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We consider a class of history-dependent quasivariational inequalities for which we
prove the continuous dependence of the solution with respect to the set of
constraints. Then, under additional assumptions, we associate with each inequality
in the class a new inequality, the so-called dual variational inequality, for which we
state and prove existence, uniqueness, equivalence and convergence results. The
proofs are based on various estimates, monotonicity and fixed-point arguments for
history-dependent operators. Our abstract results are useful in the study of various
mathematical models of contact. To provide an example, we consider a boundary
value problem which describes the equilibrium of a viscoelastic body in contact with
an elastic-rigid foundation. We list the assumptions on the data and derive both the
primal and the dual variational formulation of the problem. Then, we state and
prove existence, uniqueness and convergence results. We also provide the link
between the two formulations, together with their mechanical interpretation.
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1. Introduction

Variational inequalities play an important role in the study of both the mathemati-
cal and numerical analysis of various nonlinear boundary value problems. Reference
could be found in the books [2,5, 6,9, 12] for instance. The study of contact prob-
lems with deformable materials within the framework of variational inequalities was
made in various works, including [4,8,11,14,16,18].

History-dependent variational inequalities are inequalities involving a special
class of operators, the so-called history-dependent operators. A large number of
mathematical models which describe the contact between a deformable body and
a foundation lead to such kind of inequalities, in which the unknown is either the
displacement or the velocity field. This explains why the history-dependent varia-
tional inequalities originate and have many applications in Contact Mechanics. The
first abstract study of such inequalities was carried out in [17] where existence,
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uniqueness and regularity results have been obtained. This study was continued in
[20, 21], where a more general existence and uniqueness result and a convergence
result for a penalty method were proved, respectively. Part of these results has been
extended to hemivariational inequalities with history-dependent operators, see for
instance [13, 19, 25] and the references therein. In most of these papers, the history-
dependent inequalities were associated with a set of constraints and the question
of the dependence of the solution with respect to the constraints have been left
open. Moreover, a large number of contact models lead to variational formulations
in which the unknown is the stress field. Such kind of inequalities represents the so-
called dual variational formulations of the corresponding contact models and give
rise to interesting mathematical problems. For instance, examples and details can
be found in [1,7,18, 22, 24].

In this paper, we consider a class of abstract inequalities which can be formulated
as follows.

PROBLEM P. Find a function u: Ry — X such that, for allt € Ry, the inequality
below holds:

u(t) € K, (Au(t),v —u(t))x + (Su(t),v —u(t))x (1.1)

> (f(t),v—u(t)x YvelkK.
Here and below X is a real Hilbert space with inner product (-,-)x and associated
norm || - ||x, K is a subset of X, A: X — X and S: C(R;X) — C(R4; X) are
given operators and f : Ry — X. Moreover, R = [0,00) and C(R4; X) represents
the space of continuous functions defined on R with values in X. We still use the
notation C(R,; K) for the set of continuous functions defined on Ry with values

in K and N will represent the set of positive integers.
In the study of problem P, we consider the following assumptions.

K is a nonempty closed convex subset of X. (1.2)

The operator A is strongly monotone and Lipschitz continuous operator, that
is,
(a) There exists m > 0 such that
(Auy — Auz,ur —uz)x > m flur — 2%
Yuy, us € X. (1.3)

(b) There exists M > 0 such that
||AU1 — AUQHX <M ||U1 — u2||X Vul, us € X.

The operator S is a history-dependent operator, that is,

For every n € N there exists s, > 0 such that

[Sua(t) = Sua(t)]|x < / lJur(s) = ua(s)||x ds (1.4)
Yur, ug € C(Ry; X), Vt € [0,n].
The function f has the regularity
feCRy;X). (1.5)
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Under these assumptions, we have the following existence and uniqueness result.

THEOREM 1. Assume that (1.2)—(1.5) hold. Then, the history-dependent quasivari-
ational inequality (1.1) has a unique solution u € C(Ry; K).

Theorem 1 represents a particular case of more general existence and uniqueness
results proved in [17,21] and, therefore, we skip its proof. We restrict ourselves to
mention that it is based on arguments on time-dependent variational inequalities
with monotone operators and fixed point.

The aim of the current paper is threefold. The first one is to study the depen-
dence of the solution of problem P with respect to the set K. The second one is to
introduce a new inequality associated with (1.1), so-called dual variational inequal-
ity, and to provide its analysis. Finally, our third aim is to illustrate these abstract
results in the study of a contact model with viscoelastic materials.

The rest of the paper is structured as follows. In § 2, we state and prove our first
convergence result, theorem 2. In § 3, we introduce the dual variational inequality
of (1.1) and prove its equivalence with the primal variational inequality, theorem 4.
This result implicitly proves the unique solvability of the dual variational inequality.
Then, in § 4, we extend the convergence result in theorem 2 to the dual variational
inequality. In § 5, we introduce a viscoelastic problem of contact and list the assump-
tion of the data. Finally, in §§ 6 and 7, we provide its analysis by using the primal
and the dual variational formulation of the problem, in terms of displacements and
stress, respectively. To this end, we use the abstract results obtained in §§ 2—4.

2. A first convergence result

In this section, we investigate the dependence of the solution with respect to the
set K. To this end, we consider a perturbation K, of the set K together with the
following perturbation of problem P.

PROBLEM P,. Find a functionu, : Ry — X such that, for allt € Ry, the inequality
below holds:

up(t) € Kp,  (Aup(t), vp — up(t)) x + (Su,(t),vp) — up(t))x (2.1)
> (f(t),v, —u,(t))x Yo, € K,.
Assume that
K, = c(p)K + d(p)6 (2.2)
where 6 is a given element of X and ¢: (0, +00) — Ry, d: (0,+00) — R are given
functions such that

c¢(p) — 1 and d(p) — 0 as p—0. (2.3)

Then, the existence of a unique solution of problem P, as well as its convergence
to the solution of problem P as p — 0 could be obtained by using a result in [3],
where a more general class of history-dependent variational inequalities has been
considered. Nevertheless, in the current paper, we decided to present a different
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version of this convergence result, under different assumptions. The reason is that
these assumptions allow us to prove additional results and, moreover, are needed
in the study of the dual formulation of problem P. Therefore, we consider in what
follows the following hypothesis.

