefore, from Lemma 3.3 we deduce that there exists a unique element u(f) which solves (43) at the
given moment 7. Now, let us show that the map ¢ — u(f) : I — K is continuous. To this end, consider #;,#, € |
and, for the sake of simplicity in writing, denote x(#;) = x;, u(t;) = u;, f(t;) = f; fori = 1,2. Using (43) we
obtain

up € K, (A((x1,ur), v —uy) +jlxy, ur,v) — jGxr, ug, uy) (45)
> (fl,v—uy) Vvek,
uy € K, (AQx,u2),v — uz) + j(x2, uz,v) — j(x2, Uz, us) (46)

> (f,v—uy)  VveK.
Taking v = u, in (45) and v = u; in (46), and adding the resulting inequalities yield that
(ACxy, ur) — AQxo, uz), uy — Up) (47

< JjOxr,ur, up) — jOer, uy, uy) + j(xo, uy, up) — j(xo, uz, u)
+{fi —fo,u1 — u2).

Then, writing

(ACer, up) — ACx, up), up — uz)
= (A(x1, u1) — AQxr, u2), up — up)) + (AGxr, uo) — A(x, uz), uy — uz)

and using assumptions (27)(b) and (27)(c), one obtains that

(ACer, up) — ACx, u), up — uz) (48)
> mlluy — up|ly, — L'llxy — xallxllur — ually.



Next, inequalities (47), (48) and assumption (29)(b) yield

(m — B) luy — uzlly (49)
<L'|x; —xlx +ollxi —xllx + i —Allv-

Inequality (49) combined with the assumption (28) implies that # — u(¢) : I — K is a continuous function.
This concludes the existence part of the lemma. The uniqueness part is a direct consequence of the uniqueness
of the solution u(¢) of the quasivariational inequality (43), at each ¢ € I, guaranteed by Lemma 3.3.

Assume now that xj, x, € X and let ¢ € I be given. Then using arguments similar to those used in the proof
of inequality (49) we deduce that

(m — B) ur () — ux(®ly < L' lx1(5) — x2(0)|Ix + & lx1(1) — x2(0)llx

which implies (44) and concludes the proof. 0
We are now in a position to provide the proof of Theorem 3.1.

Proof. We use Theorem 2.2. To this end we use (26) to see that inequality (43) can be written in the equivalent
form (3)
Therefore, using (4) and (5), we define the sets P C X x V and Q C X x V by equivalences

(x,n) € P < (39) and (40) hold. (50)
(x,u) € @ <= (3)holds. (51)

We now use Lemma 3.5 to see that condition (16) hold. Next, we use Lemma 3.6 and assumption (26) to see
that condition (17) holds, too. Moreover, using Remark 2.3 it follows that the operator A is univalued and is
defined as follows

AV =V, An=u, YneV. (52)

Here, for each n € V, x,, € Y represents the solution of the Cauchy problem (39), (40), guaranteed by Lemma
3.5 and u,, represents the solution of the quasivariational inequality (43) for x = x,, guaranteed by Lemma 3.6.
Consider now two elements 7y, 7, € V and denote x,,, = x1, x,, = X2, U, = UL, U, = U). Then, using (52)
we have

Anp = uy, Any = u. (53)

LetJ C I be a compact interval of time. Then, inequalities (41) and (44) show that

Ix1(2) = x2(0)llx < Lye™! / [71(s) = m()llvds  Vrel, (54)
0

/

Y@ —w@lx Vel (55)
m—p

We now combine relations (53) to (55) to see that

lur (1) — ua (D) ly <

/+a

[AM@) — Am®lly <

t
L,eLﬂf 71(s) — na(s)|lyds forallr e J
0

and, using Lemma 3.4 we deduce that the operator A has a unique fixed point. Theorem 3.1 is now a direct
consequence of Theorem 2.2. U

4. A viscoplastic contact problem

We start this section with additional notation and preliminaries related to the contact problems we are interested
in the rest of this paper. For more details on the material presented below, see [4, 9, 18, 20]. We denote by
S?(d = 2,3) the space of second order symmetric tensors on R? or, equivalently, the space of symmetric
matrices of order d. Typical elements in R? and S? will be denoted by v = (v;) and T = (7ij) where, here and



below, the indices i, j, k, [ run from 1 to d. Moreover, the convention summation upon the repeated indices is
used. The inner product and norm on R? and S? are defined by

1
u-v=uyv;, vl = -v)?2 Yu,v e R,

1 d
o -T =0T, Izl = (T - 1)2 Vo,t €S

Also, we use the notation 0 for the zero element of the spaces R and S¢.

