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Abstract. In this paper, we study a dynamic contact model with long memory which
allows both the convex potential and nonconvex superpotentials to depend on history-
dependent operators. The deformable body consists of a viscoelastic material with
long memory and the process is assumed to be dynamic. The contact involves a
nonmonotone Clarke subdifferential boundary condition and the friction is modeled
by a version of the Coulomb’s law of dry friction with the friction bound depending
on the total slip. We introduce and study a fully discrete scheme of the problem, and
derive error estimates for numerical solutions. Under appropriate solution regularity
assumptions, an optimal order error estimate is derived for the linear finite element
method. This theoretical result is illustrated numerically.
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1. Introduction

Variational inequalities and hemivariational inequalities play an important role in
the study of various nonlinear boundary value problems arising in Mechanics, Physics,
Engineering Sciences and so on. For some comprehensive references, the reader is re-
ferred to [2,9-11,13,14,17,19,22] for variational inequalities, and to [16,20,21,23,25]
for hemivariational inequalities. The analysis of variational inequalities is based on
monotonicity arguments and convexity theory while the analysis of hemivariational in-
equalities uses properties of the subdifferential in the sense of Clarke defined for locally
Lipschitz functions as main ingredient and allows nonconvex functionals in formula-
tions. Variational-hemivariational inequalities represent a special class of inequalities,
where both convex and nonconvex functions are present.
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This paper is devoted to the study on numerical approximation of a general evo-
lutional variational-hemivariational inequality involving history-dependent operators
which models a dynamic contact problem with long memory. The model we consider
here was first proposed in [12]. Existence and uniqueness result of the corresponding
variational-hemivariational inequality are shown in [12]. In this paper, we consider
numerical methods to solve the model in [12]. We derive optimal error estimates for
the scheme. Since history-dependent operators appear at several places and the contact
boundary conditions are of complex form, it is challenging to derive error estimates for
numerical solutions of the model.

We first recall the model studied in [12]. Assume a viscoelastic body occupies
a Lipschitz domain  in RY with d = 2,3. We use the notation = = (z;)_, for a
generic point in Q = Q U dQ and we denote by v = (1;)%_, the outward unit normal
on J9). We denote by u = (u;), 0 = (0y;) and e(u) = (g4;(u)) the displacement
vector, the stress tensor, and linearized strain tensor, respectively. Sometimes we do
not indicate explicitly the dependence of the variables on the spatial variable x. Recall
that the components of the linearized strain tensor e(u) are ¢;;(u) = (ui; + uj;)/2,
where u; ; = Ou;/0x;. The indices i, j, k,! run between 1 and d and, unless stated
otherwise, the summation convention over repeated indices is used. An index following
a comma indicates a partial derivative with respect to the corresponding component of
the spatial variable x. A superscript prime of a variable stands for the time derivative
of the variable. Moreover, we use the notation v, and v, for the normal and tangential
components of v on 92 given by v, = v-v and v, = v—uv,v. The normal and tangential
components of the stress field o on the boundary are defined by o, = (ov) - v and
o, = ov — o,v, respectively. The symbol S? represents the space of second order
symmetric tensors on R

The boundary 02 is partitioned into three disjoint measurable parts I'j, I's and I's
and the measure of I';, denoted m(I'y), is positive. The body is clamped on I';, so the
displacement field vanishes there. Time-dependent surface tractions of density f, act
on I'; and time-dependent volume forces of density f, act in Q. The part I's can be
empty. The body is in permanent contact on I'; with a device, say a piston. The contact
is modeled with a nonmonotone normal damped response condition associated with a
total slip-dependent version of Coulomb’s law of dry friction. We are interested in the
evolutionary process of the mechanical state of the body in the time interval (0, T") with
T > 0. The mathematical model of the contact problem is stated as follows.

Problem 1.1. Find a displacement field w : Q x (0,7) — R? and a stress field o :
Q x (0,T) — S? such that for all ¢ € (0,7),

o(t) = Ae(u/(t)) + Be(u(t)) + /OtC(t —s)e(u/(s))ds in Q, (1.1a)

pu” (t) = Dive (t) + f,(t) in Q, (1.1b)
(t)=0 on I'q, (1.10)
o(t)v = fy(t) on Iy, (1.1d)
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— 0, (t) € d(uy ()07, (ul,(t)) on I's, (1.1e)
o011 < B [ fur(s)l1s),

o, —Fb(/o HuT(s)Hd:;)HZZEgH it u(t) £ 0 on T, (1.16)
w(0) = up, u'(0)=wy in Q. (1.1g)

Eq. (1.1a) is the constitutive law for viscoelastic materials in which A represents
the viscosity operator, B represents the elasticity operator and C is the relaxation ten-
sor. Eq. (1.1Db) is the equation of motion in which p denotes the density of mass. For
simplicity, assume p is a constant which can be set to be 1 after scaling of the equa-
tion. We have the clamped boundary condition (1.1c) on I'y and the surface traction
boundary condition (1.1d) on I's.

