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Abstract. A dynamic unilateral contact problem with nonlocal friction for a viscoelastic body
satisfying a Kelvin-Voigt law is studied. Using a penalty method and compactness results, the
existence of a weak solution of this problem is proved.
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1. Introduction

In this paper, we consider a dynamic Signorini’s problem with a nonlocal friction
law for a viscoelastic body of Kelvin-Voigt type.

G. Duvaut and J. L. Lions [2] studied dynamic and quasistatic contact prob-
lems with Tresca’s (or given) friction law involving linearly elastic and viscoelastic
bodies. Dynamic bilateral contact with nonlocal friction has been analyzed very
recently by K. L. Kuttler and M. Shillor [7].

J. A. C. Martins and J. T. Oden [10] proved the existence and uniqueness, for
a viscoelastic material, of a solution to dynamic contact problems with normal
compliance. Similarly, I. Figueiredo and L. Trabucho [3] extended these results
to a class of (thermovisco)elastic problems. K. L. Kuttler [6] has weakened the
restrictions on the coefficients of the normal compliance law.

More recently, M. Cocou and J. M. Ricaud [1], E. Pratt and J. M. Ricaud [12]
have studied abstract implicit evolution inequalities with applications to dynamic
contact problems for viscoelastic bodies.

An existence and uniqueness result for the wave equation with unilateral bound-
ary conditions for a half-space was proved by G. Lebeau and M. Schatzman [8].
Existence of solutions in the case of a smooth bounded domain subjected to uni-



lateral conditions on its boundary has been proved by J. U. Kim [5] for the wave
equation and by J. Munioz-Rivera and R. Racke [11] for a thermoelastic radially
symmetric body.

The dynamic Signorini’s frictionless contact problem for viscoelastic materials
with singular memory has been considered by J. Jarusek [4] who studied also the
case of given friction.

The paper is organized as follows. Section 2 is devoted to strong and weak
formulations of the problem. In Section 3 a penalized problem is investigated by
using an abstract existence and uniqueness result for the solution of some implicit
evolution inequalities. In Section 4 several estimates on the penalized solutions
are established which allow to pass to the limit and to obtain a solution of the
dynamic Signorini’s problem with nonlocal friction.

2. Classical and variational formulations

Let us consider a viscoelastic body that initially occupies a bounded domain 2
in R?, d = 2,3, with a sufficiently smooth boundary I' = 9. This boundary is
divided into three disjoint and open parts I' = f‘uUf‘f UT. . The body is subjected
to volume forces of density F'; , prescribed zero displacements and tractions Fgo
on the parts I', and I'y respectively. To simplify the arguments we assume that
mes(I,) > 0 and that the part T'., where the body is in unilateral contact with
a fixed foundation, is a bounded contact zone.

We shall denote by u = (u;) the displacement field, by o = (0;;) the stress
tensor and by € = (e;;) = %(u” +u;,;) the strain tensor, for 4,j € {1,..,d} . We
denote respectively by A = (a;j) and B = (b;;jx;) the elasticity and viscosity
tensors. Suppose that A and B satisfy the usual properties of ellipticity and
symmetry and that a;jr; and bji are in WhLee(RY)) Vi, 4, k, 1 = 1,...,d.
We shall adopt the usual notations for the normal and tangential components of
displacement vector and stress vector:

U =UNT +UT, UN = UN;;, ON =0NN+OT, ON = 0;iNiN;j,
where n = (n;) is the outward normal unit vector to the boundary. The notation
|.| denotes the absolute value when applied to a scalar and the euclidian norm,
corresponding to the scalar product ”.”, when applied to an element of R? .

Under the hypothesis of small displacements, the classical formulation of the
dynamic Signorini’s problem with nonlocal friction in viscoelasticity is as follows.

