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We consider a mathematical model which describes the quasistatic con-
tact between two deformable bodies. The bodies are assumed to have a
viscoelastic behavior that we model with Kelvin-Voigt constitutive law.
The contact is frictionless and is modeled with the classical Signorini
condition with zero-gap function. We derive a variational formulation
of the problem and prove the existence of a unique weak solution to the
model by using arguments of evolution equations with maximal mono-
tone operators. We also prove that the solution converges to the solution
of the corresponding elastic problem, as the viscosity tensors converge
to zero. We then consider a fully discrete approximation of the problem,
based on the augmented Lagrangian approach, and present numerical
results of two-dimensional test problems.

1. Introduction

The phenomena of contact between deformable bodies or between
deformable and rigid bodies abound in industry and everyday life. A
few simple examples are the contact of brake pads with wheels, tires
on roads, and pistons with skirts. Common industrial processes, such
as metal forming and metal extrusion, involve contact evolutions. Be-
cause of the importance of contact process in structural and mechan-
ical systems, considerable effort has been put into modeling, analysis,
and numerical simulations. Literature in this field is extensive; books,
proceedings, and reviewsdealing with models involving friction, adhe-
sion, or wear of the contact surfaces include [13, 15, 24, 25, 28, 30, 31,
34, 35]. For the sake of simplicity and in order to keep this section in a
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reasonable length, we refer in what follows mainly to results and papers
concerning frictionless contact problems and, with very few exceptions,
we avoid references to frictional models.

The Signorini problem was formulated in [32] as a model of unilat-
eral frictionless contact between an elastic body and a rigid foundation.
Mathematical analysis of this problem was first provided in [11, 12] and
its numerical approximation was described in detail in [24]. Results con-
cerning the frictionless Signorini contact problem between two elastic
bodies have been obtained in [16, 17, 18, 19]; there, the authors pro-
vided existence and uniqueness results of the weak solutions, considered
a finite-element model for solving the contact problems, and discussed
some solution algorithms.

The first existence result for weak solutions of the quasistatic contact
problem with Coulomb’s friction and Signorini’s condition for an elas-
tic material has been obtained recently in [3]. The proof was based on a
sequence of approximations using normal compliance. First, the approx-
imate problems with normal compliance were discretized in time and a
priori estimates on their solutions were obtained. Passing to the time
discretization limit yielded a solution for the quasistatic problem with
normal compliance. Using then a regularity result, based on the shifting
technique, the existence to a limit function which solves the quasistatic
Signorini frictional problem was obtained. The uniqueness of the solu-
tion was left open. Unlike [3], in this paper we deal with frictionless
contact between two viscoelastic bodies. We use a different method and
establish a unique solution to the model.

In all the references in the previous two paragraphs, it was assumed
that the deformable bodies were linearly elastic. However, a number of
recent publications is dedicated to the modeling, analysis, and numer-
ical approximation of contact problems involving viscoelastic and vis-
coplastic materials. Thus, the variational analysis of the frictionless Sig-
norini problem was provided in [33] in the case of rate-type viscoplas-
tic materials and the numerical analysis of this problem was studied in
[7]. These results were extended to the frictionless Signorini problem be-
tween two viscoplastic bodies in [14, 29], respectively. A survey of fric-
tionless contact problems with viscoplastic materials, including numer-
ical experiments for test problems in one, two, and three dimensions,
may be found in [10, 15]. Existence results in the study of the Signorini
frictionless contact problem have been obtained in [20, 22] in the case of
dynamic processes for viscoelastic materials with singular memory and,
more recently in [5], in the case of quasistatic process for Kelvin-Voigt
materials.

Dynamic frictional contact problems with linearly Kelvin-Voigt vis-
coelastic materials have been considered in [21, 23]. In [21], the contact
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is modeled with the Signorini condition with zero gap and friction is de-
scribed with Tresca’s law. The existence of a weak solution to the model
is obtained in two steps: first, the contact condition is penalized and the
solvability of the penalized problems is proved by using the Galerkin
approximation; then, compactness and lower semicontinuity arguments
are employed to prove that the approximate solutions converge to an ele-
ment which is shown to be a weak solution to the frictional contact prob-
lem. Notice that this result holds, in particular, when the friction bound
vanishes, that is, for the Signorini frictionless contact problem; and from
this point of view, it represents a dynamic version of the existence and
uniqueness result obtained in [5] for the quasistatic model. For the prob-
lem studied in [23], the contact is modeled with unilateral conditions
in velocities associated to a version of Coulomb’s law of dry friction in
which the coefficient of friction may depend on the solution. Again, the
solvability of the model is proved using penalization and regularization
methods. In both papers [21, 23], regularity results of the solution are
obtained by using a shift technique.

The aim of this paper is to provide variational analysis and numeri-
cal simulations in the study of the frictionless contact between two vis-
coelastic bodies. Since we here consider quasistatic processes for Kelvin-
Voigt viscoelastic materials and the Signorini contact condition, this
paper may be considered as a continuation of [5], where the contact
between a viscoelastic body and a rigid foundation is investigated. We
use arguments similar to those used in [5] in order to prove the well-
posedness of the problem, but with a different choice of the spaces and
operators since the physical settings, in [5] and here, are different. The
other trait of novelty of the present paper consists in the fact that here we
obtain an approach to elasticity result, present a fully discrete scheme of
the problem, and provide numerical simulations.