Relation (1.1e) is the multivalued contact condition with normal damped response
in which 07, denotes the Clarke subdifferential of a given function j, and ¢ is a damper
coefficient. Condition (1.1f) represents a version of Coulomb’s law of dry friction in
which F, is a given positive function, the friction bound. Details on such a frictional
contact condition is found in [20] and some references therein. However, note that
in contrast to the conditions used in the literature, in (1.1e) the damper coefficient is
allowed to depend on the normal displacement w,, (¢). In (1.1f), the friction bound may
depend on the the total slip fot |lur(x, s)|| ds at the point € I's over the time period
[0, t].

The quasistatic contact model with constitutive law (1.1a) was considered in [6].
In [7], the finite element method is used to approximate the model in [6] and an
optimal order error estimate is derived. Recently, the number of publications on er-
ror estimate is growing rapidly. The reference [24] provides an error estimate for the
numerical solution of a quasistatic viscoelastic problem with long memory, the refer-
ence [3] studies a fully dynamic viscoelastic contact model where the friction law is
described by a nonmonotone relation between the tangential stress and the tangential
velocity. Numerical analysis of history-dependent quasivariational inequalities was pre-
sented in [18], where both the temporally semi-discrete and fully discrete scheme are
studied. More recently, a history-dependent hemivariational inequality with constraint
is considered in [26] and the corresponding Céa’s type inequality is derived for error
estimation. The reader is referred to [15] for a survey of recent results on the numerical
solution of hemivariational inequalities of various kinds.

The paper is organized as follows. In Section 2, we first present preliminary material
and list some assumptions on the data. And then, we formulate a dynamic history-
dependent variational-hemivariational inequality corresponding to the contact model.
In Section 3, we first introduce a discrete problem, present an existence and uniqueness
result for it, and then derive error bounds for the fully discrete solutions and give an
optimal order error estimate for finite element method. In the last section, we present
numerical results in simulations of a two-dimensional contact problem and provide
numerical evidence of optimal order convergence for the linear element solutions.
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2. Notation and assumptions

In this section, we recall notation, basic definitions and unique solvability result
of a dynamic history-dependent variational-hemivariational inequality. We start with
the definitions of Clarke directional derivative and Clarke subdifferential. Let X be a
Banach space, and X* its dual. Denote by (-, ) x+xx the duality pairing between X*
and X.

Definition 2.1. Let v : X — R be a locally Lipschitz function. The generalized directional
derivative, in the sense of Clarke, of ¢ at x € X in the direction v € X, denoted by
Y0 (z;v), is defined by

(2 0) = limsup LY FAY) =4 0)
’ y—x, A0 A

and the Clarke subdifferential of ¢ at x, denoted by 0v(x), is a subset of a dual space X*
given by
Op(x) ={¢ € X™ [ ¢°(z;0) 2 (( ) xayx, YW E X}

Definition 2.2. Let ¢ : X — RU{+o0} be a convex functional. The convex subdifferntial
of ¢ at x € X is a subset of X* given by

Oconvp(z) ={£ € X™ 1 p(x +v) —p(x) > (£, v)x*xx, Vv € X}.

We use the standard notation for Lebesgue and Sobolev spaces. For v € H'(Q;R?),
we use the same symbol v for the trace of v on 992 and we use the notation v, and
v, for its normal and tangential traces. In addition, we introduce spaces V' and @ as
follows:

V={v=(vy) e H(%LRY) |v=00nT4},
Q = L*(;87),
H = L*(Q;RY).

These are real Hilbert spaces with the canonical inner products in Q and H, and the
inner product

(u,v)y = (e(u),e(v))q

in V. The associated norms are | - ||y, || - || and || - ||z. By the Sobolev trace theorem,
[ollz2ryray < IVIlll0llv, Vo eV, 2.1

where ||| represents the norm of the trace operator v : V — L2(I'3; R9).

Note that V' ¢ H C V* form an evolution triple of function spaces. Given 0 < T' <
+00, we introduce spaces V = L?(0,T;V)and W = {w € V | w’ € V*}, where the time
derivative w’ = dw/0t is understood in the sense of vector-valued distributions. The
dual of V is V* = L%(0,T; V*). It is known that the space W endowed with the graph
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norm ||wljyy = ||wl]y + ||w’||y~ is a separable and reflexive Banach space. Identifying
H = L?(0,T; H) with its dual, we obtain the continuous embeddings W C V C H C
V*. The embedding W C C([0,T]; H) is continuous, C([0,7]; H) being the space of
continuous functions on [0, 7'] with values in H. The duality pairing between V* and V

1S
T
<’w,’v>v*><y = / <’w(t),’v(t)>v*><v dt, weV* wve.
0

Define a space of fourth order tensor fields,

Qo =1{& = (Eijw) | Eijii = Ejirr = Epiij € L=(N), 1 < 4,5, k, 1 < d}.

This is a real Banach space with the norm

I€lo.. = D> ikl

0<i,j,k,I<d

Now we introduce assumptions on the data in the study of Problem 1.1. For the

viscosity operator A : Q x S — S?, we assume

( (a) there exists L4 > 0 such that for all €1, &2 € S? and a.e. & € Q,
[A(x, e1) — A, €2)[| < Laller — e2f;
(b) there exists m_4 > 0 such that for all e1,e2 € S? and a.e. ¢ € Q,
(A(z,e1) — A, €2)) - (€1 — €2) > maller — e2f;
(¢) the mapping « — A(x, €) is measurable on 2, for all € € S¢;
[ (d) A(x,0) =0a.e. x €.