Let 2 C R? (d = 1,2,3) be a bounded domain with Lipschitz continuous boundary I' and let I";, I'», and
I'; be three measurable parts of I" such that meas (I'y) > 0. We use the notation x = (x;) for a typical point in
QUT and we denote by v = (v;) the outward unit normal at I". Also, we use standard notation for the Lebesgue
and Sobolev spaces associated to €2 and I" and, moreover, we consider the spaces

V={y=0)eH @ :v=00nT},

0={t=(ry) e Q"™ : 1y =1;).

These are real Hilbert spaces endowed with the inner products

m,v)yy = / e(u) - e(v)dx, (0,7)9 = f o-tdx
Q Q

and the associated norms || - ||y and || - [|o, respectively. Here e represents the deformation operator given by

1
e) = (g;(v), ¢;(v) = 3 vij+vi) VveH'(Q)Y

where the comma indicates a partial derivative with respect the corresponding component of the spatial variable.
Completeness of the space (V, || - ||v) follows from the assumption meas(I";) > 0, which allows the use of Korn’s
inequality. As usual, we denote by V* the strong topological dual of V and by (-, -) the duality paring mapping
between V* and V.

For an element v € V we still write v for the trace of v on the boundary and we denote by v, and v, the
normal and tangential components of v on I', given by v, = v - v, v, = v — v,v. Let I'; be a measurable part of
[". Then, by the Sobolev trace theorem, there exists a positive constant ¢y which depends on €2, I'; and I'; such
that

VIl 200500 < co IVIly VveV. (56)

For a regular function 0 € Q we use the notation o, and o, for the normal and the tangential traces, i.e.
o, = (ov)-vand o, = ov — 0,v. Moreover, we recall that the divergence operator is defined by the equality
Divo = (0y;;) and, finally, the following Green’s formula holds

faws(v)dx—i—/ Diva-vdx:/av-vda YveV. &0
Q Q r

For the contact problem we study in this section the physical setting can be resumed as follows. A viscoplastic
body occupies a bounded domain  C R? with a Lipschitz continuous boundary T, divided into three measur-
able parts I'y, I'; and I'3 such that meas (I'y) > 0. The body is subject to the action of body forces of density f.
It is fixed on I'; and time-dependent surfaces tractions of density f, act on I',. On I's, the body is in frictionless
contact with an obstacle, the so-called foundation, which is made of a hard material covered by a layer of soft
material of thickness g > 0. The time interval of interest is / and could be either a bounded interval of the form
[0,T] with T > 0, or the unbounded interval Ry = [0, +00). Then, the classical formulation of the contact
problem is the following.
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Problem P,,. Find a stress field o : Q@ x I — S and a displacement fieldu : Q x I — R? such that

a(t)=Ce()+ G(o(r),e(u(r) in L, (58)
Dive(t) +f,(t)=0 in €, (59)

u()=0 on I'; (60)

oty =f,(t) on I'y, (61)
?M(Zf—gg)(ao(gﬂp;?u(g))i)0} on T, (62)
0. (t)=0 on I, (63)

0(0)=0p, u(0) =uwuyin Q. (64)

Problem P,,, was considered in [21]. There, besides the unique solvability of the problem, based on a mixed
variational formulation with Lagrange multipliers, the continuous dependence of the weak solution with respect
to both the normal compliance function p and the penetration bound g was proved. Numerical simulations,
which provide numerical evidence of this continuous dependence result, were also performed. Here, in this
section, we study the problem by using a different method, based on our abstract result given by Theorem 3.1.

We now provide a brief description of the equations and conditions in Problem P,,, where, in order to simplify
the notation, we do not indicate explicitly the dependence of various functions on the spatial variable x.

First, equation (58) represents the rate-type viscoplastic constitutive law in which we assume that elasticity
tensor £ and the constitutive function G satisfy the following conditions

(@& =(E): 2 xS — s,
() i = Enij = Ejim € L=().
(c) There exists mge > 0 such that
Et -t > mglt|?* forall T € $9, ae.in Q.