There exists a set Ky and an element g € X such that
(a) Kp is a nonempty closed subset of X.

(b) u,ve Ky = u+ve K. (2.4)
(¢) A>20, ue Ky = Au € K.
(d) K=Ko+g.

For each p > 0 there exists an element g, € X such that
(a) K,=Ko+g, Vp>0. (2.5)
(b) go—g inX, asp—0.

Note that the assumptions (2.4)(a)—(b) show that Ky is a closed cone in X.
Moreover, note that if (2.4) holds, then (1.2) holds, too. Finally, it is easy to see
that, if (2.2)-(2.4) hold, then (2.5) holds too, with g, given by g, = c(p)g + d(p)®,
for all p > 0.

Our main result in this section is the following.

THEOREM 2. Assume that (1.3)~(1.5), (2.4) and (2.5) hold. Then:

(i) For each p >0 inequality (2.1) has a unique solution which satisfies u, €
C(Ry; Kp).

(ii) The convergence below holds:
lup — ullo®,;x) =0 as p—0. (2.6)

Related to the statement (ii) in theorem 2, we recall that u € C'(Ry; X) represents
the solution of the inequality (1.1) obtained in theorem 1. Moreover, we recall
that C(Ry; X) can be organized in a canonical way as a Fréchet space, that is,
as a complete metric space in which the corresponding topology is induced by a
countable family of seminorms. Therefore, the convergence (2.6) is understood with
respect to the structure of this space, that is,

{||up—u||c(R+;X) —0 as p—0 if and only if -
2.7

m[éax] llup(r) —u(r)||lx — 0 as p— 0, forall neN.
rel0,n

Proof. (i) . Let p > 0. Using (2.4)(a)—(c) and (2.5)(a) it is easy to show that
the set K, is a nonempty closed convex subset of X. Therefore, the unique
solvability of problem P, is a direct consequence of theorem 1, used with
K=K,.

(ii) In order to prove the convergence (2.6), we consider the following claims that
we state here and prove at the end of this section.
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CraM 1. The following properties hold:

(a) g€ K and g,€ K,, Vp>0.
(b) 2v—g€e K VveK and 2v,—-g,€ K, Vv,eK, Vp>O0.
(2.8)

CLAIM 2. For all n € N, there exist w,, > 0 such that
lup(D)llx Swn and  [lu@®)|x <wn, Vte[0,n], Vp>0. (2.9)

Let n € N, t € [0,n] and p > 0. We use (2.5)(a) and (2.4)(d) to see that u,(t) +
g — g, € K. Therefore, testing in (1.1) with v = u,(t) + g — g,, we obtain

(Au(t), (up(t) = u(t)) + (9 = gp))x + (Sult), (uy(t) = u(t)) + (9 — 9,))x
> (f(); (up(t) —u(t)) + (9 — gp))x

)
Similarly, (2.4)(d) and (2.5)(a) imply that u(t) + g, — g € K, and, therefore, taking
v, =u(t) + g, — g in (2.1) yields

(Aup(t), (u(t) = up(t)) + (9o = 9))x + (Sup(t), (u(t) —uy(t)) + (9, — 9))x
> (f(1), (u(t) = up(®)) + (9, — 9)) x-

We now add the previous two inequalities to find that

(Aup(t) = Au(t), u,(t) — u(t)) x < (Au(t) = Au,(t),9 = g,)x
+ (Sup(t) = Sult), ult) = u, (1)) x + (Sult) = Suy(t), g = g,)x

then we use condition (1.3) to deduce that
mlluy () — w)% < (Mllgy — gllx + 1S, (1) — SOl ) g (6) ~ u(®)l x ~ (2:10)
+ [Su,(t) = Su(t)|xllgo — gl x-

Moreover, using (1.4) and (2.9), we obtain
JSup(0) = Sutb)x <0 [ o) — (o)l s

< sn/ llup(s)|| x ds + sn/ [[u(s)]|x ds < 2nwy,s,
0 0
and, therefore, (2.10) yields

mllu,(t) — u(t)[%

< (Mg, — gllx + 1Sup(t) = Sul®llx ) (1) = u(®)llx + 2nwnsallgy — gllx-
Next, we use the elementary inequality

2,a,b>0 and 2°<ar4+b = z<a+Vh (2.11)
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and condition (1.4) to obtain

M 2nwasnllg, — gllx \ "2
J(6) = u(O)lx < e lgp = gl -+ (2222 (2.12)

22 )~ sl s

Let

M 2nw,snllg, — gllx \
T(0) = o = gl + (el .

Then, using the Gronwall argument, (2.12) yields
l[up(t) = u()||lx < T(p)e )/ mDt

and, therefore,

mas [l (1) = u(t) x < To(p)el o/ 0. (2.13)
tel0,n

Using now (2.5)(b), it is easy to see that
T.(p) — 0 as p—0. (2.14)
The convergence (2.6) is now a direct consequence of (2.13), (2.14) and (2.7). O
We turn now to the proof of the claims.