The rest of the paper is organized as follows. In Section 2, we state
the mechanical problem, list the assumptions on the data, and derive the
variational formulation to the model. In Section 3, we provide the exis-
tence of a unique weak solution to the mechanical problem. The proof is
based on an abstract result on evolution equations with maximal mono-
tone operators and arguments from convex analysis. In Section 4, we in-
vestigate the behavior of the solution when the viscosity operator con-
verges to zero. In Section 5, we consider a fully discrete approximation of
the problem, based on the finite-difference scheme for the time variable,
and the finite-element method for the spatial variable; and in Section 6,
we present numerical results in the study of two-dimensional test prob-
lems. We conclude the paper in Section 7, where some open problems
are described.
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2. Problem statement and variational formulation

We consider two viscoelastic bodies which occupy the bounded domains
Q! and Q? of R¥ (d =1,2,3 in applications). We put a superscript m to
indicate that a quantity or subset is related to the domain Q”, m =1,2.
Everywhere in the sequel, S¥ represents the space of second-order sym-
metric tensors on R4, the indices i, j, k, and I run between 1 and d, and
the summation convention over a repeated index is adopted. Moreover,
an index that follows a comma indicates a partial derivative with respect
to the corresponding component of the spatial variable and a dot above
indicates the derivative with respect to the time variable.

For each domain Q™, the boundary I'"" is assumed to be Lipschitz
continuous and is partitioned into three disjoint measurable parts I'",
I, and I'y’, with measI'" > 0. Let »™ = (v!") be the outward normal to
I'™. We are interested in the quasistatic process of evolution of the bod-
ies on the time interval [0,T], with T > 0. The bodies are assumed to be
clamped on I'f* x (0,T) while the volume forces of densities ¢} and the
surface tractions ¢’ act on Q™ x (0,T) and I')" x (0,T), respectively. The
two bodies can enter in contact along the common part I'} =I5 = I's. The
contact is frictionless and is modelled with Signorini condition in a form
with a zero-gap function. We assume that the process is quasistatic and
we use the Kelvin-Voigt constitutive law to describe the material’s be-
havior. With these assumptions, the mechanical problem we study here
may be formulated as follows.

Problem 2.1. For m =1,2, find a displacement field u™ = (u") : Q™ x [0,T]
— R% and a stress field 6™ = (01.’]'.1) : Q" x [0,T] — S? such that

" =A"e(1)+G"e(u) in Q" x(0,T), (2.1)
Divo™+¢ =0 inQ"x(0,T), (2.2)
u”=0 onI7x(0,T), (2.3)
o"™v" =g} onl} x(0,T), (2.4)
ul+u2 <0, ol=02<0, onT3x(0,T), (2.5)
(uy+u2)oL =0, o™=0, onT3x(0,T), (2.6)
u”(0) =uy’ in Q™. (2.7)

Here (2.1) represents the constitutive law in which /™ is a fourth-
order tensor, G™ is a nonlinear constitutive function, and

e(u™) = (e (u™)) = (% (u +u;';)> 2.8)
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represents the small strain tensor. Equation (2.2) is the equilibrium equa-
tion in which Div o™ = (0'1.’;‘ j) denotes the divergence of the tensor-valued
function 0™, and conditions (2.3) and (2.4) are the displacement and
traction boundary conditions, respectively. Conditions (2.5) and (2.6)
represent the frictionless Signorini conditions in which !, o, and o7
are the normal displacement, the normal, and the tangential stress, re-
spectively, given by

wy = u"v", o' = 0'1] V] v]’", 29)

o = (o7i) = (o7 v} - oy']").

Finally, (2.7) represents the initial condition in which ug' is the given
initial displacement.

Everywhere in this paper, we denote by “-” the inner product on the
spaces R? and S and by |- | the Euclidean norms on these spaces. For
every element v e H'(Q™)?, we keep the notation v for the trace yv of v
on I'”. We introduce the following spaces:

"o

={r=(mj) | mj =7 € *(Q"), 1<i,j <d},
H1m={u=(ui) | e(u) €Q™},

v ={7=(r) | Divre (@)}, (2.10)
v {V (Uz)|vl€H1(Qm) v=0onI7, 1<1<d}

These are real Hilbert spaces endowed with their canonical inner prod-
ucts denoted by (-,-)x and the associate norms || - ||x, where X is one of
these previous spaces. Since measI" > 0, Korn’s inequality holds (see,
e.g., [26, page 79]) and therefore

||£(V)||Qm > CK”V”HI (Qm)d Vv e le m=1,2. (211)

Here cx denotes a positive constant which depends on Q™ and I'}".

In the study of the mechanical problem (2.1)-(2.7), we make the fol-
lowing assumptions for m =1,2. The viscosity tensor 4™ = (a) : Q™ x
S? — S satisfies the usual properties of symmetry and ellipticity, that is,

aj, € L (QM),
J"oc-T=0 4"t Vo, TreS? ae. in Q", (2.12)

Jeym > 0 such that A™T - T > cym|T|* VT €S9, ace. in Q™.
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The elasticity operator G : Q™ x S? — S9 satisfies the following assump-
tions:

3L™ > 0 such that |G (x,€1) - G (x,&2) | < L™|e1 - &

Vey, e, €S%, a.e.on Q™
(2.13)

x+— G(x,€) is Lebesgue measurable on Q™ Ve e s,
x— G™(x,0) belongs to Q™.
For the body forces and surface tractions, we assume that
o ew (0, T;L2(Q™),  @rew (0, TIAIY).  (214)
In order to simplify the notations, we define the product spaces

Hi=H|xH}, V=V'xV?

