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We consider the quasistatic Signorini’s contact problem with damage
for elastic-viscoplastic bodies. The mechanical damage of the material,
caused by excessive stress or strain, is described by a damage function
whose evolution is modeled by an inclusion of parabolic type. We pro-
vide a variational formulation for the mechanical problem and sketch a
proof of the existence of a unique weak solution of the model. We then in-
troduce and study a fully discrete scheme for the numerical solutions of
the problem. An optimal order error estimate is derived for the approx-
imate solutions under suitable solution regularity. Numerical examples
are presented to show the performance of the method.

1. Introduction

We consider a mathematical model for a quasistatic process of friction-
less contact between an elastic-viscoplastic body and an obstacle within
the framework of small deformation theory. The contact is modeled with
the classical Signorini’s conditions in a form with a gap function. The
effect of damage due to mechanical stress or strain is included in the
model. Such situations are common in many engineering applications
where the forces acting on the system vary periodically, leading to the
appearance and growth of microcracks which may deteriorate the mech-
anism of the system. Because of the importance of the safety issue of me-
chanical equipments, considerable effort has been devoted to modeling
and numerically simulating damage.

Early models for mechanical damage derived from thermomechan-
ical considerations appeared in [15, 16], where numerical simulations
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were included. One-dimensional damage problems have been studied
in [13, 14]. Recently, the existence of weak solutions of viscoelastic prob-
lems with friction and damage have been provided in [20, 27]. A qua-
sistatic frictionless contact problem for elastic-viscoplastic materials with
normal compliance and damage was studied in [4].

In the present paper, we consider a rate-type elastic-viscoplastic ma-
terial with constitutive relation

o=¢e(1) +G(o,e(n),p), (1.1)

where o represents the stress tensor field, u denotes the displacement
field, and &(u) is the linearized strain tensor field. Here, £ is a fourth-
order tensor, G is a nonlinear constitutive function, and f is the damage
field. The latter is related to the inelastic part of the stress and its values
are restricted to the interval [0,1]. When f =1, the material is undam-
aged, while the value f§ = 0 indicates the stage of complete damage, and
for 0 < f <1, there is partial damage. In (1.1) and everywhere in what fol-
lows, the dot above a variable represents the time derivative. Note that
for particular forms of the function G, the constitutive law (1.1) may de-
scribe a viscoelastic behavior.

Rate-type viscoplastic constitutive laws of the form (1.1) in which the
function G does not depend on f were considered by many authors, see
for instance, [8, 23] and the references therein. Frictionless contact prob-
lems for such kind of materials were studied in [10, 12, 22, 28]. A fric-
tionless contact problem for materials of the form (1.1) in which f is an
internal state variable whose evolution is described by an ordinary dif-
ferential equation has been recently considered in [11].

One of the traits of novelty of this paper consists in the fact that, fol-
lowing [15, 16], the evolution of the microscopic cracks responsible for
the damage is modeled by the following differential inclusion:

p-rxap+0px(P) > p(o,e(u),p). (1.2)

In (1.2) and below, x > 0 is a constant, O« denotes the subdifferential
of the indicator function ¢« of X, which represents the set of admissible
damage functions satisfying 0 < f <1, and ¢ is a given constitutive func-
tion which describes damage sources in the system. In [13, 14, 15, 16],
the damage was assumed irreversible and therefore the condition <0
was imposed. In this paper, we assume that the material may recover
from damage and cracks may close, and thus, we do not impose this
restriction. In [15, 16], the damage-source function was chosen to be un-
bounded when f — 0, a condition which is not allowed under our as-
sumptions on ¢. Therefore, we may consider the global solution, which
we establish below for our problem as local solution of a problem with
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the damage source used in [15, 16], valid as long as an inequality of the
form f > f, > 0 holds.

Our purpose of this paper is threefolds. First, we provide a variational
analysis of the mechanical problem and briefly show the existence of a
unique weak solution for the model. We then introduce a fully discrete
scheme and derive error estimates. Finally, we report some numerical re-
sults on the performance of the numerical method considered. Literature
on the study of variational inequalities is rather extensive, see, for exam-
ple, the monographs [1, 18, 24]. In particular, some results on numerical
analysis of variational inequalities we use here can be found in [19, 21].