Proof of the Claim 1. First, assumption (2.4)(c) implies that 0x € Ky and, there-
fore, equalities (2.4)(d) and (2.5)(a) show that (2.8)(a) holds. Let v € K. Then,
equality (2.4)(d) shows that there exists vy € Ky such that v =vg + g. There-
fore, 2v — g = 2(vy + g) — g = 2vy + ¢ and, since (2.4)(c) implies that 2vy € Ky, we
deduce by (2.4)(d) that 2v — g € K. Similar arguments show that 2v, — g, € K,
for all v, € K, and, therefore (2.8)(b) holds, which concludes the proof. O

Proof of Claim 2. Let n € N, t € [0,n] and p > 0. We test in (2.1) with v, =g, €
K, to obtain

(Aup(t) - Agpﬂ up(t) - gp)X < (f(t)v up(t) - gp)X
=+ (Sup(t)vgp - Up(t))X + (Agpagp - up(t))X-
Then, we use condition (1.3)(a) to see that

mllan®) = gol < (I4g,lx + max (1O + [SwOlx ). 215)

Next, using assumption (1.4), we find that
[Sup ()l x < [|Sup(t) = Sgpllx + 1S9, — SOx[Ix + [|S0x | x (2.16)

t t
< sn / lup(t) — gollx ds + 5, / gl ds + [S0x | x.
0 0
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We now use the convergence (2.5)(b) to deduce that there exists ¢ > 0 which does
not depend on p such that

lgollx < e (2.17)
and, using this bound in (2.16), yields

t
[Su,(t)||x < nspe+ ||SOx||x + sn/ lup(t) — g, x ds. (2.18)
0

Moreover, we use assumption (1.3)(b) and (2.17) to see that
|[Agpllx < cM +||A0x | x. (2.19)

We now use the bounds (2.15), (2.18) and (2.19) to deduce that there exists A, > 0
which depends on A, f and S but does not depends on p such that

t
Sn
Juo(®) = 31 < At 2 [y 1) = gy s

and, using a Gronwall’s argument, we obtain that

AnS
(1) = gollx < ==emon/™,

Therefore,
[up(t) — gpllx < cn (2.20)
where ¢, = A\, $,/me™ sn/m_ Now, we combine the inequality
lup()llx < [lup(t) = gpllx + [lgpllx-
with (2.20) and (2.17) to see that
[up(O)lx < e +c. (2.21)
Let
wy, = max(c, + ¢, tIEI%(E)lX}(Hu(t)Hx)). (2.22)

)

Then, it is easy to see that (2.9) is a direct consequence of (2.21) and (2.22) O

3. Dual variational inequality

In this section, we associate with inequality (1.1) a new inequality, called the dual
variational inequality, in which the unknown is the function o = Au + Su. To this
end, everywhere in what follows, we assume that A : X — X is a linear continuous
and positively definite operator that is, besides condition (1.3), we assume that A
is linear. It is well known that in this case, A is invertible. Moreover, its inverse,
denoted by A7 : X — X, satisfies the inequalities

{(a) (A u,u)x = m/M? |ul|% VYueX,

X
3.1
(b) A ullx < 1/mlulx Vue X. (31)

We start with the following result.
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LEMMA 3. Assume that (1.3) and (1.4) hold and, moreover, assume that A is linear.
Then, there exists a unique operator R : C(Ry; X) — C(Ry; X) such that, for each
functions o,u € C(Ry; X), the following equivalence hold:

o(t) = Au(t) + Su(t) Vte Ry (3.2)
if and only if
u(t) = Ao (t) + Ro(t) ViteR,. (3.3)

Moreover, R is a history-dependent operator, that is, for each n € N there exists
rn > 0 such that

[Ro1(t) — Roa(t)]|x < /HUl —oa(s)||x ds (3.4)
Voi, 00 € C(Ry;X), Vit €[0,n].

Proof. Let 0 € C(R4; X). We consider the operator A: C(R;;X) — C(Ry; X)
defined by equality

An(t) = A7 o(t) — A71Sn(t) Vne CR4;X), t €R,. (3.5)

Note that the operator A depends on o but, for simplicity, we do not indicate
explicitly this dependence. Let 7, n2 € C'(Ry; X). We use the definition (3.5) and
the properties (3.1)(b) and (1.4) of the operators A~! and S, respectively, to see
that

AT (8) — Am(8)1x < / 1 (s) — ma(s) 1 s (3.6)
VneN, te|0,n].

Therefore, by using a fixed point result in [23] it follows that A has a unique fixed
point n* € C(Ry; X). We note that, again, the fixed point n* depends on & but,
for simplicity, we do not indicate explicitly this dependence. We combine (3.5) with
equality An* = n* to see that

n*(t) = A" to(t) — A7ISn*(t) VteR,. (3.7)

This equality allows to consider the operator R : C(Ry; X) — C(R4; X) defined as
follows:

Ro(t) =n*(t) — A lo(t) = —A71Sn*(t) Vo e C(Ry;X), Vt€R,. (3.8)
Moreover, (3.8) implies that
n*(t) = A" o(t) + Ro(t) VteR,. (3.9)

Assume now that o, u € C(Ry; X) and, moreover, assume that (3.2) holds. Then
it follows that

u(t) = A7 o(t) — A Su(t) Vte R, (3.10)

and, combining this equality with (3.5) it follows that u is a fixed point for the
operator A. Therefore, by the uniqueness of the fixed point, we deduce that u = n*
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and using (3.9) we obtain (3.3). Conversely, assume that (3.3) holds. Then (3.9)
shows that u =n* and, therefore, u is a fixed point for the operator A. Thus,
definition (3.5) implies that

u(t) = A to(t) — A7 Su(t) VteR,

which shows that (3.2) holds, too. This proves the existence of the operator R and,
since its uniqueness is obvious, we conclude the first part of the lemma.