Q=Q'xQ%  Qi=0Q;xQ} 219
and we introduce the notation
e(v) = (e(v'),e(v?)) vv=(v',v?) eV,
At = (A7, A7) Vr=(1',7*)€eQ, 216)

Gr=(G't',G*r*) vr=(r',7%)eQ,

ug = (W5, 1))
The spaces Q and Q; are real Hilbert spaces endowed with the canonical
inner products denoted by (-,-)g and (-,-)g,. The associate norms will be
denoted by || - [|[g and || - ||g,, respectively. Using (2.11) and (2.12), we see

that V' is a real Hilbert space with the inner product and the associated
norm

(w,v)y = (Je(u),s(v))Q, lullv =1/(u,u)y, VYuveV. (2.17)
We assume that the initial displacement verifies
w = (uj,ud) el (2.18)
where U denotes the set of admissible displacement fields given by

U={v=('v’)eV|ov,+v2<00nT3}. (2.19)
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We also define the mapping f: [0,T] — V by

(f(t),v)v = (‘p%(t)lvl)LZ(Ql)d + (lp%(t)’vz)LZ(QZ)d

+ (‘p%(t)r YVZ)LZ(ré)d + (‘p%(t)r YVZ)LZ(Fg)d VV € ‘// t € [OIT]I
(2.20)

and we note that conditions (2.14) imply that
fe WYL(0,T; V). (2.21)
Using the standard arguments, it can be shown that if the couple of

functions (u, o) (where u = (u!,u?) and o = (6!,0?)) is a regular solution
of the mechanical Problem 2.1, then

u(t)el, (o(t),e(v) —£(u(t)))Q > (f(t),v-u(t)), VYvel, te(0,T).
(2.22)

This inequality leads us to consider the following variational problem.

Problem 2.2. Find a displacement field u= (u',u?) : [0,T] — V and a stress
field o = (0!,06%) : [0,T] — Qs such that

o(t)=Ae(u(t)) +Ge(u(t)) ae.te(0,71), (2.23)

u(t)el, (o(t),e(v)- s(u(t)))Q > (f(t),v—-u(t)), (224)
Vvel, ae. t€(0,T),

u(0) = uy. (2.25)

We remark that Problem 2.2 is formally equivalent to the mechanical
problem (2.1)—(2.7). Indeed, if (u, o) represents a regular solution of the
variational Problem 2.2, then, using the arguments of [9], it follows that
(u, o) satisfies Problem 2.1. For this reason, we may consider Problem 2.2
as the variational formulation of the mechanical problem (2.1)—(2.7).

3. An existence and uniqueness result

The main result of this section concerns the existence and uniqueness of
the solution of Problem 2.2. The proof is essentially based on the follow-
ing theorem which is recalled here for the convenience of the reader.

TueoreM 3.1. Let X be a real Hilbert space and let A: D(A) C X —2X bea
multivalued operator such that the operator A+ wl is maximal monotone for
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some real w. Then, for every f € WY(0,T;X) and uy € D(A), there exists a
unique function u € W (0,T; X) which satisfies

u(t) + Au(t) > f(t) ae te(0,T),

u(0) = up. (3.1)

Here and below D(A), 2%, and I denote, respectively, the domain of
the multivalued operator A, the set of the subsets of X, and the identity
map on X. The proof of this theorem can be found in [6, page 32].

Now we use Theorem 3.1 to obtain the following existence and uni-
queness result.

THEOREM 3.2. Under assumptions (2.12), (2.13), (2.14), and (2.18), there ex-
ists a unique solution (u,o) to Problem 2.2, which satisfies

ueW'=(0,T;V), o6e€L*(0,T;Q). (3.2)

Proof. By Riesz representation theorem, we define an operator B: V — V
by

(Bu,v)y = (C}s(u),e(v))Q Yu,veV. (3.3)

From (2.12) and (2.13), we have
Buy - Buy |, < =9 v v, 3.4
1B = Bua|ly, < == flus —wafly, Vuy, eV, (3.4)

where my = inf(c_n,c2), which proves that B is a Lipschitz continuous
operator. So, the operator B + (L /m4)I : V — V is a monotone Lipschitz
continuous operator. We now introduce the indicator function ¢; of the
set U and its subdifferential dgs; : V — 2V. Since the set U is a nonempty,
closed, and convex part of the space, the subdifferential Og; is a maximal
monotone operator on V and, moreover, D(0gyr) = U.

We can now say that the sum dgy + B+ (Lg/my)[ :UCV -2V isa
maximal monotone operator. Keeping in mind assumptions (2.21) and
(2.18), we can apply Theorem 3.1 with X =V, A=0¢y + B, and w =
L¢g/my. We deduce that there exists a unique element u € Wbh=(0,T;V)
such that

u(t) + ogy (u(t)) + Bu(t) 3 £(t) ae.te(0,1), (3.5)
u(O) =ug. (3-6)
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Form (3.3), (3.5), and (2.17), we obtain

u(t) el,
(Se((t),e(v) —e(u(®))), + (Ge(u®), e(v) —e(u(®),  (3.7)
> (f(t),v-u(t)), Vvel, ae.te(0,T).

Now let o denote the function defined by (2.23). From (3.7) and (3.6),
it follows that the couple of functions (u,o) solves Problem 2.2. More-
over, from the regularity ue W= (0,T;V) and assumptions (2.12) and
(2.13), we obtain o € L*(0,T;Q). It now follows from (2.24) and (2.20)
that

Divo™+¢ =0 inQ"x(0,T), (3.8)

and, keeping in mind (2.14), we obtain o € L*(0,T;Q1), which concludes

the existence part of the proof.
The uniqueness part results from the uniqueness of the element u €
WL (0,T;V) which solves (3.5) and (3.6), guaranteed by Theorem 3.1.
]

We conclude by Theorem 3.2 that, under assumptions (2.12), (2.13),
(2.14), and (2.18), the mechanical problem (2.1)-(2.7) has a unique weak
solution, which solves Problem 2.2.

