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Abstract. The present paper represents a continuation of [3]. There, we
studied a new class of variational inequalities involving a pseudomono-
tone univalued operator and a multivalued operator, for which we ob-
tained an existence result, among others. In the current paper we prove
that this result remains valid under significantly weaker assumption on
the multivalued operator. Then, we consider a new mathematical model
which describes the equilibrium of an elastic body attached to a non-
linear spring on a part of its boundary. We use our abstract result to
prove the weak solvability of this elastic model.

Keywords: multivalued operator, variational inequality, cut-off opera-
tor, elastic material unilateral constraint, weak solution.

1 Introduction

The theory of variational inequalities plays an important role in the study of
nonlinear boundary value problems arising in Mechanics, Physics and Engineer-
ing Sciences. Based on arguments of monotonicity and convexity, it started in
early sixties and has gone through substantial development since then, as illu-
strated in the books [1,4,9,10], for instance. There, the inequalities have been
formulated in terms of univalued operators and subgradient of a convex function.

Variational inequalities with multivalued operators represent a more recent
and challenging topic of nonlinear functional analysis. In particular, they repre-
sent a powerful instrument which allows to obtain new and interesting results
in the study of various classes of variational-hemivariational inequalities. Such
kind of inequalities involve both convex and nonconvex functions, have been in-
troduced in [8] and have been investigated in various other works, as explained
in [6,7] and the references therein.

Recently, in [3], we considered a class of stationary variational inequali-
ties with multivalued operators, for which we proved an existence result, under



A multivalued variational inequality with unilateral constraints 303

a smallness assumption on the data. The proof was based on standard arguments
of variational inequalities followed by a version of the Kakutani-Fan-Glicksberg
fixed point theorem. Then, we considered a dual variational formulation of the
problem, studied the link between the primal and dual formulations and pro-
vided an equivalence result. Finally, we applied this abstract formalism to the
study of a frictional elastic contact model with normal compliance, for which we
obtained existence and equivalence results.

The present paper represents a continuation of [3]. Our aim is twofold. The
first one is to prove that the existence result of [3] remains valid under sig-
nificantly weaker assumption on the corresponding multivalued operators. The
second aim is to illustrate the use of this result in the study of a new mathe-
matical model which describes the equilibrium of an elastic body attached to a
nonlinear spring.

The manuscript is organized as follows. In Section 2 we recall the statement
of the problem together with the existence result obtained in [3]. In Section 3,
we state and prove our main abstract result, Theorem 2. Next, in Section 4,
we introduce the elastic problem, list the assumption on the data and state its
variational formulation. Finally, in Section 5, we apply Theorem 2 to prove its
weak solvability.

2 Problem statement

Everywhere in this paper, we assume that (V|| - ||) is a reflexive Banach space,
we denote by V* its topological dual, and (-, -) will represent the duality pairing
between V' and V*. We use Oy for the zero element of the space V and || - ||«
for the norm on V*. Assume in addition that (U, || - ||) is a reflexive Banach
space of topological dual U*. We denote by || - ||+ the norm on U* and by
(-, YU+ xu the duality pairing between U and U*. The symbol w-U will represent
the space U endowed with the weak topology while s-U* will represent the space
U* endowed with the strong topology. For a set D in a Banach space E, we define
IDlls = sup{ Jlull | ue DY},

Consider a set K C V, a single-valued operator A: V' — V* a multivalued
operator B: U — 2Y7, a linear, continuous and compact operator ¢: V — U,
and a functional f € V*. We denote by |¢]| the norm of ¢ in the space of
linear continuous operators from V' to U. With these data we state the following
inequality problem.

Problem 1. Findu €V and £ € U* such that
ve K, (Au— fo—u)+ (& (v—u)ysxy >0 forall veK,
¢ € B(w).
Note that, since the operator B is multivalued, we refer to Problem 1 as

a multivalued variational inequality. Let *: U* — V* be the adjoint operator
to ¢. Then, using the definition of the subgradient of the indicator function of
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the set K, denoted 0.1k, it is easy to see that Problem 1 is equivalent with the
following subdifferential inclusion: find u € V' such that

Au+ " B(w) + O Ik (u) > f in V™.

In the study of Problem 1 we need the following assumptions.