The rest of the paper is organized as follows. In Section 2, we present
the mechanical problem and provide its variational analysis including
an existence and uniqueness result, Theorem 2.3. The proof of Theo-
rem 2.3 is based on classical results of elliptic and parabolic variational
inequalities and Banach fixed point theorem. In Section 3, we analyze a
fully discrete scheme for the problem. We use the finite-element method
to discretize the spatial domain and a backward Euler finite difference
to discretize the time derivative. We obtain an optimal order error es-
timate under appropriate regularity assumptions on the exact solution
and data. Finally, in Section 4, we give some numerical examples to show
the performance of the scheme.

2. Mechanical problem and variational formulation

The physical setting is as follows. A viscoplastic body occupies the do-
main Q C R (d =1,2,3 in applications) with outer Lipschitz surface T
that is divided into three disjoint measurable parts I'y, I';, and I'; such
that meas(I'y) > 0. Let [0,T] be the time interval of interest. The body
is clamped on I'y, a volume force of density fy acts in € and surface
tractions of density f, act on I';. The functions f; and f; can depend on
the time variable. The body may come in frictionless contact on I'; with
an obstacle, the so-called foundation. We assume that the foundation is
rigid and therefore we model the contact with the classical Signorini’s
conditions in a form with a gap function. Finally, we use (1.1) and (1.2)
to describe the viscoplastic behaviour of the material. Then, the classical
form of the mechanical problem is as follows.

Problem 2.1. Find a displacement field u: Q x [0,T] — R4, a stress field
0:Qx[0,T] — S;, and a damage field p: Q x [0,T] — R such that

o=¢e() +G(o,e(u),p) inQx(0,7T), (2.1)

B-xAP+0px(P)dP(0,e(u),p) inQx(0,T), (2.2)
Divo+f;=0 inQx(0,T), (2.3)



90 A contact problem in viscoplasticity with damage

u=0 onIyx(0,T), (24)
ov=£f, onl,x(0,T), (2.5)
u,<g, 0,50, o,(uy—g)=0, 0:=0 onI3x(0,T), (2.6)
0

a—ﬁ =0 onI'x(0,T), (2.7)
u(0)=uy, o0(0)=0p, PO)=pH inQ. (2.8)

Here, S; denotes the space of second-order symmetric tensors on R,
(2.3) represents the equilibrium equation in which Div o denotes the
divergence of the stress, while (2.4) and (2.5) are the displacement and
traction boundary conditions, respectively. In contact conditions (2.6),
we used u,, 0y, and o, to denote the normal displacement, the normal
stress, and the tangential stress, respectively, and g represents the initial
gap between the potential contact surface I's and the foundation, mea-
sured along the outward normal vector » to I'. The fourth relation in
(2.6) indicates that the friction force on the contact surface vanishes, that
is, the contact is frictionless. Equation (2.7) describes the homogeneous
Neumann boundary condition for the damage field which we use here
for simplicity, according to [20, 27]. Finally, in (2.8), ug, 0o, and fy are the
initial data for the displacement, stress, and damage field, respectively.

We introduce the notation to be used in the rest of the paper. Further
details can be found in [23, 24, 26]. In the sequel, “-” and | - | represent the
inner product and the Euclidean norm on both S, and R, respectively,
and we use the following spaces:

H=[*@Q)]%, Q={o=(0y)|0o;=0;cl*(Q)}, 29
H1=[H1(Q)]d, Q1={O'€Q|O','j,]'€H}.