4. Approach to elasticity

In this section, we investigate the behavior of the solution to Problem 2.2
when the coefficient of viscosity converges to zero. To this end, we re-
strict ourselves to the linear case. Thus, the function G™ = ( gl?;lkl) 1 QM x

S — 4 will represent below a fourth-order tensor field which satisfies
the following assumptions, for m =1,2:

ik € L7 "),
¢"o-Tt=0-G"r Vo,TeS? ae inQ", (4.1)

Jegn > 0 such that G- T > cgnl|T|* YT €S, ae. in Q™.

Let 6 > 0. We replace in (2.23) the viscosity operators /™ by 6<#™ and
use in what follows the notation 04 = (0#!,04%). We assume every-
where in this section that, (2.12), (2.14), (2.18), and (4.1) hold and we
consider the following variational problem.



584  Frictionless contact of two viscoelastic bodies

Problem 4.1. Find a displacement field ug = (ué,ug) :[0,T]—V and a stress
field g = (O'é,O'g) :[0,T] — Q1 such that

oo(t) =0Ae(0p(t)) + Ge(ug(t)) ae.te(0,T), (4.2)

w) €U, (ou(D e -e(u(d))o> (O N-w(d),
Yvel, ae. te(0,T),

ug(0) = uy. (4.4)

Using Theorem 3.2, it follows that the variational Problem 4.1 has a
unique solution (ug,09) with regularity ug € WL*(0,T;V) and og €
L*(0,T;Q1).

We now introduce the following variational problem.

Problem 4.2. Find a displacement field u = (u!,u?): [0,T] -V and a
stress field o = (¢',0?) : [0,T] — Q; such that, for all t € [0,T],

o(t) = Ge(u(h)), (4.5)
u(t)el, (o(t),e(v)- E(u(t)))Q > (f(t),v—-u(t)), Yvel. (4.6)

Clearly Problem 4.2 represents the variational formulation of the Sig-
norini frictionless contact problem between two deformable bodies when
the viscoelastic constitutive law (4.2) is replaced by the elastic constitu-
tive law (4.5). Keeping in mind assumptions (2.12), (2.13), (2.14), (2.18),
(4.1) and using arguments on elliptic variational inequalities, we deduce
that the variational Problem 4.2 has a unique solution (u,o) which has
the regularity u e W1(0,T; V) and o € WY1(0,T; Q1).

We consider the following additional assumptions:

u(0) =uy, (4.7)
feW'(0,T;V),  ugeW>*0,T;V). (4.8)

Our main result in this section is the following.

THEOREM 4.3. Assume that (2.12), (2.14), (2.18), and (4.1) hold. Then

up —u inL*0,T;V)as — 0. (4.9)
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Moreover, if (4.7) holds, then

srer}g¥] |ue(s) —u(s)||, — 0 as6—0, (4.10)
and, if (4.8) holds, then
op— o inL*(0,T;Q)as0 —0. (4.11)

We conclude by these results that the weak solution of the Signorini
frictionless contact problem between two elastic bodies may be ap-
proached by the weak solution of the Signorini frictionless contact prob-
lem between two viscoelastic bodies, as the coefficient of viscosity is
small enough. Notice that the convergence (4.9) holds under the basic
regularity of the solution, the convergence (4.10) holds under a compat-
ibility condition between the initial and boundary data, and, finally, the
convergence (4.11) holds under additional regularity of the data and the
solution. In addition to the mathematical interest in the convergences
(4.9), (4.10), and (4.11), they are of importance from the mechanical
point of view, as they indicate that the frictionless elasticity may be con-
sidered as a limit case of frictionless viscoelasticity.

Proof. Let 8 > 0. We substitute (4.2) into (4.3) and (4.5) into (4.6), respec-
tively, to obtain

0 (HAe(up(s)) + Ge(up(s)),&(v) —s(ug(s)))Q > (f(s),v—ug(s))y,

(G.‘E(H(S)),.‘E(V) - £(u(s)))Q > (f(S),V - u(S))VI
(4.12)

forallve U, a.e. s€ (0,T). Taking v =u(s) and v = ug(s) in the first and
the second inequalities, respectively, and adding the resulted relations,
we deduce that

O (Ae(up(s)) —Ae(u(s)),e(ug(s)) —£(u(s)))Q
+(Ge(uo(9)) - Ge(u(9)), e(ua(s) —£(u(s))y  (413)
<0(HAe(u(s)),e(u(s)) —e(ug(s)))Q a.e.s€(0,T).

Using (2.17) and the inequality

0 , a
< —ag*y = \; .
ab a b a,b,a>0, (4.14)
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we find that

6 (g(s) —u(s),ug(s) —u(s)),
+(Ge(ug(s)) — Ge(u(s)),e(ug(s)) —e(u(s)))Q

0 .
<O g 46 Iy G5 leCwa(s) e @D )
a.e.on (0,T),

(4.15)

where m¢ = inf(cg,cc2).
Let t € [0,T]. Integrating the previous inequality on [0,¢] and using
(2.12), (4.1), and (4.4), it follows that

t
Olluo ) - ()} +C: [ [luo(s) - u(s) s
t 0 (4.16)
< czezf () |2 ds + C30][uo —u(O)[|%.,
0

which implies that

lluo () —u(®)|> < C,0 fo [a(s)[2ds + Calluo—u@|2.  (417)

Here and below, C, (p =1,2,...) represent positive constants which may
depend on the problem data but do not depend on time nor on 6.