Problem Py : Find w = wu(t,x) such that w(0) = up, ©(0) = uy and for all t
in )0, T]

dive+Fi =11 in{,

o = Ae(u) + Be(u),

u=0 only, on=Fy only, (1)



uy <0, oy <0, uyon =0 onl,,
lor| < pl(Ro)n| = ir =0

lor| < p|(Ro)n| and on T,
lor| = pl(Ro)n| =3I X > 0,41 = —Aor,

where p € L®(T.), p > 0 a.e. on T'., is the friction coefficient and (Ro)y is
a regularization of the normal contact force which will be described below. Note
that we can also consider non zero displacements on I', or prescribed tangential
velocities for the foundation.
The functional framework for a weak formulation of this problem is as follows:
H*(Q) =[H*(Q)]% seR, V={ve H(Q); yv=0ae onT,},
K={veV; (yv)y <0ae onT.}, HyQ)=[H}Q)], H=[L*>(Q)],
LA(T.) = [LATL)), L(Ty) = [L3(T )¢
We shall use the notations |.| = |.|z, ||.]| = ||.|lv and we shall omit + in order to
simplify the notation for the trace mapping.
Assume that

up €K, uq €V, F; € Wh*°(0, T; H) and F2 € Wh>(0, T; L*(Ty)).  (2)
Using the previous hypotheses, let us denote by L the element of V defined by

<L,1)>:/F1.’Ud:6+/ Fevds, Vv e,

where (.,.) denotes the scalar product on V.

Suppose that R : [L2(Q)]¢" — [HY(Q)]?", where [L2(Q)]¢" = {r € [L2(Q)]?;
T = (Tij), Tij = Tji, &, j =1,...,d}, is a linear and continuous operator which has
the following properties : (Ro(ug,u1))ny =0 and

if 4¥ — @ in L2(0,T; H), then (Ro*)y — (Ro)n in L2(0,T;L3(T.)). (3)

An operator satisfying these conditions can be obtained by extending w and
to all of R™ and by using the convolution with a smooth function, which gives an
averaged normal stress, see for example [7].

We consider the following weak formulation of problem Py .

Problem P : Find w € WH2(0, T; V)N C ([0, T]; HY/%(Q)), such that w(0) =
up, ©(0) = w1, u(t) €K foralltin |0,T[ and

<U(T),’U(T) — U(T)>H /2 /2 (ul,'v — U())

_/OT(u,o—u)dt+/O a(u, dt+/ b(i, v — u (4)

/ /u| (Ro)n|(lvr —ur + wr| — |uT|)dsdt>/ (Lyv —u)dt
Yo e L®0,T;V)n WH2(0,T; H) with v(t) € K for all ¢ € [0,T],



where  a(v,w) = / @ijkl Vi Wiy dz, blv,w) = / bijrl vi,j; Wk, d,
Q Q

Vov,weV, (.,.)pg-1/2 g/2 denotes the duality pairing between H%(Q) and

HY?(Q) and (.,.) is the usual scalar product on H .

The equivalence between Py and P can be easily proved by using Green’s
formula and an integration by parts.

We assume that the initial conditions wg,u; satisfy the following compatibility
condition : there exists I € H such that

a(ug,v) + b(uy,v) = (L(0),v) + (I,v) Yv e V. (5)

The existence of a solution of Problem P will be proven by using a penalty method.

3. The penalized problem

Let us consider the following strong formulation of the penalized problem, for
e > 0, which can be seen as a dynamic contact problem with a normal compli-
ance law.

Problem Py, : Find u. = u.(¢,x) such that u.(0) = up, 4.(0) = w1, and for
all t in ]0,T|[
divo+Fiy=1u. in (),
o = Ae(u.) + Be(u,),
u.=0 onl,, on=Fy onTy, (6)
1
oN = *E(UEN)-;- on I,
|0’T| < ,U,|(R0')N‘ = U7 =0
o] < pl(Ro)n| and on I,
|O'T| = ,U,|<RO')N‘ =dJdA> O,I:LET = —-)\oT.

We shall analyze the following variational formulation of penalized problem.