For the elasticity operator B : Q x S* — S¢, we assume

(a) there exists L > 0 such that for all e1,e2 € S? and a.e. & € €,
1B(x, e1) — B(x, e2)|| < Liller — e2f;
(b) the mapping x — B(zx, €) is measurable on , for all € € S%;
(c) B(x,0) =0a.e. x € Q.
For the relaxation operator C, we assume
CeC(0,7;Q)-
For the potential function j, : I's x R — R, we assume

(a) ju(+,7) is measurable on I's for all » € R and there
exists € € L?(T'3) such that j,(-,&(-)) € LY(T3);
(b) ju(x,-) is Lipschitz continuous on R for a.e. ¢ € T's;
(¢) |04, (x,7)| < ¢ for a.e. € I's, for all r € R with ¢y > 0;
(d) jp(m,r1579 —11) + jp(2,m25 71 — 12) < Blry — 72|
L for a.e. & € I's, all 7,7y € R with 3 > 0.

(2.2)

(2.3)

(2.4)

(2.5)
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For the damper coefficient ¢ : I's x R — R, we assume

(a) the mapping « — ¢(x,r) is measurable on I's, for any r € R;

(b) there are constants ¢1, ¢ such that 0 < @1 < ¢(x, 1) < ¢
for all » € R and a.e. € I's; (2.6)

(c) there exists Ly > 0 such that for all 1,72 € R and a.e. € I'3,
[¢(,71) — d(x,m2)| < Lo|r1 — 12|
For the friction bound Fy : T's x R — R, , we assume

(a) the mapping & — Fy(x,r) is measurable on I's, for any r € R;

(b) there exists Ly, > 0 such that for all 71,72 € R and a.e. € I's,
|Fy(x,7m1) — Fy(x,72)| < L, |1 — ral;

(c) the mapping x — F,(x,0) belongs to L(T'3).

2.7)

Finally, for the densities of body forces, surface tractions and the initial data, we assume
fo € L*(0,T; L3(; RY)), fo € L?(0,T; L*(I'y; RY)), ug, wo € V. (2.8)
Define a function f : (0,7') — V* by
(F(O), v)vexv = (Fot),v)m + (F2(t), V) r2ryray, v EV, ae te€(0,T7). (2.9

Through a standard derivation, we have the following variational formulation of Prob-
lem 1.1 (cf. [20]).

Problem 2.1. Find a displacement field u : (0,7") — V such that for a.e. t € (0,7),
(W"(t),v — ' () vexv + (Ae(u'()), e (v — w'(t)))q
+ (Be(u(t)),e(v — ))o + / C(t — s)e(u/(s))ds,e(v — u’(t)))

Q
[ n A HuT(s)Hds)(HvTH ~ 1) dr
[ o) 5800 — ) o
>(f(t), v —u'(t)vexv, VYveV, (2.10)
and
u(0) =ug,  u(0) = wy. (2.11)

The unique solvability of Problem 2.1 is provided in the following result ([12, The-
orem 13]).

Theorem 2.1. Assume (2.2)-(2.8). If
ma > Beall?, (2.12)

then Problem 2.1 has a unique solution with regularity u € V, u' € W.
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For the numerical approximation of the problem, it is convenient to reformulate
the dynamic history-dependent variational-hemivariational inequality in terms of the
velocity variable

w =1 (2.13)

By using the initial value condition (2.11), we can recover u from w as follows:

u(t) = ug + (Jw)(t), (2.14)

t
t)—/ w(s)ds. (2.15)
0

Then Problem 2.1 can be equivalently stated as follows.

where

Problem 2.2. Find a velocity field w € W such that for a.e. ¢ € (0,7,
(w'(t), v —w(t))v-xv + (Ae(w(t)), (v —

+ (Beluo + (T)(1), (v~ w(t))q + / C(t = s)e(w(s)) ds. (v~ w(®)
Lo o (Iw)(s»nds)(nmu ~ e (0)]) dr
| Qo+ (Tw)(t)y) y (w (£); v — (1)) dT
>(f(t), v —w(t))vexv, YveEV, (2.16)
and
w(0) = wo. 2.17)

3. A fully discrete scheme and error estimate

In this section, we introduce a fully discrete scheme for the variational-
hemivariational inequality formulated in Problem 2.2 and provide a result on error
estimate. First, we recall a discrete Gronwall inequality (cf. [14, Lemma 7.26]) that
will be used later in error analysis.

Lemma 3.1. Let T' > 0 be given. For a positive integer N, define k = T /N. Assume that
{gn}2_, and {e,}}_, are two sequences of nonnegative numbers satisfying

n
engégn+62kej, n=1,---,N,
j=1

for a positive constant ¢ independent of N or k. Then, there exists a positive constant c,
independent of N or k, such that

max e, < c max (gp.
1<n<N 1<n<N
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We will also make use of the modified Cauchy-Schwarz inequality with an arbitrary
e>0:

ab<ea®+cb?, a,beR, (3.1

where the constant ¢ > 0 depends on ¢; indeed, we may simply take ¢ = 1/(4¢).
Let V" be a finite dimensional subspace of V, where h > 0 denotes a spatial dis-
cretization parameter. In addition, we consider an equidistant time grid with abscissae

t, = nk, wheren =0,1,--- | N, N € N, and the constant step-size k = T'/N. For a time
continuous function g = ¢(t), we write g, = g(t,) forn =0,1,--- , N. For convenience,
we assume

fo € C(0, T L*(RY),  fy € C((0,T); L*(T2;RY)). (3.2)

Then f € C([0,T]; V*).
We use the left rectangle formula in each subinterval [t;, ;1] of [0,7] to approxi-
mate the history-dependent integral term in Problem 2.2:

tn n—1

Cltn — s)e(w(s))ds ~ kY Clty — tj)e(wy).