The convergence result (4.9) now follows from (4.16). Moreover, if
(4.7) holds, the convergence (4.10) follows from (4.17).

Assume in the sequel that (4.8) holds; in this case o9 € W?(0,T;Q)
and, moreover (4.2) and (4.3) hold for all ¢ € [0,T]. Using (4.2), (4.5),
(2.12), (4.1), and (2.17), we have

lloa(s) = 6(5) o < Ca(Bllaa(s) |, + [[ua(s) ~u(s)]l,)  Vse[0,T],

(4.18)
which implies that
2 ! 2 ! 2
loo=0l )< Cs(6° [ so@l7ds | fluats) ~u(s) s ).
(4.19)
From (4.3), it follows that
(oo(s+h)—o9(s),e(ug(s +h)) —£(UQ(S)))Q (420)

< (f(s +h) —£(s),up(s + h) —ug(s)),,



M. Barboteu etal. 587

for all s, h such that s,s + h € [0,T]. We deduce from the previous in-
equality that

(6o(s),€(116(5))) < (f(s),10(s)), ae.s€(0,T). (4.21)

Keeping in mind the regularity oo € W12(0,T;Q), we derive (4.2) with
respect to the time and plug the result in the previous inequality to ob-
tain

0(He (i (5)), £ (110 (5))) o + (Ge (i (5)), £ (10 (5))),

( (4.22)
< (f(s),up(s)), ae.se(0,T).

Let again t be fixed on [0, T]. Integrating the previous inequality on [0, ]
and keeping in mind (4.1) and (4.14), we have

. Co (*. 1.
lao®ly + 5 [ Mo s <C (G} ), @2

where C; depends on ||f]| 20,1:v)- We multiply this inequality by e(Cs/9)*
and integrate the result on [0,T] to obtain

T d t ) 1 ) T
j d_<e<C6/9>t f ||u9(s)||vds>dt§C7<—+||1'19(0)||V> j eCo/o gy,
0 t 0 0 0

(4.24)

which implies that
(Cs/0)T T 2 Gy : 2 (Cs/0)T
o(Cs fo (o)l ts < (146w O3 ) €/ 1), (825)
We conclude that
T 2 2
fo lao ()3t < Cs (1+6]laa O3 ), (4.26)

where Cg = C7/C6.

Let h >0 be such that t+ h,t —h € [0,T]. We take successively v =
ug(t+h) and v =ug(t - h) in (4.3) and pass to the limit as & — 0 in the
corresponding inequalities to obtain

(O‘Q(t),s(ﬁ@(t)))g = (f(t),ilg(t))v. (4.27)
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Next, passing to the limit as ¢t — 0 in the previous equality and using the
regularity ug € W'2(0,T;V) yield

(06(0),£(i16(0))) , = (£(0),i16(0)) .- (4.28)

Now, we write (4.2) at t = 0, plug the result on the previous equality, and
use (2.12), (2.17) and (4.4) to find that

0]|ae(0)]|, < Co. (4.29)

We multiply (4.26) by 62 and use (4.29) to obtain
! 2
ezf [[ie (t) ||}, dt < Cs6% + CsCob. (4.30)
0

Keeping in mind (3.8), we have
Divoy +¢"=0 in Q" x(0,T), (4.31)
and, using (4.6), we deduce that
Divo™ +¢]'=0 in Q" x(0,T), (4.32)
for m =1,2. Therefore, we obtain
loot) —o®)|lg, = [loe(t) —at)||, Vte[0,T], (4.33)

and, using (4.19) and (4.30), we find that

T
||0'9—0||i2(0,T;Q1)§C5<C862+C8C99+J ||u9(t)—u(t)||2vdt>. (4.34)
0

The convergence result (4.11) is now a consequence of (4.9) and (4.34).
([l

5. Numerical solution

In this section, we introduce our numerical algorithm, which is based on
the Euler-Newton method. To this end, we use a hybrid formulation of
the contact problem, based on the augmented Lagrangian approach.

We start with a fully discrete approach of the problem. Let V" be a
finite-element subspace of V' and define the discrete set of admissible
displacements, U" = U N V". We denote by p" : V. — U" the projection
operator and, in addition to the finite-dimensional discretization, we
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consider a time partition L_JnN=1 [tn-1,tn] of the interval [0,T] such that 0 =
to <t <--- <ty =T. Here, for simplicity, we take t, =n/N, n=0,...,N,
that is, the partition is equidistant. We note the pointwise values u(t,)
by u and we recursively define the incremental velocity by the formula

h h

u-u 1-
V=2l (1-a) vl ifa#0,
alt a (5.1)
a" —u" :
v =2l ifa=0
n-1 At 4

forn=1,2,...,N. Here At=T/(N +1) and «a is a parameter introduced
in order to adjust the finite-differences scheme. The discretization me-
thod based on formula (5.1) is called “a-method.” Notice that for a =0
or 1, the method is the well-known explicit or implicit Euler method, re-
spectively. Moreover, while & = 1/2, the method is the trapezes method.
In order to eliminate instabilities, in what follows we restrict ourselves
to the case a # 0.

Under these considerations and taking into account (2.23), (2.24), and
(2.25), a fully discrete approximation of Problem 2.2 is presented as
follows.