(A): A:V — V*is an operator such that

(1)  Ais coercive, i.e., (Au,u) > aljul|?> — 8 for all u € V with a, 3 > 0.

(2)  JJAully~ < ay + az ||u| for all w € V' with aq, ag > 0.

(3) A is pseudomonotone, i.e. it is bounded and u,, — u weakly in V and
lim sup (Aup, u, — uy < 0 imply (Au, v —v) < liminf (Auy,, u, — v)
for all v e V.

(4) A is strictly monotone on K, i.e., for all u, v € K such that u # v,
we have (Au — Av,u —v) > 0.

H(B) B: U — 2V is an operator such that
(1) B has nonempty and convex values.
(2)  the graph of B is sequentially closed in (s-U) x (w-U*) topology.

—~
w
~

|Bw||y» < by + b ||w||y for all w € U with by, by > 0.

the smallness condition by [[¢t||? < « holds.

—~
IS
~

::
3

(

K is a nonempty, convex and closed subset of V.

The following result, obtained in [3], provides the solvability of Problem 1.

Theorem 1. Under hypotheses H(A), H(B) and H(K) Problem 1 has at least
one solution.

The proof of Theorem 1 is based on arguments of elliptic variational inequal-
ities, various estimates and a version of the Kakutani-Fan-Glicksberg fixed point
theorem.

3 An abstract existence result

We now consider the following assumptions on the data of the Problem 1.
H(B): B:U —2Y is an operator such that

(5) the operator B: U — 2U" is bounded, i.e., it maps bounded sets in U
into bounded sets in U*.

(6) there exist constants b, by > 0 with by ||¢||? < « such that for all u € U
and all £ € Bu we have

(€, u)rexv > —bg — ba ||ull?.

Our main abstract existence result in the study of Problem 1 is the following.
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Theorem 2. Assume hypotheses H(A), H(B)(1), (2), (5) and (6), H(K) and
Oy € K. Then Problem 1 has a solution.

Proof. Fix N > 1 and define a cut-off operator BN : U — 2U" by

BV () Buv if lv|ly <N
() = B(%) otherwise

for v € U. Since B satisfies assumptions H(B)(1) and (2), it is straightforward
to verify that the operator BY satisfies these two assumptions as well. Moreover,
since B satisfies H(B)(5), it follows that BY satisfies H(B)(3) with a constant
b1 > 0 which depends on N and by > 0 arbitrary small and independent of N.
It is also clear that BY satisfies H(B)(4). We are now in a position to apply
Theorem 1. Thus, we deduce that there exists (uV, V) € V x U* such that

uN e K, (AuM — foo—u™) + (€N (v —uMN ) pexp >0 forall ve K, (1)
N e BN ().
The hypothesis 0y € K allows to test (1) with v = 0y. As a result, we obtain
(Au™, u) + (€Y, ) yw < | fllv-llu]]- (2)

We estimate from below the expression (¢V, ™). If |t |y < N, then
&N € BuN and
(€Y, Ny xo > —bs = ba [lo]*Ju™]%.

If, in contrast, |[tuV||y > N, then &y € B(%), and assumption H(B)(6)
yields

NN l|leuN || |eu ||
N Ny [eN S (—pa — b, N2 _lU
(€% w v <€ ’ ||LuNHU>U*><U N = (=bs = b4 V) N

Y

s [lellllu™[} = ba el [l
In either case, we have

(&N, ™) e = —by = by [[e ™| = ba [lelf*[lu™ 2. 3)
Combining inequality (3) with H(A)(1) and (2) implies

(o = ballel*)[u™1* < b3 + (Lfllv= + bsllel]) 1] (4)

Next, using (4) and H(B)(6), we deduce that ||u”| is bounded by a constant
independent of N. Therefore, since |[cu® ||y < ||o]|||uV]], it follows that |[su™ ||
is also bounded by a constant independent of N. We now take N large enough
so that the truncation in the definition of the operator BY is inactive. It follows
that «V also solves Problem 1, which completes the proof. O



306 P. Kalita et al.

We end this section with some comments on the assumptions on the multi-
valued operator B. First, we note that, clearly, condition H(B)(5) is significantly
weaker than H(B)(3). Moreover, we stress that assumption H(B)(6) is weaker
than H(B)(3) and H(B)(4). In addition, condition H(B)(6) has various physi-
cal interpretations, when dealing with examples arising in mechanics. We also
mention that if (£, u)y«xy > 0 for all w € U and £ € Bu, then this condition is
satisfied.