Here and below, i,j =1,...,d, summation over repeated indices is im-
plied, and the index that follows a comma indicates a partial derivative
while H, Q, Hy, and Q; are real Hilbert spaces endowed with the inner
products given by

(wv)y = f u;v;dx, (()-,1-)Q = j 0ijTij dx,
Q Q

(u, V), = (u,v)y + (e(u),s(v))Q,

(0,7)0, = (0,T)g+ (Divo,DivT)y,

(2.10)
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respectively. Here € : H; — Q and Div: Q; — H are the deformation and
divergence operators

E(V) = (Ei]'(V)), 81']'(V) = %(Ul’/}' +U]'/i), Divo = (Gij,j)- (211)

The associated norms on the spaces H, Q, Hj, and Q; are denoted by
1] lo |- 1, and ||, respectively:

Since the boundary I' is Lipschitz continuous, the unit outward nor-
mal vector v is defined a.e. on I'. For v € Hy, we again write v for the
trace yv of v on I', and we denote by v, and v; the normal and tangential
components of v on the boundary given by v, =v-v and v, =v-o,».
For a regular (say C') tensor field o : Q — S, we define its normal and
tangential components by o, = (ov) - » and o, = 6v - 0, v and we recall
that the following Green’s formula holds:

(o,s(v))Q+(DiV0,v)H=f ov-vda, VYveH,;. (2.12)
r

Let V denote the closed subspace of H; defined by
V={veH;|v=0onTIy}. (2.13)

Since meas(I'1) > 0, Korn’s inequality holds that there exists Cx >0 de-
pending only on € and I'y such that

|E(V)|Q >Cklvly,, VYveV. (2.14)

A proof of Korn’s inequality may be found in [25, page 79]. On V, we
consider the inner product given by

(w,v)y = (e(u),e(v))Q, Yu,vevV, (2.15)

and let |- |y be the associated norm, that is, |v|y = |e(v)|p for ve V. It
follows that | - |, and | - |y are equivalent norms on V and therefore (V|-
|v) is a real Hilbert space.

Denote by U the convex subset of admissible displacements defined

by
U={veV]|v,<gonls}. (2.16)

If X; and X, are real Hilbert spaces, then X; x X, denotes the product
space which is endowed with the canonical inner product (:,-)x,xx,. Fi-
nally, if X is a real Hilbert space, we denote by |- |x the norm on X. For
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T > 0, we use the standard notation for L”(0,T;X) and Sobolev spaces

Wk?(0,T;X), keN,1<p < oo.
In the study of the mechanical Problem 2.1, we assume that the elas-
ticity tensor & = (&jjkn) : Q x Sg — Sy satisfies

Eijkn € L*(Q),
éo-T=0-¢1, VYo, TES, ae. inQ, (2.17)

éo-0> a|0'|2, Yo € S4, for some a > 0.

The viscoplastic function G : Q x Sz x Sg xR — S, satisfies

(a) There exists L > 0 such that

|G(x,01,€1,01) —G(x,02,&2,02)| <L(|o1 - 02| + |e1 - &2| + | B1 - B2|),
Vo1,00,€1,62€ 54, P, ER, ae xeQ,

(b) x— G(x,0,¢,p) is a Lebesgue measurable function on £,

Vo,e€S5,;, PeER,

(c) x+— G(x,0,0,0) € Q.
(2.18)

The damage source function ¢ : Q x S; x Sy x R — R satisfies

(a) There exists L > 0 such that

|p(x,01,1,1) - p(x,02,€2,2) | <L(|o1 - 02| + |e1 -~ £2| + [ B1 = B2,
Vo1,07,€1,62 € S4, ,61/,62 €eR, aexeQ,

(b) x+— ¢(x,0,¢€,p) is a Lebesgue measurable function on €,

Vo,e€S5,;, PeER,

(c) x+— $(x,0,0,0) € L*(Q).
(2.19)

The body forces and surface tractions have the regularity
foe W20, T;H), £, e W'? <O,T; [1? (rz)]d>. (2.20)

The gap function g is such that

g€el*(T3), g(x)>0, ae.xel;, (2.21)
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and the initial data satisfy

u eV, o0 €Q1,
(og,s(v—uo))Q > (£(0),v-uwg),, VYvel,
foe HY(Q), 0<B.<Pp<1, ae. inQ.

Here, f: [0,T] — V is the function defined by

(£(),v)y, = (fo(t),v) ; + (£2(1), V) (L2(T)]d” YweV,Vte]0,T].