Next, to prove the second part, we consider two functions oy,09 € C(Ry; X)
and denote by 77,75 € C(R4; X) the functions n* obtained as above with o = o,
i =1, 2, respectively. Let n € N and let ¢ € [0,n]. Then, using equality (3.8) and
the properties of the operators A~! and S, we deduce that

[Rov(t)~Rox(0lx < 2 [ i (s) - n3(6)Lx . (3.11)

In addition, equality (3.9) shows that

* * 1
15 (s) = m2(s)llx < —lloa(s) = oa(s)llx + [Row(s) —Roz(s)x Vs € Ry
(3.12)
We now combine inequalities (3.11) and (3.12) to see that

R (1) ~ Ras(t) 1 < 2 / o (s) — oa(s)]1x ds

t
Sn
+ 7/ ||RO'1(S) _RUQ(S)”X ds.
mJo

This inequality combined with the Gronwall argument shows that (3.4) holds with
Ty = 85, /m? e™n/™ which concludes the proof. O

Now, for each t € R, we consider the time-dependent set 3(t) C X defined by
St)y={reX:(r,v—9g)x = (f(t),v—9g)x YveK}. (3.13)
We also define the set ¥y by equality
Yo={reX:(r,u)x =20, Vo€ Ky} (3.14)
and we note that (2.4)(d) implies that
S(t) =0+ f(t) VteR,. (3.15)

Moreover, using the operator R defined in lemma 3, we consider the following
variational problem.

PROBLEM PP, Find a function o : Ry — X such that, for allt € Ry, the inequality
below holds:

at) e X(t),(A o(t), 7 —o(t))x + (Ro(t), 7 —o(t))x (3.16)
>(g,7—0o(t)x VT1ex(t).
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We refer to inequality (3.16) as the dual variational inequality of the variational
inequality (1.1). This terminology could be motivated by the following equivalence
result.

THEOREM 4. Assume that (1.3)—(1.5), (2.4) hold and, moreover, assume that A
is linear. Let u e C(Ry;X) and 0 € C(Ry; X) be given function. The following
statements hold.

(i) If u is a solution to problem P and o = Au+ Su, then o is a solution to
problem PP .

(ii) Conwversely, if o is a solution to problem PP and u= Ao + Ro, then u is
a solution to problem P.

Proof. (i) Assume that u is a solution to problem P and o = Au + Su. Let t €
R4 be given. Then, (1.1) yields

(o(t),v—u(t))x = (f(t),v—u(t))x VveK. (3.17)

Next, using (2.8), we have 2u(t) — g € K and g € K. Therefore, testing in
(3.17) with v = 2u(t) — g and v = g, we obtain

(o(t), u(t) —g)x = (f(t),u(t) — g)x- (3.18)
We combine (3.17) and (3.18) to see that
(o(t)v—g)x = (f(t),v—g)x YveK
which shows that
o(t) € X(¢). (3.19)
Next, we use (3.18) and the definition (3.13) of the set () to obtain that
(t—o(t),u(t) —g)x =20 V7 eX(t). (3.20)

In addition, lemma 3 implies that u(t) = A~'o(t) + Ro(t) and, therefore,
substituting this equality in (3.20), we deduce that

(A Yo(t), 7 —o(t))x + (Ro(t), 7 —o(t))x = (9,7 —o(t))x VT €X(t).
(3.21)

We now combine (3.19) and (3.21) to see that o is a solution of problem P,

(ii) Conversely, assume that o is a solution to problem P? and v = A~'o 4+ Ro.
Let t € Ry. Then (3.16) implies that

(u(t),r—o(t)x = (¢g,7—0o(t))x V7 eX(t). (3.22)
We shall prove that u satisfies (1.1) and, to this end, we start by proving that

u(t) € K, i.e., ug(t) =u(t) — g € Ko. Arguing by contradiction, we assume in
what follows that ug(t) ¢ Ko and we denote by Pug(t) the projection of ug(t)
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on the closed cone K. We have ug(t) # Pug(t) and, using the characterization
of the projection, it follows that

(Puo(t) —uo(t),vo)x = (Puo(t) — uo(t), Puo(t))x
> (Pug(t) —uo(t),uo(t))x Vwvo € Ko.

This inequality implies that there exists a € R such that
(Pug(t) — up(t),vo)x > a > (Pug(t) —uo(t),uo(t))x Vv € Koy, (3.23)
and, taking vg = 0x € Ky in (3.23), yields
a <0 (3.24)
Next, assume that there exists vy € K such that
(Pug(t) — uo(t),v0)x <O0. (3.25)
We take vg = Avp in (3.23) where A > 0 and obtain
A(Pug(t) —uo(t),vo)x >a YA =0.

Therefore, passing to the limit as A — oo and using (3.25) we deduce that
a < —oo which contradicts o € R. We conclude from above that

(PUQ(t) — UQ(LL),U())X >0 Vg € K. (326)
Moreover, since o (t) € X(t), (3.15) shows that o (t) — f(t) € X and, therefore,
(U(t) — f(t),'l)o)x >0 Vv € Kp. (327)

Combining (3.26) and (3.27) it follows that Pug(t) — ug(t) + o(t) — f(t) € Xo
and, using (3.15), we deduce that Pug(t) — uo(t) + o(t) € 3(t). This allows to
take T = Pug(t) — ug(t) + o(t) in (3.22) and, using equality u(t) = ug(t) + g,
we find that

(uo(t), Puo(t) — uo(t))x = 0. (3.28)
Now, combining (3.23) and (3.24) it follows that

(uo(t), Pug(t) —up(t))x < 0. (3.29)

The inequalities (3.28) and (3.29) lead to a contradiction. Therefore, we
conclude that ug(t) € Ko, which implies that

u(t) € K. (3.30)

We are now in position to verify inequality (1.1). First, we note that f(¢) €
Y(t). Therefore, taking 7 = f(t) in (3.22), it follows that

(f(@),ut) = g)x = (o(t), u(t) — g)x. (3.31)
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In addition, since o(t) € X(t) and u(t) € K, the definition (3.13) shows that

(o), u(t) —g)x = (f(t), u(t) — g9)x- (3.32)
We combine inequalities (3.31) and (3.32), to see that
((t), u(t) —g)x = (f(t), u(t) —g)x- (3.33)

Hence, since o(t) € X(t), we deduce that
(c(t),v—u(t)x = (f(t),v—u(t)x VveK. (3.34)

In addition, since u(t) = A~lo(t) + Ro(t), by lemma 3 we have o(t) =
Au(t) + Su(t) and, therefore, (3.34) yields

(Au(t),v —u(t))x + (Su(t),v —u(t))x (3.35)
> (f(t),v—u(t))x VveK.