4 Contact problem in elasticity

In this section we consider a boundary value problem which models a contact
problem for elastic material and for which the abstract result of Section 3 can
be applied.

The physical setting is the following. An elastic body occupies an open,
bounded and connected set in 2 C R? (d = 2, 3) with a Lipschitz boundary
082 = I'. The concept of measurability, used below, is considered with respect to
the d-1 dimensional Hausdorff measure, denoted by m. The set I is partitioned
into three disjoint and measurable parts Iy, I'; and I3 such that m(I7) > 0. The
body is clamped on I7, is submitted to surface tractions on I, and is attached
to a nonlinear spring on I3.

We use the symbol S¢ for the space of second order symmetric d x d matrices.
The canonical inner product on R¢ and S¢ will be denoted by “-” and the
Euclidean norm on the space S? will be denote by || - ||ge. We also use the
notation v for the outward unit normal at I" and, for a vector field v, v, and v,
will represent the normal and tangential components of v on I" given by v, = v-v
and v, = v — v, v, respectively. The normal and tangential components of the
stress field o on the boundary are defined by o, = (ov) v and o, = ov —0o,v.
The mathematical model which describe the equilibrium of the elastic body in
the physical setting above is the following.

Problem 2. Find a displacement field w: 2 — R?, a stress field o: 2 — S and
the reactive interface force &: I's — R such that

o=Fe(u) in {2,
Dive+ f, =0 in (2,

5
6
7
8

()

(6)

u=0 on [7, (7

ov=yf, on Iy, (8)

—g1 Suw < g2, €€ Nh(w)
uy =—g1 = —0, <&,
Uy =go = —0, =&,

g1 <uy <gs = —0,=§

o, = on I3. (10)

on I3, (9)
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Equation (5) is the constitutive law for elastic materials in which F represents
the elasticity operator and e(u) denotes the linearized strain tensor. Equation
(6) is the equilibrium equation in which f, represents the density of body forces.
Conditions (7) and (8) are the displacement and traction conditions, respectively,
in which f, denotes the density of surface tractions. Condition (9) represents the
interface law in which h is a multivalued function which will be described below
and, finally, condition (10) shows that the shear on the surface I's vanishes.
We now provide additional comments on the conditions (9) which represent
the novelty of our elastic model. First, this condition shows that spring prevents
the normal displacement of the body in such a way that —¢g; < u, < g2. When
—g1 < u, < g2 the spring is active and exerts a normal reaction on the body,
denoted &, which depends on the the normal displacement, i.e., —g, = £ € h(u,).
Note that, for physical reason, h must be negative for a positive argument (since,
in this case the spring is in compression and, therefore, its reaction is towards
the body) and positive for a negative argument (since, in this case the spring is
in extension and, therefore, it pulls the body). A typical example is the function
h(r) = kr which models the behavior of a linear spring of stiffness & > 0.
Nevertheless, from mathematical point of view, we do not need this restriction,
as shown in assumption H(h) below. When w, = g the spring is completely
compressed, thus, besides its reaction, an additional force oriented towards the
body becomes active and blocks the normal displacements w, . Therefore, in this

case we have —o,, > £. When u,, = —g; the spring is completely extended and,
besides its reaction, an extra force pulling body becomes active, which implies
that —o, < &.

In the study of Problem 2, we use standard notation for Lebesgue and Sobolev
spaces. For the displacement we use the space

V={ucH (2R) |u=0 onI}.

It is well known that the trace operator v: V — L2(92;R?) is compact. More-
over, we put U = L?(I3) and define the operator v: V. — U by t(u) = u,|n,
for all w € V. For the spaces V and U, we use the notation already used for

the corresponding abstract spaces in Sections 2 and 3. In particular, || - || and
|l ||« will represent the norm on V' and V*, respectively, (-, ) denotes the duality
pairing between V and V*, || - ||y and || - ||y~ are the norms on U and U*.

We also need the following assumptions on the problem data.