Problem P, : Find u. € WY2(0,T; V) N W22(0,T; H), such that w.(0) =
ug, U:(0) = uq, and for almost all ¢ €]0, T,

(u€7 v — us) + a(Ug, v — us) + b(“m’” - ue) + / E(UEN)+(/UN - USN)dS
r

+ [ ul(Ro)xl(for| - [icrl)ds > (Lov— i) Yo V. (7)
e
The existence of a solution of this problem can be obtained, for example, as ap-

plication of existence results for set-valued pseudomonotone evolution inclusions,
as developed recently by K.L. Kuttler and M. Shillor [7]. This method enables



us, under less regular conditions on w; and L, to prove the existence of a solu-
tion having the following regularity : u. € WH2(0,T; V) and @. € L%(0,T;V’).
Suitable estimates, which can be calculated if one assumes additional regular-
ity properties of uy, L and the compatibility condition (5), ensure that u. €
W22(0,T; H) .

We shall show the existence and uniqueness of solution of problem P, by using
the following slightly more general version of a direct constructive existence and
uniqueness result obtained by J.M. Ricaud and E. Pratt [12].

Let (Ho,|.|) and (Vo,|.]|) be two Hilbert spaces with the inner products
denoted by (.,.) and (.,.), respectively, such that V, is dense in Hy .

We set : W = W12(0,T; Vo) N W22(0,T; Hy), K= {veW;v(0) = uo,

U(O) = ul} with wug, u; € Vg.

Let a, b : Vg x Vg — R be two bilinear, symmetric, continuous and Vg -

elliptic forms in the following sense:

I M, > 0 such that for all v,w in Vg x Vo, a(v,w) <M, ||v]| [[w], (8)
I M, > 0 such that for all v,w in Vo x Vg, b(v,w) <M, ||v] |Jw], (9)
3 m, > 0 such that for all v in Vo, a(v,v) > m, |v|?, (10)
3 my, > 0 such that for all v in Vg, b(v,v) > my, ||| (11)

Let ¢ : [0,T] x V3 — R be a weakly continuous mapping such that for all
t€[0,T], (u,v,w) € V§, o(t,u,v,w) = ¢1(u,v,w) + ¢2(t,u,v,w), and

for all weakly convergent sequences (uy) such that ux — u in W,

liminf/ St i (£), i (£), i (¢ dt>/ St u(t), a(t), a(t)dt,  (12)

k—o0
for all u, v € Vg the mapping ¢1(u,v,.) is linear, (13)
¢$2(0,ug,u1,.) =0, ¢a(t,u,v,.) is a semi-norm, (14)

3 n > 0, such that V t1,t9 € [O,T], \ Uy, U, V1, V2, W1, Wa € Vo,
[d(t1, ur,vi,wr) — @(t1, ur, v1, w2) + P(ta, ua, v2,ws) — (t2, uz, va, ws)|
< n(llur — uzl| + o1 —v2| + [t1 — ta|)[[wr — wal|- (15)

Let f:[0,T] — Vg be in W1>°(0,T;Vy). We assume that the initial conditions
ug and wy verify the following compatibility condition: there exists [ € Hy such
that

a(ug, w) + b(uy, w) + ¢1(ug, ur, w) = (f(0),w) + (I,w) Yw € Vy. (16)

We consider the following problem.

Problem @ : Find u € K such that for almost all t €]0, T :

(i(t), v — a(t)) + a(u(t), v —a(t)) + b(a(t),v — u(t)) + ¢(t, u(t), u(t), v)
—o(t, u(t), i(t),u(t)) = (f(t),v —u(t)) Vv e Vo. (17)



Theorem 3.1. Assume that (8)-(16) hold. Then there exists a unique solution of
problem @ .

The proof of this result is not presented here as it is similar to that in [12] ,
where the particular case of ¢(t,u,v,w) independent of v has been considered.
In order to solve problem P. , we shall now use this theorem for a, b of problem
1
P.,, Vo=V, Hy=H, f=L, ¢1(u,v,w) :/ —(uny)+wnds and
€

Ie

P2(t,u,v,w) = / ul(Ro(u,v))n||wr|ds, where o(u,v) = Ae(u) + Be(v) .

r.
From the properties of mes(I',) , of the coefficients (ai;xi), (bijr1), and using
Korn’s inequality for the V - ellipticity, it follows that « and b satisfy (8)-(11).
The properties (2) imply that L € W1°°(0,T; V) and (5) implies the compatibility
condition (16). Using the properties of R, one can easily obtain that (12)-(15)
are satisfied. Thus by theorem 3.1 we obtain the following result.