Notice that conditions (2.20) imply
fe W(0,T;V).
Let a: HY(Q) x H'(Q) — R be the bilinear form
ay) x| Ve-Vydx, VoyeH'(@),
and let X denote the set of admissible damage functions

KX={¢eH(Q)|0<¢<1inQ}.

(2.22)
(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

By a standard procedure, we can derive the following variational for-

mulation of the mechanical Problem 2.1.

Problem 2.2. Find a displacement field u: [0,T] —V, a stress field o':

[0,T]—Q1, and a damage field f: [0,T] — H'(Q) such that

o(t)=&ée(u(t)) +G(o(t),e(u(®)),p)), ae te(0,T),
u(t) el, (o(t),e(v- u(t)))Q > (f(t),v—u(t)),
Yvel, Vtel0,T],
pt)ye K, aete(0,T),
(B(6),& = B(1) 2y + a(B(), &~ B(E))
> (¢p(o(t),(u(®)),p(1),$~BB) 12
V¢e X, ae te(0,T),
u(0)=uy, o(0)=0p, pO)=p inQ.

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)
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Concerning the well-posedness of Problem 2.2, we have the following
result.

THEOREM 2.3. Assume (2.17), (2.18), (2.19), (2.20), (2.21), (2.22), (2.23), and
(2.24). Then there exists a unique solution (u,o,p) of Problem 2.2 with the
regularity

ueW(0,T;V), oeW%(0,T;Qv),

peW'(0,T;L*(Q)) NL*(0,T; H(Q)). (234

Proof. The proof or Theorem 2.3 is based on fixed-point type arguments
similar to those used in [4] but with a different choice of the opera-
tors. Since the modifications are straightforward, we omit the details.
The main steps of the proof are stated as follows.

(i) For any 77 = (n',1?) € L>(0,T; Q x L*(Q)), let

z}l(t) = JZ n'(s)ds + 0o — E(uy). (2.35)

Then, z; € W'?(0,T;Q) and there exists a unique solution (uy, &) of the
problem

oy (t) = Ee(uy (1)) +2,(t), VEe[0,T], (2.36)

u(t)el, (o,(t),e(v- u(t)))Q > (f(t),v—u(t))y, (237)
Yvel, Vtel0,T],

u,(0) = uy, 0,(0) = oo. (2.38)

Moreover, the solution satisfies u,, € W'?(0,T; V) and o, € W'?(0,T; Q1).
(ii) For any 77 = (n',7%) € L*(0,T;Q x L?*(Q)), there exists a unique so-
lution B, of the problem

pyt)eKX, ae.te(0,T), (2.39)
<ﬁ’1(t)’§ - ﬁ(t))LZ(Q) + a(ﬁ’l(t)lé - ﬂﬂ(t)) 2 (ﬂz(t),é _ﬁfl(t))LZ(Q)/
Vée K, ae. te(0,T),

P (0) = Po. (2.41)

(2.40)

Moreover, the solution satisfies 8, € W'?(0,T;L*(Q)) N L*(0,T; H' (Q)).
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(iii) Consider the Banach space X = L?(0,T; Q x L*(Q)) with the norm
|-|x given by

T
k= | (17"l + PO 20)ds, Vn=m' ) eX, (242)

0 Q (Q)

and define the operator A : X — X by

An(t) = (G(oy (1), (uy(8)), Py (1)), ¢ (04 (), (uy (D), (1)), (2:43)

for any n € X, t € [0,T]. Then, the operator A has a unique fixed point
n*eX.

(iv) Let 7* = ("', 1*%) € X be the fixed point of A and denote u = u,,
o =0y, and f = f;-, where (u;,0,) is the solution of problem (2.36),
(2.37), and (2.38) for 7 = 5* and f; is the solution of problem (2.39),
(2.40), and (2.41) for = 57*. Then, (u, o, p) is the unique solution of Prob-
lem 2.2 which satisfies (2.34). O

We conclude by Theorem 2.3 that, under assumptions (2.17), (2.18),
(2.19), (2.20), (2.21), (2.22), (2.23), and (2.24), the mechanical problem
(2.1), (2.2), (2.3), (24), (2.5), (2.6), (2.7), and (2.8) has a unique weak
solution (u, o, ), with regularity (2.34).