(65)

(@) G: QxS xS - S
(b) There exists Lg > 0 such that

IG(x,01,61) — G(x,02,&)

< Lg(loy — o2l + |ley — &2])
forall o, 01, €1, &, € S%, ae.x € Q.

(c) The mapping x — G(x, a, €) is measurable on 2,

for any o, & € S°.
(d) The mapping x — G(x,0,0) belongs to Q.

(66)

Equation (59) is the equilibrium equation that we use since we assume that the process is quasistatic. Conditions
(60) and (61) are the displacement boundary condition and traction boundary condition, respectively. We assume
that the densities of body forces and surface tractions are such that

fo € CU; LX), f, e CU;LAT)D. (67)

Condition (62) represents a contact condition with normal compliance and unilateral constraint. It was intro-
duced and justified in [9] and, for this reason, we do not present here in detail. We restrict ourselves to mention
that this condition is derived by assuming an additive decomposition of the normal stress into two components
which satisfy the Signorini condition in the form with the gap g and the normal compliance contact condition,
respectively. Here p is the normal compliance function assumed to have the following properties
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(@p: T3 xR —> R,.
(b) There exists L, > 0 such that

lp(x,r1) — px,r2)| < Ly |r1 — ra

forall r{, m» € R, ae.x € I's.

(©) (p(x,r1) —p(x,r2))(r1 —r2) =0 (68)

forall ri, m» € R, ae.x € I's.
(d) The mapping x > p(x, r) is measurable on I3,

forany r € R.
(e) pix,r)=0forall r <0, ae.x € I'3.

Next, (63) is the frictionless condition and (64) represents the initial conditions in which uy and oy denote the
initial displacement and the initial stress field respectively, assumed to have the regularity

Uy € v, Og € Q (69)

Consider the set of admissible displacement fields U, the irreversible stress field o : Q x I — S? and the
function f : I — V* given by

U={veV:v,<gae.only}, (70)

o’ =0 — Ee(n), (71)

(f(t),v):/fo(t)-vdx+ fo@®) -vda YvelV. (72)
Q I,

Then using the Green formula (57), the following variational formulation of the problem could be derived.

Problem 77:;. Find an irreversible stress field 0" : I — Q and a displacement field u : I — V such that

0" (t) = G(Ee()) + a" (), ew®)) Vtel, (73)
a”(0) = oo — Ee(uy), (74)
u(f) e U, (Ee®) + 0" (1), e(v) — e(t))o (75)

+/ puy(D)(vy —uy() da > {f(1),y —u(®))y VveU,tel.
I'3

The existence of a unique solution of the Problem 771‘//[, is provided by the following result.

Theorem 4.1 Assume that (65) to (69) hold. Then, Problem PL;, has a unique solution which satisfies o' €
C'(I;Q) andu € C(I; V).

Proof. The proof is obtained in tree steps, that we describe in what follows.

(i) The differential quasivariational inequality. Define the operator A : Q x V — V* and the functions G :
IxOxV >V F:IxQxV— Q,byequalities

(A(o,u),v) = (Eeu)+0,e(v)g +/ p(u,)v, da, (76)
I3

G(t,o,u) = A(o,u) — f(1), 77

F(t,o,u) =G e(u) + o, e)), (78)

forallt € I,0 € Q,u, v € V. Then, it is easy to see that Problem Pyp is equivalent to the problem of finding an
irreversible stress field ¢ : I — Q and a displacement field u : I — V such that
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" (1) = F(t,0" (1), u(r)) Viel, (79)
o"(0) = 0o — Ee(uy), (80)

u(®)y e U, (G, a"(t),u®),v—u@®)>0 VvelU,tel. (81)

(ii) An existence and uniqueness result. We note that the system (79) to (81) is of the form (1) to (3) with
X=0,K=U,xy=09— Ee(up) and j = 0, the functions G and F being defined by equalities (77) and (78),
respectively. Therefore, in order to use Theorem 3.1, we check in what follows the validity of conditions (23) to
(26).