,,,,,

2,...,N,

h h h h h h
(Ae(va) (W) —&(un)) g + (Ge (), e(W") —£(un)) 52)
> (f(tn),wh —u,};)V vwh e U™
To present the solution algorithm, we assume in the sequel that the
viscosity and the elasticity operators «#™ : Q™ x S — S and G™ : Q™ x
S — §9 are linear, symmetric, and positively defined, that is, they satisfy
conditions (2.12) and (4.1), respectively. We need these assumptions in
order to obtain the equivalence between Problem 5.1 and a minimization
problem. Moreover, for a virtual displacement field w" € V", we use in

the sequel the notation 0" (w") € V7 for the incremental virtual velocity
defined by

h_ . h B
I P =

A7 " w1 form=12,. N. (5.3)

Notice that from (5.1) and (5.3), it follows that 0" (u) = v!, for n =1,
2,...,N.
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Forn=1,2,...,N, we define the energy function Oly VSR by

hwhY = & "(wh)) - e(wh)dx
Dh(w') = 3 [ e(@hw")) () -
o3 | Ge(w) e(w)dx— (8(t) W), vt eV

Keeping in mind this notation, it is straightforward to see that Problem
5.1 is equivalent to the following problem.

,,,,,

2,...,N,
O (uf) <R (Wh) vw'eum. (5.5)

In order to relax the contact boundary condition on I's, we introduce
the indicator function ¢+ : R —] — 00, +00] of the set R* and we denote

KM (wh) = L gre (Al (w"))da vywh eV (5.6)

Here d!' represents the positive normal distance defined by dl(w") =
—(w! +w!?) for all w" € V. We can now restate Problem 5.2 to obtain
the following problem without constraints.

Problem 5.3. Find { uZ}nzo,,,,,N c V" such that ug = pPhuy and, for n=1,
2,...,N,

O (ul) + K" (uh) <D (Wh) + K'(W")  vw e VI (5.7)

We now use an augmented Lagrangian approach. To this end, addi-
tional immaterial nodes for the Lagrange multipliers have to be consid-
ered. The construction of these nodes depends on the contact element
we use for the geometrical discretisation of the interface I's. We define

H!= {yh T3 —R, yh|CE? =constantVs =1,...,N5}, (5.8)

where N represents the number of contact elements of the family
(CE"),. Notice that H" is a finite-dimensional subspace of the space
L2(T3) and will be endowed with its canonical inner product denoted
by (-,-) y»- A smooth minimisation problem equivalent to Problem 5.3 is
the following.
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..........

pPhruy and, forn=1,2,...,N,

Of (ul) + £ (ul, Al) < ®F (wWh) + £ (Wt y")  vwh e VE, ¥t e HE.
(5.9)

Here £"(u”,\"), A, and y" denote the regularization of the friction-
less functional term X" (u’"), the Lagrange multipliers, and a virtual vari-
able, which represent the frictionless contact forces, respectively. The
augmented Lagrangian functional .£" we use in this paper is given by

2w ")

fl" ( ”‘1( h)) 2|dv(wh)|2——dist2,{ h 1}}( h)})
3 2 r-1Y +rd™(w 1
Yw' e Vh, YheF[Ch,

where 7 is a positive penalty coefficient and

{0 if p>0,
distz (B) = (5.11)
—p if p<0.

For more details about the Lagrangian method, we refer the reader to
[1,8].

The final step consists now into turning Problem 5.4 into an equiva-
lent form, using, respectively, the differentials D(Dz and D 2" of the func-
tions ®" and £". This equivalent form is the following problem.

..........

Phuy and, forn=1,2,...,N,

(DD (uy), ") + (DL (), A3), (W' y")) gy = 0 512
ywh eVl y" e HE. 612

We here use (-,)ynyp to denote the canonical inner product on the
product Hilbert space V" x H!". The Lagrangian approach presented
above shows that, at each time increment, Problem 5.5 is governed by
the system of nonlinear equations
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AV +G ) +F(d" A =0. (5.13)

Here the term A(vh) + G(uh) represent the gradient of the functional
®" in the direction u!, v" being given by (5.1), and the term F(u,A")
denotes the gradient of the functional £" in the direction (u’,A"). We
remark that the volume and surface efforts are contained in the term
G(u"). Moreover, for simplicity, in (5.13) and below we do not indicate
the dependence of the operators A and G on h and n, nor the dependence
of the operator ¥ on h.

To solve (5.13), at each time increment, the variables (u”,\") are treat-
ed s1multaneously through a Newton method and therefore in what fol-
lows we use x! to denote the pair (u’,\"). Notice that the left-hand side
of the system (5 13) contains three terms: the viscous term defined by the
operator A, the elastic term given by G, and a nondifferentiable contact
term described by ¥. In the following, to simplify the notation, we will
omit the spatial discretization index h.

The solution algorithm we use is a combination of the finite-diffe-
rences and the linear iterations methods. The finite-differences is based
on a generalized trapezes a-method that we choose here in order to have
a better control of the stability of the numerical scheme, while the linear
iterations are based on a Newton method. In order to overcome the non-
differentiability involved in the system (5.13), the Newton method has
been extended to a generalized Newton method (GNM) (see [2] for de-
tails).

The algorithm we have used in the viscoelastic case can be developed
in three steps presented as follows.