We combine (3.30) and (3.35) to see that u is a solution to problem P, which
concludes the proof.
|

We now turn to the unique solvability of problem PP which results from the
following result.

THEOREM 5. Assume that (1.3)—(1.5), (2.4) hold and, moreover, assume that A is

linear. Then, the history-dependent quasivariational inequality (3.16) has a unique
solution o € C(Ry; X).

Proof. We provide two different proofs. The first one is based on theorems 2 and
4 and is as follows. We use theorem 2 to see that there exists a unique solution
u € C(Ry;X) to problem P. Then, theorem 4 (i) implies that o = Au+ Su is
a solution to problem PP. This proves the existence part of the solution. The
uniqueness part follows directly from (3.16), by using a Gronwall argument.

The second proof is based on theorem 1. Let Rg : C(R4; X) — C(Ry; X) be the
operator defined by

Ro7(t) = R(r(t) + f(t)) VT e CRy; X)), teRy (3.36)

and consider the intermediate problem of finding a function og : Ry — X such that,
for all ¢t € R4, the inequality below holds:

O’o(t) (S 20, (A_lo'o(t),’ro - Uo(t))x + (R()U()(t),TO - O’o(t))x (337)
> (g— AT f(t),m0—oo(t))x V70 € To.

We apply theorem 1 in the case when the set K, the operators A, S and the function
f are given by ¥, A~ Ry and g — A~Lf, respectively. Therefore, we deduce the
existence of a unique solution oy € C(R, %) to inequality (3.37). We now take
o =o0p+ f and use equalities (3.15), (3.36) to see that o is the unique solution of
problem PP with regularity o € C(R,,X). O
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4. A second convergence result
In this section, we investigate the dependence of the solution of problem PP with

respect to the set K. To this end, we consider a perturbation K, of the set K and,
for each t € Ry we denote by X,(t) the set

Y,t) ={m, € X : (1p,v, — gp)x = (f(t),v, —gp)x Vv, € K,}. (4.1)
Then, using (2.5)(a) it is easy to see that
Ep(t) =20 + f(1), (4.2)

where ¥ is the set defined by (3.14). We also consider the following perturbation
of problem PP.

PROBLEM 73,?. Find a function o,: Ry — X such that, for all t € Ry, the
inequality below holds:

p(t) € By(t), (AT10,(t), 7 — 0,p(t)x + (Rop(t), 7y — 0,(t))x (4.3)
> (9T —0p(t))x V7, € Ty(1).

Our main result in this section is the following existence, uniqueness and conver-
gence result.

THEOREM 6. Assume that (1.3)~(1.5), (2.4), (2.5) (a) hold and, moreover, assume
that A is linear. Then:

(i) For each p >0 inequality (4.3) has a unique solution which satisfies o, €

(i1) In addition, if (2.5)(b) holds, then we have the following convergence
lo, —olle®,;x)y =0 as p—0. (4.4)

Proof. (i) Let t € Ry and p > 0. We use (4.2) and (3.15) to see that 3(t) =
¥,(t). The unique solvability of inequality (4.3) is now a direct consequence
of theorem 5, applied with g, instead of g.

(ii) Let t € Ry and p > 0. Since 3(t) = X,(t) we test in (3.16) with 7 = 0,(t) €
Y(t), then in (4.3) with 7, =o(t) € ¥,(t). Next, we add the resulting
inequalities to find that

(A7lo,(t) — A7l (t),0,(t) — a(t))x (4.5)
< (Roy(t) — Ro(t),a(t) — o,(t)x + (9o — 9,0,(t) — o (t)) x.

We now use inequalities (3.1) and (3.4) to see that
m
T loplt) - o0l

<(mp—mu+4hﬁ\wngawmxmywAwfa@mx
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and, therefore,

lop(t) = o(t)llx
rn M2

M? t

<Sllgn = gllx + 5 [ on(s) - o)l ds
m 0

We now use the Gronwall argument to deduce that

M? )
llop(t) —o(@®)| < W”gp — gllx o M2t/m

and, therefore,

M? 2
£ — " < o nr, M /m
nax, lop(t) = o@®llx < ———llgo = gllx e

(4.6)

The convergence (4.4) is now a direct consequence of (4.6) and (2.5)(b). O

5. A viscoelastic contact model

The abstract results presented in §§ 2—4 are useful in the study of various quasistatic
models of contact with deformable bodies. To provide an example in this section,
we consider a frictionless contact problem for linearly viscoelastic materials with
long memory. Let Q@ C R? (d = 2,3) be reference configuration of the viscoelastic
body, I' the boundary of 2 and I'y, I's, I's a partition of I' such that measI'; > 0.
We denote by v the unit outward normal at I" and by S¢ the space of symmetric
tensors of second order on R?. Then, the classical formulation of the problem is the

following.

PROBLEM Q. Find a displacement field u: Q x Ry — R? and a stress field o :

Q xRy — S? such that

o(t) = Ae(u(t)) + /0 B(t — s)e(u(s))ds in Q,
Dive(t) + fo(t) =0 in Q,
u(t)=0 on I'y,

o(t)v=f, on I'a,

Uy (t) < ga, 0 (t) +p(un(t)) <O, } o .
(un () = ga) (00 () + p(un(t))) =0 3
o-(1)=0 on I's,

forallt e R,.

Problem Q was already introduced in [18] and, therefore, to not describe it in
detail. We only recall that equation (5.1) represents the constitutive equation in
which A4 and B are the elasticity operator and the relaxation tensor, respectively.
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Equation (5.2) is the equilibrium equation in which f, denotes the density of body
forces, and conditions (5.3), (5.4) are the displacement-traction boundary conditions
in which f, represents the density of traction on I's. Condition (5.5) represents the
contact condition with normal compliance and unilateral constraint, which models
the contact with an elastic-rigid foundation. Here g, > 0 ia a given bound, p is the
normal compliance function which will be described below and the index v denotes
the normal components of vectors and tensors. Finally, condition (5.6) represents
the frictionless condition, which states that the tangential component of the stress
vector, denoted o, vanishes on the contact surface I's.