H(g): g1, g2 > 0 are two real constants.
(

H(F): F: 02 xS — S is such that
(1)  there exists Ly > 0 such that ||F(x,e1) — F(x,e2)|s¢ < Lrller —ealsa
for all 1, €5 € S¢, a.e. x € 1.
(2)  there exists mz > 0 such that (F(x,e1) — F(x,e2)) - (€1 — €2) >
mr el — @Héd for all €1, €2 € S, a.e. ¢ € 2.
(3)  F(x,e) is measurable on {2 for all € € S%.
(4) F(x,0g¢) = 0ga a.e. ¢ € (2.

~—
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H(h): h: T3 x[—g1,92] — 2% is a multifunction such that

(1)  the sets h(zx,r) are nonempty and convex for all r € [—g1, go],
a.e. x € [3.

NS

(
(
(

H(f) -

(1) ifd =2, then f, € L¥ (£2;R?), f, € L¥' (I;; R?) for some p’ € (1,00).
(2) ifd=3, then fo € L5 (;R3), f, € L3 (Iy;R3).

) h(-,r) has a measurable selection for all r € [—g1, g2].

wW

) the graph of multifunction h(z,-) is closed in R? for a.e. © € I5.
) |h(x,r)| < hfor all r € [~g1,92] and a.e. © € I3 with h > 0.

~—

the densities of body forces and surface tractions are such that

We now turn to the variational formulations of Problem 2. To this end, we
introduce the set of admissible displacements fields

K={ueV|u, €[—g1,92] ae onlz}. (11)

Also, we define the operator A: V' — V* by the formula
(Au,v) = / Fe(u)-e(v)dx forall uw,veV. (12)
Q

Note that, since H(F) holds, the operator A is well defined. Next, we note that
the hypothesis H(f) implies that the mapping

VBUH/QfO(:B)-v(ac)dx—i— : fo(x) - v(x)dl eR,

is linear and continuous. Indeed, if d = 2, then the embedding V' C L"(§2;R?)
and the restriction of the trace operator yr,: V — L"(I3;R?) is linear and
continuous, for any r € (1,00). On the other hand, if d = 3, then the embedding
V C L5(2;R?) and the restriction of the trace operator vy, : V — L4(I%;R3) is
linear and continuous. Hence, we can define f € V* by the formula

<f,v>=/9fo(w)~v(:c)dx+ : fo(x) -v(x)dl.

Next, with a slight abuse of notation, we extend the multifunction h to I3 x R
by setting h(x,s) = h(x, —g1) and h(x,s) = h(x,g2) for s < —g; and s > go,
respectively. We use the same symbol h to denote this extended multifunction
and we introduce the multifunction B: U — 2V by the formula

B(u)={£{eU" | {(x) € h(xz,u(x)) a.c.on I3} forallueU.  (13)

The variational formulation for Problem 2, obtained by using standard ar-
guments, reads as follows.
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Problem 3. Find a displacement field w € V and a contact interface force £ € U
such that

ue K, (Au,v—u)+{(lv—u))yxv > (f,v—u) foralwvekK,
¢ € B(wu).

Note that Problem 3 represents a multivaled variational inequality. Its solva-
bility will be proved in the next section, based on the abstract existence result
provided by Theorem 2.

5 Existence of the solution

The main result in this section is the following.

Theorem 3. Under hypotheses H(g), H(F), H(h) and H(f), Problem 3 has at

least one solution.

The proof of the theorem is carried out in several steps, based on two lemmas
that we state and prove in what follows. The first lemma, already proved in [3],
is given here for the convenience of the reader.

Lemma 1. Assume H(F). Then, the operator A: V — V* defined by (12) sa-
tisfies conditions H(A)(1)-(4) with « = mg in H(A)(1).