A prediction step

This step gives the initial displacement and the velocity by the following
formula:

0 _ 0 _
U, = Uy +Vy, Vi1 = Va (5.14)

A Newton linearization step

At an iteration i of the Newton method, we have

) D! -1 . ; .
= (G K0 Tha ) (A0 +Gl0) +#(50)),

n+1 =DG (un+1) n+1 - DA(Vn+1) Til+1 € a¢ (u;.’l-#]’)'iﬁ-(l)’ )
5.15
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where Ax' = (Au’, AX) with Au' =u’}, —u!  and AN =A*L -\l | Here
DG and DA represent the differential of the operators G and A, respec-
tively, and 0¥ (x) denotes the generalized Jacobian of ¥ at x. This leads

us to solve the resulting linear system

( anA+tl +K o+ Tln+1> axt = _A(Vln+1) - G(u;’Hl) B ?<xln+l)‘ (5.16)

We solve the linear system of (5.16) by using a conjugate gradient me-
thod with efficient preconditioners to overcome the poor conditioning of
the matrix due to the unilateral contact term. For more details, we refer
the reader to [4, 27].

A correction step

Once the system (5.16) is resolved, we update x*}, and v}, by
. . ) . . Aui
1 _ 1 _
Xa1 = X1 + AX, Vi = Vo + YA (5.17)

Notice that similar arguments can be used in order to study the dis-
crete approximation of the elastic contact Problem 4.2. In this case the
viscosity term A vanishes there and we remark that the system (5.13)
becomes

G (uy;) + F(uy, A7) =0. (5.18)

We again use a Newton method to solve the system (5.18) with the un-

knowns (ul, \") replaced by x! and, again, for simplicity, we omit the

index h. This leads to a three steps algorithm taking the following form.

A prediction step

The initial displacement is given by

u =, (5.19)

n+1

A Newton linearization step

At an iteration i of the Newton method, we have

(Kinl + T;+1)Axi =-G (uivrl) - g(xiﬁl)' (5-20)



594  Frictionless contact of two viscoelastic bodies

A correction step

i+l .

We now update x,:

Hlo=x! L+ AX (5.21)

xn+1

To conclude, to solve the elastic problem, we use the same algorithm
as in the viscoelastic case in which we just take the viscosity operator A
as zero.

6. Numerical results

In this section, we illustrate our theoretical results by numerical simula-
tions in the study of two-dimensional test problems. In both examples,
the viscoelastic bodies are supposed to occupy polygonal domains in the
reference configuration and the potential contact surfaces are straight
lines. Based on the numerical simulations presented in this section, we
strongly believe that the Signorini frictionless condition matches with
this particular geometries and it represents a good approximation of the
contact process, at least for contact processes which occur in a short in-
terval of time.

In both examples, we consider Problem 2.1 in the case when the body
forces vanish, that is, ¢" = 0 for m = 1,2. We use a discretization by lin-
ear piecewise functions for the space V" and a uniform partition of the
time interval. We compute the numerical solution both in the viscoelas-
tic and in the elastic cases in order to illustrate the convergence result in
Theorem 4.3. Moreover, we consider linear elastic and linear viscoelastic
materials. The elasticity tensor G and the viscosity tensor «##™ are given

by

E E
(Gm"')ap 12 (711 + T22) Bap + 15y T 1<a,p<2,

(er)“ﬂ = u(Ti1 +T22)Oap+NTap, 1<a,p<2,

(6.1)

where E is the Young modulus, v is the Poisson ratio of the material, y, 5
are viscosity constants, and m = 1,2. It is straightforward to see that such
kind of tensors satisfy conditions (4.1) and (2.12), respectively.

To visualize the stresses, we use the Tresca criteria which is given in
the case of plane stresses by the formula

/ (6.2)

1
(o) = —mMmMaX |0O; — 0
| |Tr 2i,j,i;éj| i j



M. Barboteu et al. 595

FIGURE 6.1. Initial configuration in the first two-dimensional example.

where o, i = 1,2 are the principal directions associated to a stress field
oS

For computation in the two examples below, we have used the fol-
lowing data: T =10s, ¢}' =0N/m? E =1N/m? v =0.3, up = 0m.The
surface tractions and the viscosity coefficients will be specified later.

6.1. First two-dimensional example

We consider the physical setting presented in Figure 6.1. Here, the two
bodies are assumed to be in an oblique position. Notice that in this case,
there exists a nonzero gap between the contact surfaces; however, our
results above can be extended in this case too. The bodies are clamped
on their respective parts F% = {0} x (1.5,3) and Ff = {0} x (3,4.5). The in-
tensity of the surface tractions depends only on the first component of
the point where they are applied and decreases in the X-direction. Such
intensity is given by the formula: —0.00004(10 — x)?, where x symbolizes
the first component of the spatial point.

We made computations both for the viscoelastic and elastic case. For
the viscoelastic cases, we successively choose the following viscosity co-
efficients: (u,1) =(1,0.6), (4,1)=(0.5,0.3), (1,7) = (0.25,0.15), and (y1, 1) =
(0.15,0.075). Here and below, for simplicity, we do not indicate the units
of the constants y and 7. The deformed configuration of the two bodies
at final time are plotted in Figures 6.2, 6.3, 6.4, 6.5, and 6.6.

The Tresca criteria |o|r, at the final time for the viscoelastic case (4,
77) = (0.5,0.3) and for the elastic case are presented in Figure 6.7, on the
left-hand side and right-hand side respectively. Here, the clear nuances
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FIGURE 6.2. Deformed configuration of the two viscoelastic bodies
for p=1.0ns/m? and 7 = 0.6ns/m?>.

FIGURE 6.3. Deformed configuration of the two viscoelastic bodies
for yp=0.5ns/m? and 7= 0.3ns/m?>.

FIGURE 6.4. Deformed configuration of the two viscoelastic bodies
for p=0.25ns/m? and 17 = 0.15ns/m?>.