3. Numerical approximation

We analyze in this section a fully discrete approximation scheme for
Problem 2.2. To this end, we suppose in the sequel that conditions (2.17),
(2.18), (2.19), (2.20), (2.21), (2.22), (2.23), and (2.24) hold. We consider
arbitrary finite-dimensional spaces V" ¢ V and Q" c Q, and let X" c X
be a nonempty, finite-dimensional closed convex set. Here h > 0 is a dis-
cretization parameter and we assume that £(V") ¢ Q". This assumption
is not a restriction for actual implementation of the method since, usu-
ally, V" and Q" are constructed to be finite-element spaces and V" con-
sists of continuous piecewise polynomials of a degree one higher than
that of Q". Finally, denote by U" c V" an approximation for the convex
set U for which we assume the following conformity condition:

u'cu. (3.1)

Let Don : Q—Q" be the orthogonal projection operator defined through
the relation

(P99 5= (09", YqeQ q"€Q". (32)
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The orthogonal projection operator is nonexpansive, that is,

|Pgrdlo <lalo, YqeQ. (3.3)

This property will be used on several occasions.

We use a uniform partition of time interval [0, T] with the step-size k =
T/N and thenodest,, = nk forn=0,1,...,N. The extension of the discus-
sion here to the case of nonuniform partition does not present any diffi-
culty. For a continuous function z(t), we use the notation z, = z(t,). For
a sequence {z, }f:]: o we denote 6z, = (z, — zy-1)/ k for the corresponding
divided difference. No summation is implied over the repeated index n.
In the rest of this section, ¢ will denote positive constants which are in-
dependent of the discretization parameters h and k.

Letu)! € U", ol € Q", and pl! € X" be chosen to approximate the initial
values ug, 0o, and fy. A fully discrete approximation scheme for Prob-
lem 2.2 is the following problem.

Problem 3.1. Find u" = {u*}¥ ‘cU", o™ = {o"*}I 'c Q" and p* =
{BIe}N € K" such that
hk _ h nk _ h hk _ gh
u, =u, 0, =0y, o =Pos (34)

and forn=1,2,...,N,
607% = Ponée(6ul) + PorG(a* e (ulk)), pi% ),
(onfe(vV' —uif)) o 2 (v -wk),, wheu”,
(6ﬂhk ¢ - ﬂzk>L2(Q) + a(.ﬁhk ¢ - ﬁﬁk)

2 (¢(0n 1,5(11 ) 16 ) éh ﬂzk>L2(Q)/ véh exh‘
(3.5)

By induction, we obtain that this problem is equivalent to
ok = 0'0 —Ponée (ug) +Ponée (uhk)
+kZ PorG (o, e(ur), B
(O'f’lk,e(v —uﬁk))Q > (fn,v —qu)V, wheu, (3.7)

(688" = B 12 + a (B " = )

2 (¢(0n 1'8(‘1 ) ﬁ 1) éh ﬁn )LZ(Q)’ Vghexh-
(3.8)

(3.6)
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For given a;’fl, e(u?fl), ﬂ?ﬁ/

(3.8) which has a unique solution by a classical result on elliptic varia-
tional inequalities. Combining (3.6) and (3.7), we have

1<j<n, we can first determine ﬂﬁk from

(Ee(ul),e(v" —uﬁk))Q > (£, v" —u¥), - (o8 - Ee(ul),e(v" —uﬁk))Q
n

- kz (G(o?fl,s(u?fl), ;11{1 e (v —ui’zk))gr
j=1

v e u”.
(3.9)

By using classical results on variational inequalities (see, for instance,
[17, Chapter IV]), we see that (3.9) has a unique solution u"* € U". To
solve variational inequality (3.9) for u* and variational inequality (3.8)
for p*, a penalty-duality algorithm can be used (see [2, 3]). Once u/*
is known, we can determine o/ from (3.6). So, an induction argument
shows that the fully discrete scheme has a unique solution. In the same
way, we obtain that variational inequality (3.8) has a unique solution
Ik € X". We summarize this result as follows.