Proof. By conditions H(F)(1) and (3), we have
]/ Fe(u) - e(v)dz| < Lr|ull||v]| for all u, ve V.
o)

This implies that ||Aul|. < Lg|ul| for all w € V, which proves H(A)(2). In
addition, assumption H(F)(2) yields (Au — Av,u —v) > mz|u —v||? for all u,
v € V. This shows that condition H(A)(4) is satisfied. Furthermore, for u, v,
w €V, by H(F)(1), we have (Au — Av, w) < Lr|u—v|y|w]| for all u, v € V.
This proves that ||[Au — Av||, < Lz|lu — v|y for all u, v € V, which implies
that A is Lipschitz continuous and hence hemicontinuous. Since we already know
that A is bounded and monotone, by Proposition 27.6 in [11], it follows that A
is pseudomonotone and H (A4)(3) holds. By H(F)(4), we have A0y = Oy. Thus,
from (5), we get (Au,u) > mz|u|? for all uw € V. Therefore, H(A)(1) holds,
which completes the proof. a

Next, we proceed with the following result.

Lemma 2. Assume H(g) and H(h). Then, the multivalued operator B defined
by (13) satisfies H(B)(1), (2), (5) and (6).
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Proof. First we prove H(B)(1). Convexity of values of B is a simple consequence
of the convexity in H(h)(1). To prove nonemptiness, let v € U and (uy)32; be
a sequence of simple (i.e. piecewise constant) functions converging to u for a.e.
x € I3. The hypothesis H(h)(2) implies that the multifunction I's 5  —
h(z,un(x)) C R has a measurable selection &, for all n € N. From H(h)(4), it
follows that ||&,[/%. = st &n(x)2dl < h2m(I3), so passing to a subsequence, if
necessary, we may assume that &, — & weakly in U* with £ € U*. As &, (x) €
[~h, h] for a.e. ¢ € I3, we are in a position to apply Proposition 3.16 of [5] to
obtain £(x) € conv limsup,,_, (&, (x)) for a.e. & € I'5, where limsup,,_, . is the
Kuratowski-Painlevé upper limit of sets defined by

limsup A, ={s€R | sp, =S, Sn, € An, }
n—oo
for a sequence of sets A, C R. Hence £(x) € conv limsup,,_, ., h(x,un(x)) for
a.e. ¢ € I's. From H(h)(1), (3) and the pointwise convergence u,(x) — u(x)
a.e. on [3, it follows that
&(x) € conv limsup h(x, u,(x)) C conv h(x, u(x)) = h(z, u(x)),
n—oo

for a.e. € I's and ¢ is the sought measurable selection.

We pass to the proof of H(B)(2). Let w,, — wu strongly in U and &, — £
weakly in U* be such that &, € B(u,). We show that £ € B(u). At least for a
subsequence, not relabeled, we have u,(x) — u(x) for a.e. & € I's. The proof
that £(x) € h(x,u(x)) for a.e. x € I's follows the line of the corresponding proof
of condition H(B)(1).

By a straightforward calculation and H(h)(4), we deduce that hypothesis
H(B)(5) holds. To prove H(B)(6), let w € U and £ € Bu. From the following
inequality

(& uuexv = ; @yu(@)dl > —h | Ju(@)|dl" > ~hm(I3)? |ullo

I3
a [l*R?m(Is)
> - A | N Sl 24
= 2||L||2 ||U’HU 20 )
we deduce that H(B)(6). The proof is complete. O

We are now in a position to provide the proof of Theorem 3.

Proof. Note that Problem 3 is a particular case of Problem 1. Indeed, both V'
and U are reflexive Banach spaces, and the normal trace operator ¢ is linear,
continuous and compact. Moreover, the set K defined by (11) is nonempty,
convex, closed in V, and Oy € K. In addition, from Lemma 1, it follows that
H(A)(1)-(4) hold, and Lemma 2 shows that the operator B satisfies H(B)(1),
(2), (5) and (6). Theorem 3 is now a direct consequence of Theorem 2. O

Theorem 3 provides the weak solvability of the contact Problem 2, since once
the displacement field is obtained by solving Problem 3, then the stress field o
is determined by using the constitutive law (5). The question of the uniqueness
of the solution is left open.
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Remark 1. Note that because of H(h)(4), the multivalued map given by (13)
satisfies hypothesis H(B)(4), and Theorem 1 is sufficient to obtain the exis-
tence result in Theorem 3. However, if in the place of (9), we consider the law
—0, = ku, with £ > 0, and set K = V, then to apply Theorem 1, we need
a smallness assumption on the constant k. On the other hand, the above law
satisfies H(B)(5)—(6) without any limitations on the value of k.
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