In the study of problem Q, we use the notation ‘-’ and || - || for the inner product
and the Euclidean norm on the spaces R and S¢ as well as standard notation for
the Lebesgue and Sobolev spaces associated with Q and I'. Moreover, we consider
the spaces

V={v=(v)e H(Q)%:v;=00nT,},
Q:{T:(Tij) : Tij:TﬂELQ(Q) }

These are real Hilbert spaces endowed with the inner products

wo = [ ew-ewds (o.7)o= [ oorde

and the associated norms denoted by || - ||y and || - || g, respectively. Here and below
€ is the deformation operator defined by

e(u) = (ei5(w)), eij(u) = 5(uij +u;;)

Completeness of the space (V.|| - ||v) follows from the assumption meas (I'y) > 0,
which allows the use of Korn’s inequality.

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. By the Sobolev trace theorem, there exists a positive
constant ¢g which depends on €2, I'y and I's such that

vl z2(rg)e < collvlly Vo eV (5.7)

Also, for a regular function o € () we use the notation o, and o, for the normal
and the tangential trace, that is, 0, = (ov) v and o, = ov — o,v. Finally, we
denote by Q the space of fourth order tensor fields given by

Qo = {€ = (Eijrt) + Eijrr = Ejir = Eriiy € LZ(R), 1<, 5,k 1 < d},
and we recall that Q. is a real Banach space with the norm

I€lq. = 1Eijntll Lo (2)-

max
1<i,5,k,1<d
Moreover, a simple calculation shows that

IE7lle < dl€laxlTlle V€€ Qe TEQ. (5:8)
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The assumptions on the data of problem Q are the following.

(a) A: Q xS?— 8§
b) There exists L 4 > 0 such that
(
[A(z,e1) — Az, €2)|| < Laler — &2
Ve, eo €84 ae xc .
¢) There exists m 4 > 0 such that
(c) A
(Alz,e1) — Az, €2)) - (€1 — €2) = ma |1 — &2|?
Vei,e0 €8 ae x e
(d) The mapping « — A(x,€) is measurable on (2,
for any € € S%.
(e) The mapping x — A(x,0) belongs to Q.
Be C(RJr; Qoo)
fo € CRLXQ)Y),  fo € C(Ry; L7 (To)Y).
(a) p:Ts xR — Ry.
(b) There exists L, > 0 such that
Ip(@, 1) — p(®,r2)| < Lp[r1 — 12
Vriy,ro € R ae xels.
(©) (p(@, 1) — pla, 72))(r1 — 12) > 0 (5.12)
Vri,ro € R ae xels.
(d) p(x,7) =0 forall »<0 ae xecls.
(e) The mapping @ +— p(ax,r) is mesurable on I's,
for all r € R.

—~

5.10)
5.11)

—~

Finally, we assume that there exists an element ¢ € V' such that
¢(=v on Tg, (5.13)

and we send the reader to [10,24] for examples and details on this condition.

We use these assumptions to provide the variational analysis of problem Q based
on the primal variational formulation, in terms of displacements. Then, under addi-
tional assumptions that we shall introduce later, we shall provide the variational
analysis of the problem by using the dual variational formulation, in terms of stress.

6. Primal variational formulation

Everywhere in this section, we assume that (5.9)-(5.12) hold. Moreover, we define
theset U C V, the operators S : C(R4; V) - C(Ry; V), P:V —-VandA:V -V
and the function f : Ry — V by equalities

U={veV:v, <g, on Iz}, (6.1)

(Su(t),v)y = (/OtB(t - s)s(u(s))ds,s(’u))Q Vue ORL:V), veV, (6.2)
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(Pu,v)y :/F p(uy)vy,da Vu, veV, (6.3)

(Au,v)y = (Ae(u),e(v))g + (Pu,v)y Vu,velV, (6.4)

(f(t),v)\/:/fo(t)~vdx—|— fo(t)-vda VYveV, VteR,. (6.5)
Q Ty

Assume in what follows that (u, o) are sufficiently regular functions which satisfy
(5.1)—(5.6). Let v € U and t € R. Then, using integration by parts combined with
standard arguments it is easy to see that

/ o(t) - (e(v) —e(u(t))dz = / Fo(t) - (v —u(t))de (6.6)
Q Q
[ 50 @-u)dar [ a0, - u)de
Ty s
/F o, () (v, —uy(t))da > —/F p(uy (t)) (v, — u,(t)) da. (6.7)

We now combine (6.6) and (6.7) and use the definitions (6.3), (6.5) to deduce that
(a(t),e(v) —e(u(t)))q + (Pu(t), v —u(t))y (6.8)
> (ft),v—u(t)y Yvel.

Next, we substitute the constitutive law (5.1) in (6.8) and use the definitions (6.2)
and (6.4) to deduce the following variational formulation of the contact problem Q.

PROBLEM Qy. Find a displacement field u : Ry — U such that, for allt € R, the
inequality below holds:

u(t) € U, (Au(t),v —u(t))v + (Su(t),v —u(t))v (6.9)
> (f(t),v—u(t)y VvelU

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

THEOREM 7. Assume that (5.9)~(5.12) hold. Then, problem Qy has a unique
solution which satisfies u € C(Ry;U).

Proof. We use theorem 1 with X =V, K = U. To this end, we note that the set U
given by (6.1) is a nonempty closed convex subset of V' and, therefore, it satisfies
the assumption (1.2). Next, we use assumptions (5.9), (5.12) and inequality (5.7)
to see that the operator A defined by (6.4) satisfies the inequalities

(Au — Av,u —v)y = myllu—v|3 Yu,veV, (6.10)
|Au — Av|v < (La+ciLy)|u —v|ly Yu,veV. (6.11)

Therefore, condition (1.3) holds with m =m4 and M = L4 + ¢L,. Let n € N.
Then, a simple calculation based on the assumption (5.10) and inequality (5.8)
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shows that

t
1Su1(t) = Sua(t)llv < d max HB(T)IIQW/ [ui(s) — ua(s)||v ds (6.12)
re[0,n 0

Vuy, us € C(Ry; V), Viel0,n].
This inequality shows that the operator S satisfies condition (1.4) with

n = B .
50 = max |B(r)]q.