FIGURE 6.5. Deformed configuration of the two viscoelastic bodies
for u= 0.15ns/m? and 1= 0.075ns/m?.

of gray represent the region where the stresses are more important and
the dark gray represents the region where the stresses are less important.

It follows from these numerical simulations that the viscosity plays an
important role since it attenuates the efforts due to the forces. This exam-
ple illustrates also the fact that the elastic problem may be considered as

a limit case of the viscoelastic one, as proved in Theorem 4.3.



M. Barboteu etal. 597

FIGURE 6.6. Deformed configuration of the two elastic bodies.

FIGURE 6.7. Tresca criteria for the stresses in the viscoelastic (0.5,0.3)
and elastic cases.

6.2. Second two-dimensional example

For the second example, the physical setting is shown in Figure 6.8. Here
the bodies are supposed to be imbricated in their reference configuration.
The first body Q! is assumed to be clamped on 1"% ={0} x (0,2) U {10} x
(0,2) of its boundary while the second body ©? is clamped on I'} = {0} x
(2,3) U {10} x (2,3) of its boundary. No surface forces are acting on the
part I'; = (0,10) x {3} and a constant force of intensity 2.05 x 10~ ns/m?
is acting on lg =(0,10) x {0} in the negative sense of the Y-axis. The com-
mon contact surface I'5 is highlighted in bold on Figure 6.8.

As in the previous example, we performed simulations both in the vis-
coelastic and elastic cases. For the viscoelastic case, we successively used
our algorithm with the viscosity coefficients (i, 1) = (1.0,0.4), (u,1) =
(0.5,0.2), (u,m) =(0.25,0.1), and (y,77) = (0.125,0.05). The results at the
end of the simulation are illustrated in Figures 6.9, 6.10, 6.11, 6.12, and
6.13, which represent the deformed configuration of the two bodies at
the final time.
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@5
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FIGURE 6.8. Initial configuration in the second two-dimensional example.

FIGURE 6.9. Deformed configuration of the two viscoelastic bodies
for p=1.0ns/m? and 77 = 0.4ns/m?>.

FIGURE 6.10. Deformed configuration of the two viscoelastic bodies
for p=0.5ns/m? and 77 =0.2ns/m?>.

FIGURE 6.11. Deformed configuration of the two viscoelastic bodies
for u= 0.25ns/m? and 1n= 0.1ns/m?.
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FIGURE 6.12. Deformed configuration of the two viscoelastic bodies
for p=0.125ns/m? and 7 = 0.05ns/m?>.

FIGURE 6.13. Deformed configuration of the two elastic bodies.

FIGURE 6.14. Tresca criteria for the stresses in the viscoelastic
(0.5,0.2) and elastic cases.

599
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The Tresca criteria |o|r, at the final time T for the viscoelastic case
(#,71) = (0.5,0.2) and for the elastic case are presented in Figure 6.14, on
the left-hand side and right-hand side, respectively. Again, the clear nu-
ances of gray represent the region where the stresses are more impor-
tant and the dark gray represents the region where the stresses are less
important.

We notice that the numerical simulations presented in Figures 6.9,
6.10, 6.11, 6.12, and 6.13 are in agreement with the theoretical result of
Theorem 4.3 since they show that the elastic case is a limit of the vis-
coelastic case as the viscosity coefficients converge to zero.

7. Conclusions

We presented a model for the quasistatic process of frictionless contact
between two viscoelastic bodies within the linear theory of small dis-
placements. The variational inequality for the contact problem was de-
rived, and then it was coupled with the constitutive law and the initial
condition. For this mathematical problem, we established the existence
of the unique weak solution and we studied its behavior, as the viscosity
tensor converges to zero. Then, we presented a fully discrete scheme for
the numerical approximations of the problem as a basis for a computer
code. Two examples were computed using this code. The computer code
was found to behave well, and the numerical solutions seem accurate
and interesting. We remark that three problems, which are outside of the
aim of this paper, are left open.

The first one concerns the modeling and more precisely the descrip-
tion of the evolutionary contact condition between two deformable bod-
ies. Clearly, the classical Signorini frictionless condition we used here is
quite restrictive since it does not provide an accurate description of the
tangential motion, and therefore it may be of interest to consider more
realistic contact models in the future. However, currently, very few re-
sults on this topic are available. Also, models vary from author to author
and from paper to paper, and there is no doubt that a closer look at the
physics of contacting surfaces is needed.

The second open problem concerns a regularity result. Indeed, in
Theorem 3.2, we obtained the basic regularity of the solution, ug €
WLl (0,T;V), and we used it in the first two convergence results pre-
sented in Theorem 4.3. However, to obtain the last convergence result in
the above theorem, we need an additional regularity of the solution, ug €
W?22(0,T;V), that we assumed as given. Deriving this regularity from
appropriate regularity assumption imposed on the input data should be
of real interest since the field of regularity of solutions in contact me-
chanics contains very few results, is wide open, and its progress is likely
to be slow.
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The third open problem concerns the numerical algorithm we used.
Although recent progress in the study of convergence and error esti-
mates for the fully discrete scheme used in contact mechanics is impres-
sive (see, e.g., the list of references in [15]), many open problems remain
and, to the best of our knowledge, there exist no theoretical results con-
cerning the convergence of the fully discrete scheme associated with the
augmented Lagrangian approach we used in this paper. However, the
results in the literature strongly suggest that this method converges and
it is very accurate and reliable.

We conclude that the results presented in this paper represent a step
in the study of quasistatic contact problems between two deformable
bodies, which inherently are nonlinear, diverse, and rather complex, and
give rise to new and interesting mathematical models which need to be
solved in the future.
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