THEOREM 3.2. Assume (2.17), (2.18), (2.19), (2.20), (2.21), (2.22), (2.23), and
(2.24). Then there exists a unique solution ( u'k ghk ﬁhk ) of Problem 3.1.

Now, we proceed to derive error estimates for the discrete solution.

Integrating (2.29) at time t = t,,, we obtain the following relations for the
solution of Problem 2.2 (n=1,...,N):

On = 00— & (up) + £&(uy) + ft" G(a(s),e(u(s)),p(s))ds,  (3.10)
0

(One(v-un))p > (fr,v-un),, YWEU, (3.11)
(ﬁnré_ﬁn)LZ(Q)"'a(ﬂnré_ﬂn) 2 (‘i’(o'n/e(un)rﬂn)ré_ﬂn)LZ(Q)r Ve K.
(3.12)

Subtracting (3.10) and (3.6), we find

o.—0* =0y —0'61 — (I-Pgr)ée(u, —ug) — Porée(ug —ug)

+Dgn+Pgrée (un—uﬁk) +kZ (I-Pg)G(0j-1,£(ujq),Bi-1)
=1

n

+kPg >, [G(0j-1,€(uj1),Bi-1) -G (oS, e (), B1%)],
=1
] (3.13)
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where
t, n
D¢ = J‘o G(o(s),e(u(s)),p(s))ds - kz G(oj-1,e(uj1),pi-1) (3.14)
=1

and I is the identity operator on Q. It can be verified that (cf. [5])
max [Dgu|q < ck(16]1=0,r;0) + [lL=@v) + Blr=oriz@))-  (3.15)

1<n<N

Denote

ek = |u,, —uﬁkﬁ, +|on - aﬁk|é +|Bn —ﬁﬁkﬁz(g), n=0,1,...,N. (3.16)
From (3.13), we obtain

|low _O'Zklg

Sc<|oo—ozz|g+|<I—ngh>ee<un—uo>|g+|uo—u3|v+|Dc,n|Q

+k D | (I=DPg)G(0j-1,€(uj-1),Bj1) o + [wn —wi|,

=1

n
+ Zl k[|u]~ _u?klv +|oj - O'?klg + B _ﬁ?leZ(Q)]>'

]:

(3.17)

where properties (2.17) and (2.18) have been used.
Taking now v = u/¥ in (3.11), we obtain
(on,e(uﬁk —un))Q > (fn,uﬁk —uy),. (3.18)

Rewriting (3.7) in the following form:

(o™, e(v, - uﬁk))Q > (f,,v" - uﬁk)v + (0", e(u, - Vh))Q, wheu",
(3.19)

and subtracting the above two variational inequalities, we get

(0, -0, e(uy —uﬁk))Q < (fpuy =", + (on, e(V" ~Un))p

+ (o"n’k - O'n,e(vh —un))Q, wh e u”.

(3.20)



J. R. Ferndndez and M. Sofonea 99
Since
(Dorée(u, —ul*), e(u, - uﬁk))Q
= (&e(un—w)), e(u - u)),
+((IJQh—I)c‘.s(un—u’n’k),s(un—uﬁk))Q (3.21)
= (&e(un—w) e(un—uy))
+((Pgr —T)ée(uy —up),e(u, —v")) o, WHeV?,
introducing (3.10) and (3.6) into (3.20), we obtain

hk hk
(Ee(un-wi*), e(un - ui¥))

< (fn,un—vh)v+ (O'n,€(vh _un))Q
(@00t (¥ ) + el w1,
—((I=Pgn)ée(un —uo),e(uy—wy*)) , = (00 - 05, (u, —w;¥))
—(DG,n—théS(UO—ug)ls(un_uzk))Q
+ kz (th [G(O‘j_1,£<uj—1>/ﬁj—l)

=1
‘G("?flfg(“?fl)'ﬁ?—kl)]'g(“"_uzk))Q

+kZ ((I—/JQh)G(0'7_1,6(u]~_1),[5]~_1),£(un —uﬁk))Q, \V'Vh € llh.
j=1

(3.22)