The initial values up and wg will be approximated by their V-orthogonal projections
into V": ul, wl € V" such that

(ug — ug, 'vh)v =0, Vol e VI, (3.3a)
('wg — wy, 'vh)y =0, Vol e V. (3.3b)

The integration operator I of (2.15) will be approximated by the discrete operator I*,
defined by the formula

n—1
(I*w),, = kaj (3.4)
=0

for a continuous function w on [0, 7], where w; = w(t;), and by the formula

n—1
k. hk hk
(IFw"*), = k) wj (3.5)
=0
for a discrete function
hk hk hk
w" = {wy”, - wy'}

Then the numerical scheme we consider is the following.
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Problem 3.1. Find a discrete velocity field w* = {wh* ... w%} such that for 1 <
n <N,
wit —wit, hk hk h hk
(o —wl) - (As(wl) sw! - whh))g
+ (Be(ul + (I*w"),,), e(v" — wh +k C(t (w"*), e(v" — w*
(Be(uf + (I"w"™),), e(v" QZ( (wlF), e )y

A Fb(kZHuoT + (1Fa) ) (o — s ) ar

[ oG, + (PRt ol ol — wlh) dr

F ’nl/7 12
3
>(fn, 0" —wiF)yay, Vot eVh (3.6)

and
'wgk’ = 'wg. 3.7)

In the rest of the paper, we use ¢ for a generic positive constant whose value may
change in various inequalities, but it is independent of h and k. Let us first show the
existence of a unique solution to Problem 3.1.

Theorem 3.1. Keep the assumptions of Theorem 2.1 and assume (3.2), Problem 3.1 has
a unique solution.

Proof. We rewrite Problem 3.1 as

hk

W, h hk hk h . hk
(S -, )H+<As<wn ) e@" — wih))g

. Fb(anuoT + (1F) ] ) ()~ o ) ar

$(ub, + (TFwh®Y, ) jO(whk ;o — whk )y ar

Ty n v n,v
>0, (v" — w), (3.8)
where
h wity h k, hk h
fa0") =2t 0") = (Be(uf + (™)), e(v")g
n—1
n kz (C(t” - tj)s(w?k)v E(Uh)>Q + <fn>'Uh>V*><V-

j=0

We conduct an induction argument. The initial value w}* is given by (3.7). Suppose

wpk ... Jw!* | are known. Let us show that (3.8) has a unique solution w*. For this
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purpose, introduce an operator A" : V* — (V")* by

h
w
<Ahwh,’vh>(vh)*><vh = (Ae(w"),e(v™)g + (?,vh>H, wh, v e v,

and consider the following variational-hemivariational inequality

(AP 0 = wlE) (e + / Fb(kz Juat + (120") 1) (102 = s ) ar
¢(u8,u + (Ikwhk)n l/) ]I/( Zk’”v,}j - whk )dr
I's
>, (v —wh®), vl e VI (3.9)

Under the assumptions (2.2)-(2.8) and (2.12), it follows from a well-posedness result
on elliptic variational-hemivariational inequalities (cf. [25, Theorem 84]) for K = V"
that there exists a unique solution w”* € V" of the Problem (3.9). O

For an error analysis of the numerical method, we will assume the smoothness
we HY (0, T; V)N H*0,T;V*), (3.10)

which implies that
we C([0,T]; V).

Moreover, the first term in (2.16) can be replaced by
(w'(t),v —w(t))n.

We first set ¢ = t,, and v = w"¥ in (2.16) and deduce that

(Ae(wy,), e(wn — 'wzk))Q

<(w!,, 'whk —wy)g + (Be(ug + (Iw)n),e(wflk —wy))Q
+( O " Cltn — 5)e(w(s)) ds, e(w"* — wn))Q

o i /0 " s+ (Fw)(s) 1 ds ) | -

¢(U0,u + (Iw)n,u)jg(wn,u; waCy - wn,z/) I’ — < ns kaJ - wn>V*><V- (3.11)

)dl

I's
By (2.2)(b), we have for any 'UZ cevh

mallwn —wiF|}

<(Ae(wy) — Ac(wh), e(w, — v))g + (Ae(w). e(vh —wn))g
T (Ae(w,),e(w, — wh))g + (Ae(wlb), e(wht —vh))g.  (3.12)
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From (3.6),

(Ae(w,,"), e(wy* — vp))q

1
<o (Wit ol — ) (Be(ug + (FFw™),), e(o] —wl))g

+k Z (Ctn — tp)e(w). (o] —wl))

. Fb(kznum (™)) (08 = e ) T

gb(ug,u + (Ikwhk)n,l’)jg(w'gfcy7 UZ,V - wﬁflj) dl' — <.fn7 ’UZ - wzk>V*XV' (3.13)
s

Denote the error

hk

e, =w, —w, .