Theorem 3.2. Under the above assumptions, for every € > 0 there exists a
unique solution of problem P. .

Now we may study the approximation of a solution of Signorini’s problem with
nonlocal friction law by a sequence of penalized solutions.

4. Existence of a solution of unilateral contact problem

We shall establish for u. several useful estimates, independent of &, which will
enable us to pass to the limit when e tends towards 0. Firstly, let us prove that

dt. is bounded in L*°(0,T; H) NL?(0, T; V), (18)
u. is bounded in L*°(0,T; V), (19)
W)+ 4 hounded in L2(0, T; L(T')), (20)

Ve

by positive constants depending on |uol|, ||u1||, |F1| and ||F2| . By integrating
(7) from 0 to t, for any ¢ in ]0,T[, we obtain

t t t
/(ﬁg,v—ﬂg)dT+/ a(ue,v—ug)dT—i—/ b(te, v — U )dr
0 0 0
t 1 t
+/ / L uen), (on —uEN)dsdr+/ / 1R w |(Jo] = lter)dsdr  (21)
0 I'. 0 I,

t
2/(L,v7115>d7 Vv € L0, T; V).
0



By taking v =0 we have

¢ ¢ ¢
/(ilg,ug)dT—&—/ a(us,ug)dT—i—/ b(te, . )dr
0

0 0
t 1 t t
+// —(uEN)+iLENdeT+/ / 1(Ro) ||ty |dsdr §/<L,u€)dr.
o Jr. € 0 Jr. 0

We integrate the first two terms and find a minorant to the third one by using the
t
1
V - ellipticity of b . Since the term / / —(uEN)+u€NdsdT can be written as
0 Jr. €

1

1
/ %(uaN(t))ids — / 2—€(uaN(0))3_ds , we obtain the following result:
e e

t
. . 1 1
() + dma Hu(t)\|2+01/0 ||u||2dT+§/F ~(uen(£)hds

t
L s ? + 5 Mool + 5 / IL|2dr,
0

D=

(22)

IA

where we have used Schwarz’s and Young’s inequalities, the relation ug € K and
where ci1,co are positive constants which depend on the initial conditions, the
given forces but not on e. Thus (18)-(20) are established.
In order to pass to the limit when ¢ tends towards 0 , we need an estimate on
it independent of £. Choosing in P, v = @, 41, where € L2(0, T; H(Q)),
we have
T T T T
[ Giewdes [ atupyier [ vawyie= [ v @)
0 0 0 0
Vap € L2(0,T; Hy(Q)).
Thus
it is bounded in L2(0,T; H '(€)) by a constant independent of &.  (24)
Let v bein L*(0,T; V)N W12(0,T; H) with v(¢) € K for all ¢ € [0,T]. If we
integrate by parts the first term in P, , then we have
T
(1e(T),v(T) — ue(T)) — (w1, v(0) — ug) — / (e, © — @) dt
0
T T
+/ a(ug,v—ug)dt+/ b(te,v — ue)dt (25)
0 0

T T
7/ / p|(Ro)n|(Jvr — ter + Uer| — |Uer|)ds dt > / (L,v — u.) dt.
o Jr, 0

We shall use the following compactness results due to J. Simon [13] (Corollary 4),
which extend some classical results of J.P. Aubin and J.L. Lions.



Theorem 4.1. Let X, U and Y be three Banach spaces such that X CU CY
with compact imbedding X — U .

Let F be bounded in LP(0,T;X), where 1 < p < 0o, and dF /ot = {f; f €
F} be bounded in LY(0,T;Y). Then F is relatively compact in LP(0,T;U) .

Let F be bounded in L>(0,T;X) and OF/0t be bounded in L"(0,T;Y),
where 7> 1. Then F is relatively compact in C([0,T],U).

First, we consider the following sets:

X=V,Y=H, r=0c0, F=(ug).