First, we note that assumptions (65) and (66) on the elasticity tensor and the viscoplastic function, respec-
tively, imply that the function (78) satisfies condition (23). Moreover, condition (69) implies (24) and (25) is
clearly satisfied. In addition, using (65) and (68) and the trace inequality (56) it is easy to see that the operator
A defined by (76) satisfies condition (27) with m4 = mg. On the other hand, the regularity (67) implies that the
function f defined by (72) has the regularity (28) and, it is obvious to see that (29), (30) and (26) hold, too. We
now use Theorem 3.1 to deduce the existence of a unique solution of the differential quasivariational inequality
(79) to (81), with regularity " e C'(I;0),u € CU; V).

(iii) Conclusion. Theorem 4.1 is now a direct consequence of steps (i) and (ii) which state the equivalence
between Problem PL; and the differential quasivariational inequality (79) to (81), and the unique solvability of
this inequality, respectively. 0

5. An elastic contact problem with wear

The physical setting is similar to that considered in the previous section. The difference arises in the fact that
now [ is assumed to be plane, the body is linearly elastic and the foundation is moving. Moreover, the contact
is frictional and sliding. This implies the wear of the foundation that we model with a new surface variable, the
wear function. Then, the classical formulation of the contact problem we study in this section is the following.

Problem P,. Find a stress field o : Q x I — S¢, a displacement fieldu : Q x I — R and a wear function
w: '3 x I — R such that

o(t) = Ee(u(r)) in L, (82)

Dive(r) +fo(t) =0 in , (83)

u@®)=0 on I'y, (84)

o(w =f,(t) on Iy, (85)

?JV(Zi)S—g(é)EIJfE;)ip;E?JfE;) —vz§2§>)§=()0} on I's, (86)
—0 () = np(u,(t) —w@®)n*(t) on I, (87)

w(t) = a(t) p(u, (1) —w(®)) on I, (88)

w0)=0 in I3, (89)

Here, equations (82) and (83) represent the elastic constitutive law and the equilibrium equation, respectively.
Moreover, (84) and (85) are the displacement and traction conditions. The boundary conditions (86) to (88) were
introduced and justified in [22] and, for this reason, we do not present here in detail. We restrict ourselves to
mention that (86) represents the contact condition in which the normal compliance function p satisfies assump-
tion (68). It was derived by assuming an additive decomposition of the normal stress into two components which
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satisfy the Signorini condition in the form with the gap g and the normal compliance contact condition with
wear, respectively.

Condition (87) represents a sliding version of the classical Coulomb law of dry friction. Here 5 represents
the coefficient of friction and n* is the unitary vector defined by

V(1)

O = o

where v* is the velocity of the foundation, supposed to be a non-vanishing time-dependent function in the plane
of I';. Condition (87) was derived under the assumption that the velocity of the foundation is large in comparison
with the tangential velocity of the elastic body. Here, we assume that the coefficient of friction and velocity of
the foundation verify the following assumptions

nelL>®T3), nx)>0 ae. xels. (90)

{ v* € C(I;R?) and there exist v{, v» > 0 such that o1)

vi < V@Il < v Vrel

The differential equation (88) represents a version of Archard’s law, which governs the evolution of the
wear function and, again, it was derived under the assumption that the velocity of the foundation is large in
comparison with the tangential velocity. Here

a() =k @l,
k being the wear coefficient, assumed to be such that
ke L™®T3), k(x)>0 ae xels;. (92)

Finally, condition (89) represents the initial condition for the wear function and shows that at the initial moment
the material is new. More details concerning the modelling of the wear of contact surfaces can be found in
[23-27]. The analysis of various contact models with wear can be found in [4, 28, 29].

Consider the set of admissible displacement fields given by (70). Then, using the Green formula, the
following variational formulation of the problem could be derived.

Problem PZ. Find a wear function w : I — L*(T'3) and a displacement field u : I — V such that

w(t) = a(t) p(u,(t) — w(t)), 93)
w(0) = 0, %94)
u(t) e U, (Ee(u(t),e(v) — e(u(1)))o + fr p(u, (1) — w(®)(v, — u,(t))da 95)

+/ n p(uy () — w)n*(t) - (v: —u (1)) da > (f(t),y —u(®)y VveU,
I3
forallt el
The existence of a unique solution of the problem PZ is provided by the following result.
Theorem 5.1 Assume that (65), (67), (68), (90) to (92) hold. Then, there exists ey > 0 which depends only on &,
Q, I'1 and T'3 such that Problem 73: has a unique solution if L,||n ||~ < eog. Moreover, the solution satisfies

we C'(I; L>(T3)) andu € C(I; V).