By using (3.11) and (3.13) in (3.12), we obtain

Wy — Wp—
mallenl} <(Ae(w,) — Ae(wl), e(w, —vh))q + (w), — === wif —ol)

— % (en —en_1,€n)y + % (en —€p_1, Wy — ’UZ)H + Rn(vZ)
+ I + I + Is, (3.14)
where
= (Be(uo + (Iw)n) — Be(ug + (I*w"™),), e(w)’ —vlh)o
+ ( Ut” Ctn — 5)e(w(s)) ds — ki(l(tn — t)e(w"*), e(whh — vg))Q,
j=
I = . ¢(UO7V + (I'w)mu) jB(wnM WQFV — Wp,y) dl’
3
A Sug, + (I"w"™)n) o(wll;on, —wik)) dU
3
. P(uo,p + (I'w)n,u)jg(wn,u? UZW — wpy) dL,
3

n- i / " -+ (Fw)(5) ) (o — [l

n—1
[ Rk X g+ (14001 (ot = ol ) ar
3 =0
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and the residual term is defined as
Rn(vh) = ('wn, vl — wn)H + (Ae(w,), e(v! —w,))g
+ (Be(ug + (Tw)y,), (v —wy))o

+ </0tn C(tn — s)e(w(s)) ds,e(vy, — w”))Q

v Rl / " o+ (Fw)(5) 1 ds) 0t |~ ) T

¢(UO,V + (Iw)n,u) jz(/)(wn,w Uﬁ,y - wn,u) dr
I's

- <fn7v2_wn>V*XV- (315)

Lemma 3.2. Let w and w"* be solutions to Problems 2.2 and 3.1, respectively. We have
the following bound forn =1,--- | N:

n—1

|(Tw)o = (™)l < ekl oy +k Sy — w! |y (3.16)
j=0

Proof. From the definitions of (Iw),, and (I*w"*),, we have

tn n—1 n—1
0 1% J
j+1
/ ( w]) dSH —i—kZH'w] ;”‘“‘HV
1
/ | () aras], + kZ oo — w! v

i
L

M“”M

7=0
n—1 41 n—1 .
X [ @l dr Y eyl
j=0"1i j=0
i.e., (3.16) holds. O

The next lemma provides a result on the estimate for three history-dependent terms
in (3.14).

Lemma 3.3. Let w and w"* be solutions to Problems 2.2 and 3.1. Under the regularity
assumption C € H'(0,T; £L(S%)), we have the following inequality:

n—1
I+ I+ Iy cllwt® = ol v (Klwllm o vy + kY Jw; = iy + [luo = ufv)
j=0

+ BoalVIPllenlly + ¢ llwn — vkl o (ry ra) (3.17)
forallvh e Vi, n=1,--- N.
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Proof. First, we derive an upper bound on I;. The term containing the operator C
can be bounded as follows:

| /0 " et~ e(w()) ds - ka:éatn el
tn n—1
<| /0 Cltn — 5)e(w(s)) ds — ka;C(tn ~ t)e(uw,)|

S et~ et 15 cte— etutt|
j=0 =

n—1

<e(klwllm o) + kD llw; — wh ),
j=0

For the term containing operator 3, by using (2.3)(a), we obtain
(Be(uo + (Tw)a) — Be(ufy + (I"w'™*),))
<Lp(|luo — uglly + [[(Tw)n — (IFw™),lv).

Using (3.16) we conclude that there is a constant ¢ such that

n—1

1 < cljwl = bl (klwlm oy + kY lw; = wh v + Juo - ubllv).  (3.18)
j=0

Next, we bound I5. By (2.5) (), 79(=x, t,&;m) < ¢ |n|. Using the subadditivity of the
generalized directional derivative, (2.5)(d) and Cauchy-Schwarz inequality, it follows
that

. hk h . hk ., h hk
/F []S(wn,u; wn,l/ - vn,u) + ]B(wn,u; vn,l/ - wn,u)] dr
3

< [ Sl = )+ St — wlh)) T
I's

=+ /F [jg(wn,v§ W,y — Uﬁ,u) + jB(wZﬁ/; UZ,V - wn,tl)] dr’
3

) hk — h
<BIPlwn — wif I3 + 28 v/m(Ts) |l wn — vpll L2 (g ma) -

Moreover, using again the subadditivity of the generalized directional derivative, we
have

[ 0+ () Bty — ) v
I's

< [ 0+ (Tw)n) [Swnilly = o) + 3S(wni vl = wn,)] T,
I's
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Consequently, from (2.5) and (2.6) we have
I < | duoy + (Tw)n,) 5 (wn; whk, — vl ) dl
I's

h k,  hk hk ., h hk
+ - ¢(u0,u + (I w )71 V)jl/( n v vn,u - wn,u) dr
3

< [ [otuon + T0)s) = o+ (™)) Blwially = k)
3

 ouby, + (Fw™)ny) 0w wlh, = b)) + G0(whh ol — wlib)| dr
(TEw"), ) e = vl

+ GBI |lwn — wiF I} + 2 /m(Ts) |l wn — vpll 2 (rymay). (3.19)