Since the imbedding H®'(Q) — H?®*(Q)), with s; > s2, is compact (see, e.g.
J.L. Lions and E. Magenes [9]) and we have established (18,19), by theorem 4.1 it
follows that

(u.) is relatively compact in C([0, T], H'/2(1)). (26)
Now if we consider :
X=H U=HY*Q), Y=H '), r=00 F = (u.),
then, with the estimates (18,24), by Simon’s theorem 4.1 we obtain that
(%) is relatively compact in C([0, T], H~Y2(Q)). (27)
Using again theorem 4.1 for :
X=V,U=H, Y=H'9Q), p=2, F= (i),

it follows that
(tt.) is relatively compact in L?(0,T; H). (28)

Thus we have the following result.

Lemma 4.1. There exists a subsequence of (uc), still denoted by (u.), and an
element w € CL([0,T], H Y%(Q)), such that

u. —u in C([0,T], HY?(Q)), (29)
. —u in C([0,T], HY2(Q)), (30)
i, — u in L0, T; H). (31)

From (18, 19) it follows that the subsequence (u.) can be chosen such that

ue — u weak * in L*(0,T;V), (32)
. —w in L2(0,T;V), (33)

which imply
u. —u in W20, T;V). (34)



Using the relation W12(0,T; V) C C([0, T], V), we have that (u.(t)) is bounded
in V for all ¢ in [0,T]. Let E be a countable dense subset of [0,T]. By a
diagonal process, we can extract a subsequence, still denoted by (u.), such that
for all s € E, (u.(s)) converges weakly to u(s) and by similar arguments as in
[1], we obtain

YVt e [0, T], u:(t) = u(t) in V. (35)

The next convergence result will enable us to pass to the limit in the friction term
(see also [7]).
Lemma 4.2. We have

a. — 4 in L2(0,T;L3(T,)). (36)

Proof. Let U be a Banach space such that the imbedding V — U is compact
and there exists a bounded linear operator 7 : U — L?(T..).
Then, using (34) and theorem 4.1 for X =V, U, Y = H '(Q), p=2, F =
(ic), we obtain that . — % in L2(0,T;U) and the conclusion follows. O
We may now show the following existence result for problem P .

Theorem 4.2. Let ug, w1, and Fa be given satisfying (2). Then there exists
a subsequence of solutions (u.) of the penalized problems which converges to a
solution w of dynamic Signorini’s problem with nonlocal friction P .

Proof. Tt is clear that w(0) = ug, %(0) = wy. From (35) and the compactness of
the imbedding H'/?(I') — L*(I') , we have
Vte]0, T, ueny — un in L%(T,),
which with (20) imply
0 = timinf (o) [2aqe,) > () [22qr,-

Hence for all ¢ €]0, T, u(t) € K.
We now write inequality (25) as follows:

T T
(uE(T)aU(T)_UE(T))_(ULU(O)_UO)_/O (usai)_ua)dt+/0 a(ue,v) dt
T T
+/O b(us,v)dtf/o /Fcy|(Ra)N|(|vTu5T+usT|u5T|)dsdt (37)

T 1 1 T
> / a(ue,u:) dt + §b(uE(T)7u5(T)) - §b(u1,u1) —|—/ (L,v —u.)dt
0 0
Yo eL>®0,T; V)N WH2(0,T; H) with v(t) € K for all ¢ € [0,T)].

Note that, using lemma 4.1, (32) and (33), we may pass to the limit when ¢ tends
towards O in the first four terms, containing e, in the left-hand side of (37). We



may also pass to the limit in the friction term using the property (3) of R and
lemma 4.2. In the right-hand side, the elastic and the viscous terms are convex
and continuous on L2(0,T;V) and respectively V , and hence weakly sequentially
lower semi-continuous.

Finally, from the convergence properties of the terms in the left-hand side,
using (32), (35) and computing lim of the left-hand side of (37) and lim inf of the
right-hand side, we obtain

T T
(u(T),v(T)—u(T))—(ul,v(O)—uo)—/o (u,i;—u)dt+/() a(u, v) dt
T T
+/0 b(u,v)dtf/() Acu|(RU)N|(|vTuT+ﬂT||11T|)d5dt (38)

T 1 T
> / a(u,u)dt + %b(u(T),u(T)) - ib(ul,ul) —|—/ (Lyv —u)dt
0 0
Vo e L0, T; V)N Wh2(0, T; H) with v(t) € K for all € [0,T].

Thus w is a solution of problem P. O
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