Finally, note that condition (5.11) on the body forces and tractions imply that
f € C(Ry; V), which shows that condition (1.5) is satisfied, too. Theorem 7 is now
a direct consequence of theorem 1. O

Next, we study the dependence of the solution with respect the bound g, by
using the abstract convergence results in § 2. To this end, we consider the set

Uy={veV: v <gyponlsg}, (6.13)

where, here and below, g,, > 0 represents a perturbation of g, and p is a parameter
which converges to zero. We also consider the following perturbation of problem

Qy.
PROBLEM Qf,. Find a displacement field u, : Ry — U, such that
(Auy(t),vp — up(t))v + (Sup(t), v, — up(t))v (6.14)
= (f(t),vp —u,(t)v Vv, €U,
We assume that
Gap — Ja as p— 0. (6.15)
Then, we have the following existence, uniqueness and convergence result.
THEOREM 8. Assume that (5.9)—(5.12). Then:
(i) For each p > 0 problems Qf, has a unique solution.

(i) In addition, if (5.13) and (6.15) hold, then the solution u, of inequality (6.14)
converges to the solution w of inequality (3.16), that s,

u, —u in CR;V) as p— 0. (6.16)
Proof. We define the set Uy by equality
Up={veV:v,<0onls}. (6.17)

Then it is easy to see that condition (2.4) holds with X =V, K = U, Ky, = Uy and
g = gaC, the element ¢ being defined in condition (5.13). Moreover, the condition
(2.5) holds with X =V, K, =U,, Ky =Uy and g = g,{. Finally, recall that, as
shown in the proof of Theorem 7, conditions (1.3)-(1.5) hold. Theorem 8 is now a
direct consequence of theorem 2. O
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7. Dual variational formulation
We turn now to the dual variational formulation of problem Q, expressed in terms

of stress. To this end, we need additional assumptions which guarantee the linearity
of the operator A defined by (6.4). Therefore, in what follows we assume that

A € Qo and there exists m_4 > 0 such that (71)
A(x,e)-e =mylle)|> VeeS? ae zc. '
p(x,r) =0 VreR, ae xels. (7.2)
Using these assumptions it follows that the operator (6.4) is given by
(Au,v)y = (Ae(u),e(v))g Vu,veV. (7.3)
and, moreover, it is a linear operator.
Next, we consider the operator §* : C(Ry;Q) — C(Ry; Q) defined by
t
S*r(t) = / B(t—s)t(s)ds VT e CRy;Q), teRy (7.4)
0

and note that assumption (5.10) implies that §* is a history-dependent operator.
Therefore, using lemma 3 in the case X = @), we obtain the following result.

LEMMA 9. There exists a unique operator R* : C(Ry; Q) — C(Ry;Q) such that,
for each functions w € C(R4; V), o € C(R4; Q) the following equivalence hold:

t
o(t) = Ae(u(t)) +/ B(t — s)e(u(s))ds ViteRy, (7.5)
0
if and only if
e(ut)) = A o(t) + R a(t) VteR,. (7.6)
Moreover, R* is a history-dependent operator.

In addition of the result in lemma 9, we recall that the operator R* is of the form
¢
R*o(t) = / B*(t—s)ods VoeCRLQ), teRy,
0

where B* € C(R;; Qo) represents the creep tensor. Details on the inverse of the
viscoelastic constitutive law (7.5) by using the creep tensor could be found in [15],
for instance.

Now, for each ¢t € Ry we introduce the set of admissible stress fields defined by

X(t) ={7Te€Q:(r,e(v) —e(g)e = (ft),v —g)v VvelU}  (7.7)

where, recall, g = g,{ was defined in the proof of Theorem 8. Then, using the
operator R* defined in lemma 9, we consider the following variational problem.
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PROBLEM Qe. Find a function o : Ry — Q such that, for allt € Ry, the inequality
below holds:

a(t) e X(t), (A ta(t), T —a(t)g + (R'a(t), T —a(t))g (7.8)
2 (e(g), T —o(t))q V7eX(i)
We refer to problem QY as the dual variational formulation of the contact prob-

lem Q. The link between the variational problems Qy and Qe , formulated in terms
of displacements and stress, respectively, is provided by the following result.

THEOREM 10. Assume (5.10), (5.11), (5.13), (7.1) and (7.2). The following
statements hold:

(1) If w is a solution to problem Qv with regularity w € C(Ry; V), then the
function

o (t) = Ae(u(t)) +/O/B(t ~ S)e(u(s)ds VicR, (7.9)

is a solution to problem Q¥ , with regularity o € C(Ry; V).

(ii) Conversely, if o is a solution to problem QL with reqularity o € C(R4;Q),
then there exists a unique function w € C(R4; V') such that (7.9) holds and,
moreover, w is a solution to problem Qy .