Finally, we bound I3, which is expressed as

I = /FS[FI,( /Otn|ruo,7+<fw><s>f|ld8) Fb(’fZH%T + (It ]) |

<eoLi|yII* (o — ugllv + [[(Tw)n —

(ol ]~ o) dr
By (2.7),
tn
B[ s+ (o)l ds) - Fb(kZHuoT + (), ) |
0
tn
<e| [ o+ (1w ||ds—k2|ru07 + (PP, |
S6(1—44_[5)7
where
tn
14:‘/ luo.r + (Tw)(s Hdsfk:ZHuoT (I*w);,
n—1 —
I = k| Y lluos + (Fw); || — Sl + (e I
§=0 §=0
Write

tn
/ o, + (Tw ||ds—kZHu0T (I*w);

0
_ — tj1 .
= [HuO,THIw)(s)TII—IluO,T+(I w); ||| ds.
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Then,
noloeti
Iy < / lwo,r + (Tw)(s)r || — llwo,r + (IFw)jr || ds
=07t
noloeti
<> [ awie). - e
=07t
n—1 tit1 t
= / ’/ w’ (s) dstt
j=0"1 t
tn
< [l (o) s
0
Easily,
Z[H’U,OT u07\|+Hk‘Zw” k‘Zw }
Then,
n—1
Is < ¢ |luoy —ug || +ck ) wj, —wi.
j=0
Summarizing,
Bl<c | (it I ol - w
I's
and then,
n—1
Iy < ol = wllly (Kllwlm oz + 5wy = iy + o — uflv ). (3.20)
§=0
From (3.18)-(3.20), we have (3.17). This finishes the proof. O

Now, we are ready to bound the other terms on the right side of (3.14). First,

1
(en —en—1,€n)y = 2(Hen”H ”en—luil + |len — en—l”%{)
1
(HenHH len—1%)-

Thus,

1

1
—7(en—enen)y < = (llenllts = llenal)- 3.21)

2k
Let
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We note that
(En, wl —ol)vesy < | Enllv+llwh —ol|ly.

For any € > 0, by applying the modified Cauchy-Schwarz inequality (3.1), we obtain
that

(B, wi — i) vesy < | Enllv-(leally + [[wn —vilv)
<ellenll} + cllEnlli- + cllwn — v} (3.22)

Moreover, from (2.2)(a) and applying the modified Cauchy-Schwarz inequality (3.1)
again, we have

(As(wn) - Ae(wzk)v E(wn - ’UZ))Q
<Lallwn, — wl*|v|w, — vy

<e|lwn —wiF[[} + ¢ Jwn — v (3.23)

Then, by using inequalities (3.17), (3.21)-(3.23) on the right side of the inequality
(3.14) and taking ¢ > 0 sufficiently small, under assumption (2.12), we obtain the
following result

kleal¥ + lenllt — llea—1l#
<ck(||lwn = vpll} + llwn = O}l 2 0ymey + | Bnllf)
n—1

hk h hk h
+ cklfwh = vhlly (Kllwlm oz + kD oy = wh v + lluo - uf v )
=0

+ (en—enrwn—vl) +cklRa(wh)]

Since

lwi® = vl < 20wy = wallf + llwn = v3l5),

it follows that

kllenll? + llenllE — llen—1l%

h h
<ck ([wn = vpllyr + wn — V]l 2rgrey + [ Enllt)
n—1
30100012 2 hk)(2
+ kw0 ) + ck Z [w; — wi[li
=0

+ ckluo — wl||Z + ¢ (en —en_1, Wy — vg)H + k| Ry (v])]. (3.24)
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We replace n by [ in (3.24) and make a summation over [ from 1 to n,

n
EY Nl + leallz — lleoll?:
=1

n
h h h
<ck Y (i — o I} + llwr = v}l 2 gy + I+ + [ Ru])])

=1
n -1

+ k|| wl[3 oy + kYD lwi — wiF|F + clluo — uglfi
=1 j=0

n
—I-cz (el —e_1,w; —vf‘) .
H

=1
For the term E;, we have
]' tl "
El = — (t — tl_l)w (t) dt.

ti—1

It follows that
2 1 K 2 K " 2 k K " 2
1B < [ —ttd [ OR-a=3 [ Ol
-1

t1—1 ti—1

And then, we have

2 K (2
ve < §Hw 122 (0,7v+)-

RY B
=1

For the term )" | (e; — ¢;—1, w; — v}') ,;, according to [14], we have

n
§ : h
(el —€-1,W| — 'Ul)

H

=1

1
Sg(lleanq + [Jwn — vl|[%)
kn—l
+ ) (el + k2| (w; — v) = (wis — v lI7)

2
I=1
1 h

+ 5 (leollzr + lwr = v7[I7).