Proof. We use arguments similar to that used in Theorem 4.1. The steps of the proof are the following.
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(1) The differential quasivariational inequality. Let f : I — V* be given by (72) and define the operator
A : L*(T3) x V — V* and the functions G : [ x L*(T3) x V. — V* F : I x [*(I'3) x V — L[*T%),
j i1 LX('3) x V x V — R by equalities

(Aw,u),v) = (Ee(u), e(v))g + /r p(uy)v, da, (96)
G(t,w,u) = A(w,u) — f (1), 3 7
F(t,w,u) = a(p(u, (1) — w(®), (98)
Jjw,u,v) = fr o pluy(t) — w(t))n™(1) - v da (99)

forallt € I, w € L*(T'3), u, v € V. Then, it is easy to see that Problem PZ is equivalent to the problem of
finding a wear function w : I — L*(I'3) and a displacement field u : I — V such that

w(t) = Ft,w(),u(t))  Viel, (100)
w(0) =0, (101)
um e U, (G, w(®),u(®),v — u(0)) + jw(®), u(®),) (102)

—jw@),u(t),u) >0 VveU,tel.

(i1) An existence and uniqueness result. It is easy to see that the system (79) to (81) is of the form (1) to (3)
with X = L*(I';), K = U, xo = 0, the functions G, F and j being defined by equalities (97), (98) and (99),
respectively. Therefore, in order to use Theorem 3.1 we check in what follows the validity of conditions (23) to
(26).

First, we note that assumptions (90) to (92) and (68) imply that the function (98) satisfies condition (23).
Moreover, conditions (24) and (25) are clearly satisfied. In addition, using (65) and (68) and the trace inequality
(56) it is easy to see that the operator A defined by (96) satisfies condition (27) with my = mg. Next, the
regularity (67) implies that the function f defined by (72) has the regularity given by (28) and, on the other hand
it is obvious to see that the function (99) satisfies condition (29)(a). Assume now that wy, w, € L*(I'y) and
uy, up, vi, vo € V are given. We write

Jwi,uy,va) — jowy,wy,vy) + j(wa, uz,v) — j(wa, uz,v2)

- /F 1 (Pt () = wi(0) = plaa (1) = wa() J* (1) - (22 = v1.) da

< ] 1p(u1, () — wi(t)) — p(uzy (1) — wa(O)| [R* Ol [Iv2r — Vil da <
I3

< ||77||L°°(F3)f |p(u1, (1) — wi(1)) — p(ua, (1) — wa ()| |lvi — v2ll da,
I'3

then we use assumption (68)(b) on the normal compliance function p combined with the trace inequality (56)
to see that

Jwi,u,va) — jwy,uy,vy) + j(wa, uz,vi) — j(wa, uz,v2)
=< LycolInllee s llwr — wall 2oy llur — uzlly
+Lycollnllzory lluy — uzllvilve — vally.

We conclude from here that the function j satisfies condition (29)(b) with 8 = L,col|n]lzo(ry). Let

meg
ey = —
Co
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which clearly depends only on &, 2, T'; and I'; and assume that L,||7|z~(r;) < eo. Then the smallness assump-
tion (30) holds. Finally, note that equality (97) implies that (26) holds, too. We now use Theorem 3.1 to deduce
the existence of a unique solution of the differential quasivariational inequality (100) to (102), with regularity
we C'(I; LX(T3)), u € C(I; V).

(iii) Conclusion. Theorem 5.1 is now a direct consequence of steps (i) and (ii) which state the equivalence
between Problem PZ and the differential quasivariational inequality (100) to (102), and the unique solvability
of this inequality, respectively. U

We end this section with the remark that Theorem 3.1 can be used in the study of a large number of contact
models which, in the variational formulation, lead to differential quasivariational inequalities of the form (1) to
(3). Besides the models presented in Sections 4 and 5, additional models for which the results in this paper work
could be found in [4. 8, 9], for instance. For those models, the unknown x could be an internal state variable,
the bonding field, or the electric displacement field and the unknown u is the displacement field or the electric
potential. The unique weak solvability of the corresponding models follows in three steps, as explained above.
The main ingredient of the proof consists of checking the validity of conditions (23) to (26), with different
spaces, functions and operators.
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