To present the proof of Theorem 10 will need some additional notation and
preliminaries. First, since measI'; > 0, the range of the deformation operator
e: V — @Q, denoted £(V), is a closed subspace of ). A proof of this result can
be found in [18, p. 87]. It is a direct consequence of the equality

[ollv = le(v)lle VveV. (7.10)

Denote by P: Q — (V) the orthogonal projection operator on e(V) C @ and note
that equality (7.10) shows that e: V — &(V) is an invertible operator. In what
follows, we denote by e~1: e(V) — V the inverse of €. The ingredients above allow
to define the operator ©: @ — V by

Or=c Y(Pr) VreqQ. (7.11)
Then, it is easy to see that
OT.v)y =(1.e(v))g VTeEQ, veEV. (7.12)
Next, for each t € R, we define the set ¥(t) C @ by equality

S() = {TeV:Fv—gv>(fHv—gy YoeU} (113
where, recall, the set U is defined by (6.1). Then, using (7.7) and (7.12) we deduce
that

TEX() & OTE. (7.14)

We are now in a position to provide the proof of the Theorem 10.
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Proof. (i) Assume that w is a solution to problem Qy with regularity u €
C(R4;V), and let o be given by (7.9) We also consider the function o €
C(R4; V) defined by

G(t) = Au(t) + Su(t) VteR, (7.15)

where, recall, the operators A and S are defined by (7.3) and (6.2), respec-
tively. Since S is a history-dependent operator, it follows from lemma 3 that
there exists a unique history-dependent operator R : C(R4; V) — C(Ry; V),
such that (7.15) holds if and only if

u(t) = Ao (t) + Ra(t) VteR,. (7.16)
Let t € Ry. Then, theorem 4 (i) shows that
F(t) € (t),(A7 e (t), T — &)y + (R&(1),T — &(t)v (7.17)
2 (g, 7—0o(t)y VT eX().
We now substitute (7.16) in (7.17) to deduce that
G(t)eX(t), (F-a(t),ult)y > (9,7—a)y VFeX(t). (7.18)

In addition, using equality (7.15), the definitions of the operators A, S and
(7.9) it is easy to see that

((t),v)v = (o(t),e(v))g VvelV. (7.19)
Therefore, regularity o () € X(¢) implies that
o(t) € X(t). (7.20)

Let 7 € X(t). Then (7.14) allows us to test in (7.18) with 7 = ©7. Moreover,
using (7.12) and (7.19) it follows that

(T, u®)y = (e(ud)), T)q, (9:T)v = (e(9),T)q
(@(t),u(t))v = (e(u(t)),o(t))q, (g:0(t))v = (e(g),0(1))q-
Substituting these inequalities in (7.18) yields

(e(u(t)), T —a(t))q = (e(g), 7 — a(t))o- (7.21)

Recall also that (7.9) and lemma 9 imply that (7.6) holds. Therefore, using
(7.6) and (7.21) we deduce that

(ATl (t), T —a(t))q + (R7o(t), T —a(t)q > (e(g), 7 — a(t))q. (7.22)

We now combine (7.20) and (7.22) to see that (7.8) holds, which concludes
the first part of the proof.
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ii) Conversely, let o be a solution to problem QF with regularity o €
C(R4; @) and define the function € € C(R4; Q) by equality

ety =A"to(t) +R*a(t) VtecR,. (7.23)
Let t € R. Then, substituting (7.23) in (7.8) yields
EW)7—o®)g > (o). T~ (g Yres®).  (124)
Consider now an element z € @) such that
(z,e(v))g =0 Vvel. (7.25)

Since o (t) € X(t), using (7.25) and the definition (7.7) of the set 3(t) we
deduce that o (t) £ z € X(t) therefore, testing in (7.24) with 7 = o(t) £ z we
obtain that

(), 2)q = (e(g), 2)q- (7.26)

Using (7.26) and (7.25), we have that £(¢) — e(g) € (V)11 where the symbol
L represents the orthogonal complements in ). On the contrary, since the
space €(V) is a closed subspace of @ we deduce that e(V)*+ = &(V). This
implies that there exists an elements w(t) € V such that €(t) — e(g) = e(u(t))
and, denoting w(t) = u(t) + g we have

e(t) = e(u(t)). (7.27)
We now compare equalities (7.23) and (7.27) to see that
e(u(t)) = A~ 'a(t) + R*a(t)

and, using Lemme 9, we deduce that (7.9) holds. The regularity u € C(R4; V)
and the uniqueness of this function follows from (7.27) and (7.10).

Next, we prove that u is a solution to problem Qy . To this end, we consider
the function & € C(Ry; V) defined by equality

o = Au + Su. (7.28)
Then, lemma 3 implies that
u=A"'6+Ra. (7.29)

In addition, using (7.9), the definitions of the operators A, § and (7.28), it is
easy to see that

(o(t),e(v))g = ((t),v)y YveV. (7.30)

Let 7 € ¥(t) and denote T = (7). Then, it is easy to see that T € X(t). We
now use (7.24) and (7.27) to obtain that

(e(u(t)), ™ —a(t))q = (e(g), T —a(l))q-
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Thus, using (7.30) and equality 7 = &(7) yields
(w(t), T —a(t))v > (g, T —a(t))v. (7.31)
We now combine (7.29) and (7.31) to see that
(A™t'a(t) + Ra(t), T —a(t))y = (g,7 —a(t))v. (7.32)

Moreover, since o is a solution to problem Qf we know that o (t) € X(t) and,
therefore, equality (7.30) implies that

&(t) € S(1). (7.33)

Relations (7.32) and (7.33) show that the function & € C'(R4; V) is a solution
of a history-dependent problem which, with the terminology introduced in § 3,
represents the dual variational inequality of the variational inequality (6.9).
Therefore, using (7.28) and theorem 4 (ii) we deduce that u satisfies (6.9) at
each time moment ¢ € R, which concludes the proof.

d

The unique solvability of problem Q' can be obtained by using theorem 5 and
is as follows.

THEOREM 11. Assume that (5.10), (5.11), (5.13), (7.1) and (7.2) hold. Then,
problem QU has a unique solution which satisfies o € C(R; Q).

We also note that the continuous dependence of the solution of problem QF with
respect a perturbation of the bound g, can be easily obtained by using the abstract
result provided by theorem 6. Since the details are obvious, we omit them.

A couple of functions (u, o) which satisfies (6.9) and (7.8), respectively, at each
t € Ry, is called a weak solution to the contact problem Q. We conclude by theorems
7 and 11 that problem Q has a unique weak solution. Moreover, the solution depends
continuously on the bound g, .
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