Finally, we obtain the following inequality.
By lledld + lleals
=1

n
h h h
<ck Z(le — oIV + [Ri(v])| + [|lw; — vy | 2(rs;Ra))
=1
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h h
+ CszWH%Il(o,T;v) +¢flug — ug |l + CkQHwH%J?(O,T;V*) + ckl|lwo — wi[F

n—1
+ cllwn — v F 4+ k™Y l(wr = vf) = (wip — o)

=1
n—1 l
+ clleollfy + ellwr — v} + ek > (lledly + kY fw; —wi*}).  (3.25)
=0 j=1

For the discrete displacement,
n—1
ult = uh +k:Z'wj,
§=0
we have

n
ik h
B llw — w3 <c(llwo — g3 + K [[wl 7 o 1))
=1

n -1

+ek > kY Jlwy — whFf. (3.26)
=1 0

Combining (3.25) and (3.26), we have

n n
hk
EY = w3 + k) llelld + lleall
=1 =1

n
<ck Y (lwr = o [} + | Ri(w)] + i — 0[] 2(rygay) + cklleol|F
=1

h h
k2] 2 0.y + el — w1l + R ]z o gy + cllewr — vh %

n—1
h — h h
+cllwn — | F 4+ k™Y [[(wr = ) = (wipn — o) [+ clleoll
=1

n—1 ! !
ek (lledl + kD lhwy = whbf + kD Iy — [} ).
1=0 j=1 j=1
Applying Gronwall lemma, we deduce that
N N
3, leals & 2 el + & 3 =
SCkQ(HwH%{Q(O,T;V*) + HwaHl(O,T;V))

2 hy2 2 >
- k E
+ellleollir + lluo — uolly + Klleolly) + ¢ max Fn,
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where

n

E, = inf {k D (llwr = o]} + [Ri(v])] + llwr = v}l 2 gy

v{lEVh =1
n—1
+ lwn = hllF + K ((wi = v)) = (wi = o) I
=1
+ o ol 3} (3.27)

Summarizing the above arguments, we have the following theorem.

Theorem 3.2. Let w and w"* be solutions to Problems 2.2 and 3.1, respectively. Assume
(2.2)-(2.8), (2.12) and (3.2). Then under the regularity assumptions in Lemma 3.3 and
(3.10), we have the following inequality

N N

hk |2 hk |2 hk |2

3, o — w3 oo — w4 k3 s = w1
n= n=

SCkQ(HwH%{Q(O,T;V*) + ”wH%ﬂ(O,T;V))

+ el([[wo — whl% + lluo — wllly + kllwo — wh[[) + ¢ max E,,  (3.28)
1<n<N
where

n

o= jof (k3" (lwr = oI} + R} + or = 0 2y mo)

’UZhGV}L =1
n—1
+[lwn —wh|[3 + K [l(wr = v]) = (wi — i) |1
=1

+ llwr = vl }.

Theorem 3.2 is valid for any finite dimensional subspace V" of V. We will apply
the finite element space. For simplicity, we assume that € is a polygonal or polyhedral
domain and let 7" be a regular family of finite element triangulations of () into triangles
or tetrahedrons. For an element T' € 7", denote by Py (T’; R?) the space of polynomials
of a total degree less than or equal to one in 7. Then we can use the linear element
space of piecewise continuous affine functions

Vh = {o" € C(Q;RY): v'|p € P(T;RY), VT € T, v =00n T} (3.29)

Corollary 3.1. Under the assumptions stated in Theorem 3.2. Assume ) is a polygonal or
polyhedral domain, and let {V"} be the family of linear element spaces defined by (3.29),
corresponding to a regular family of finite element triangulations of € into triangles or
tetrahedrons. Assume further that

w e C([0,T); H*(%RY),  w)

T

, € C([0,T]; H*(I'3;RY)).
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Then we have the following optimal order error estimate:

N
1r§r711a§XN w, — w3 + k Zl [wn — w3
-

N
+ B un — ulF|} < c(k? + h?). (3.30)

n=1

Proof. We apply the standard finite element interpolation error estimates ([1,5,8]).
Take U? € V" to be the finite element interpolation of w;. Then, we have

lw; — v} ||y < chllwi]| g2 (o.ra), 0<I<N. (3.31)
Notice that vlh interpolates v; on I's. We have the following error estimate [14]:
h
lw; — v, HL2(F3)d < Chz”leHQ(Fg;Rd)'

Moreover, note that (v — v?ﬂ) is the finite element interpolation of (w; — w;1), then

tiy1
[(w; — v}") = (w1 — vy ll5r < ch?(lwp — wip |7 < cth‘/ lw’ (£)][} dt,
17}

and then, we have

n—1
ENY Ml — o) = (wig = o) I
=1
<ch?|lwlfp o rmzomayy, 1 <n <N (3.32)

It remains to consider Rl(v?). Similar to [14, Section 8.1], it can be shown that under
the stated regularity assumptions, we have the equality (1.1b) in V*. Apply both sides
of (1.1b) to an arbitrary v € V, integrate over (2 and integrate by parts to get

(w'(t),v)vexy + /Qa(t) ce(v)de = (f(t),v)y=xv + / o(t)v-vda.

s

Thus, the term R;(v}') is simplified to

Ry(v}) :/r ow - (v} —w;)da+ g d(uo + (Tw)p) o (Wi vf', — wy,) dT
3 3

t
[ B[ o+ Tw)s)el ds) o | = ) ar.
I's 0

Therefore,
|Ri(v])] < ellof = will g2y (3.33)
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Finally, we have

max f|wn — oplli < eh®|[wll oy (3.34)

Combining (3.31)-(3.34) and (3.28), we obtain the optimal order error estimate
N N
max [lwp, — wiF|F + 5> [lwn, — wiF5 + 8 lun — ulF|} < (B + B2).
n=1

1<n<N
n=1

This concludes the proof of Corollary 3.1. O

Finally, we note that for the error in the displacement,
Uy, — ul® = (ug — ul*) + [(Iw)n — (IFw")y,, | .

So from Corollary 3.1 and Lemma 3.2, we have the next result.

Corollary 3.2. Keep the assumptions stated in Corollary 3.1. Then we have the optimal
order error estimate

hk
— < . .
 max. |l —u"||lv < c(k+h) (3.35)

4. Numerical example

In this section, some numerical results are presented to illustrate the behavior of the
solution of the history-dependent frictional contact problem Problem 1.1. Particular
attention is paid on the numerical convergence orders.

I 3 contact interface

I
X2
%> Q deformable body I I
X1

foundation

Figure 1: Reference configuration of the two-dimensional example.
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We consider the physical setting shown in Fig. 1. Here, the domain 2 = (0,3) x
(0,1.5), and its boundary is split into I'; = {0} x (0,1.5), I's = ((0,3) x {1.5}) U ({3} x
(0,1.5)), and I's = (0, 3) x {0}. The time interval of interest is [0, 7] with 7" = 1s. For
the force densities, we take f, = (0,0)N/m? in €, f5 = (0, —30)N/m on (0, 3) x {1.5}.
The compressible material response is governed by a linearly viscoelastic constitutive
law with history-dependent operator in which the viscosity tensor A and the elasticity
tensor B are given by

(AT)ag = p1(T11 + 722)00 + H2Tas, 1<a,8<2, VYres?
E Ex

B = 1) 1< <92 ¥ §2?

( 7')045 1+I€Taﬂ+(1—/{)(1—2%)(7—11+T22) aBs <a,p<2, TeSs?,

where 11 and uo are viscosity constants, F and « are Young’s modulus and Poisson’s
ratio of the material, and 6,4 denotes the Kronecker symbol. In the numerical example,
we take pp = 25, po = 50, E = 1000N/m, and x = 0.3. The relaxation tensor C(s) =
(0.5 + 5)3I, where I is the identity matrix.

We assume ¢(u,(t)) = 1. Let j, : R — R be defined by

0, if r<0,
1, i
gu(r) =3 ~3" +2r, if 0<r <1, 4.1)
1 .
r+ > if r>1.

The Clarke subdifferential of this function is given by

0, if <0,
) [0, 2], if r=0,
97, (r) = 4.2
v (r) 42, if0<r<l, (4.2)
1, if r>1.
For the friction law, we take
Fy(z) = (a—b)e”** +D. (4.3)
Then,
(b—a)e”®* —b, if u, <0,
—o, =< [(b—a)e ®* —b, (a—Dble* +1b], if u, =0, (4.4)
(a —b)e ** + b, if ul >0,
where

t
z:/ .| ds.
0

We use a Primal-Dual Active Set Strategy to solve the discrete problem. We can see
the details in paper [4].
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Figure 2: Deformed configuration and interface forces on I's at ¢t = 1s.
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Figure 3: Results with ¢ = 0.1 and b = 0.1 (left), and with a = 1 and b = 1 (right).

In Fig. 2, we plot the deformed configuration as well as the interface forces on I's
during the dynamic compression process at time ¢ = 1s. We plot the deformed meshes
and the interface forces on I's for coefficient « = 1 and b = 0.01. In Fig. 3 we plot the
deformed meshes and the interface forces on I' for two group of the same value of the
coefficients a = b = 0.1 and a = b = 1, respectively. In the case a = b = 0.1, we note
that the contact nodes are in slip contact since, there, the friction bound is low and,
therefore, is reached. In contrast, in the case a« = b = 1 the friction bound is higher
and, as a consequence, all the contact nodes are in stick status.

Table 1: H'-norm errors.

h+k 0.03125

0.0625

0.125

0.25

0.5

lu —u] | 0.8628 x 1072

0.2024 x 10~ T

0.4072 x 10~ T

0.8689 x 10~ 1

0.1600

0.3525
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0.3525

0.1600 [

0.0869 [

0.0407

0.0202

0.0086 ' '
0.0313 0.0625 0.125 0.25 0.5 1

Figure 4: H'-norm errors.

To examine the numerical convergence orders, we computed a sequence of numer-
ical solutions by using uniform discretizations of the problem domain according to the
spatial discretization parameter h and time step k. For instance, the deformed config-
uration and the interface forces plotted in Fig. 2 correspond to the choices h = 3/128
and k = 1/128. The numerical error |ju — u"*||y, is computed for several discretization
parameters of h and k. Here, the boundary I's of Q is divided into 3/h equal parts.
We start with h = 3/4 and & = 1/4, which are successively halved. The numerical
solution corresponding to h = 3/256 and k = 1/256 was taken as the “exact” solution,
used to compute the errors of the numerical solutions. The numerical results are pre-
sented in Table 1 and Fig. 4. Observe that the error ||u —u"* ||y, clearly displays a linear
convergence pattern; This matches well the theoretical prediction from (3.35).
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