Thus, taking norms in the above inequality and using properties (2.17)
and (2.18), we obtain the following estimate:

Ju = w5,

§c<|un—vh|v+ |0'n—0'£’lk|Q|un—vh|V+ |un—uﬁk|v|un—vh|v

+1o0 =05 lun = |y + Dol g[un = wily

+ w0 —ug]y [un —uzfly

n
+ [kz <|u]- _“?k|v+|0i _07k|Q+|ﬂf_ﬂ]hk|L2(Q)>] |u, —up* v

=1
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+|(I-Dgr)e(un —u0)|Q|un—uﬁk|V

<kZ|(I DQ”>G(01 1/‘5(“] 1), Pi- 1)| >|“n klv>'

(3.23)

Then, applying the inequality

ab<6a® +Bb2 8,a,beR, 5>0 (3.24)

to (3.23), we obtain

= < (a9 + Gl = 0y + =¥y + oo - o

+ Dl + [wo w2+ | (I - D) e (un—uo) |2,

k2 St S (1 00) Gl ) ) ).
j= j=
(3.25)
where &y is a constant parameter assumed to be small enough.
Now using (3.8) and (3.12) with ¢ = ¥ and ¢" = ¢!, we have
(6(Bn =P P~ ﬂzk)LZ(Q)
+a(Bu =B, Bu = Pi) < (6Pn =P Pr = Pr) 120y
+(6(Pn - nk)'ﬁn =80 12~ (6B Pr =) 12y — @B P —&3)
+(p(one(n) Bu) Pu=n) 12y + A (B =B Pr = &)
+(p(on e(un), Bu) —P(ahk, e (i), Bk, ) &~ ﬁzk)m(g)'
(3.26)

Then, we bound the first term from below by

(0B 2 (180 = 1B B )
(3.27)
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Using this bound, replacing n by j, and making the summation over
j=1,2,...,n, after some algebraic manipulations, we obtain

n
|Bn - ZkliZ(Q) + kz |V (B _ﬁ?k> |%L2(Q)]d
i=1
2 2 2 2
SC{|u0_ug|V+|00_03|Q+|ﬁ0_ﬁg|L2(Q)+|ﬁ1_é?|L2(Q)
E hk |2 = hk |2 hk |2
+kZ|ﬁj‘ﬂj |L2(g)+kz<|“f‘“j |v+|"f“’j |Q>
=1 i=1
+k2|5ﬁ] ﬁ]|L2(9)+kZ|V(ﬁ] gh)| [L2(Q)]¢ (3.28)
j=1

+kZ|ﬂ] §h|L2(Q) |~ §n|L2(9)

=1
Z | (ﬁﬁl §]+1) (ﬁj - §;h> |?i2(g)

»IH

kZ; |p(cj,e(u;),Bj) - 6B; +xAp; |L2(Q) 18- g}’.’ |L2(Q> }
i=

We now combine estimates (3.17), (3.25), (3.28), and (3.15). Using in-
equality (3.24), after some calculus, we obtain

n
[un _uﬁkﬁl +|ow _O-Zk|2Q +|Bn _ﬂzkliZ(g) + kz |V (B _ﬁ;?k) |?L2(Q)]d
i=1

< C{ |uo _uglff +|o _061|2Q +|po _ﬁgliZ(Q) +|p _éillé(g)

+Zk2h1+|un h|%,+|un—vh|v+k2+k
+Zk2|(1 Poi)G(0j-1,€(uj-1), fj- 1)|Q+k2|6ﬂ] 16]|L2(£2)
j=1

+kZ|V(ﬂ] éh)l[LZ(Q)d+kZ|ﬁ] §h|L2(Q) |ﬁn gnlLZ(Q)

j=1
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E%I(ﬂm— 1) = (B =) | + | (T = Dor) e (wn ~wo)

k3 1(0,£(w).5) -8, + 585, 1 | —‘;ﬂm)}.
| (3.29)

We will now use the following Gronwall’s inequality (see [21]).

LemMA 3.3. Assume that {g, )N, and {e,} N, are two sequences of nonnega-
tive numbers satisfying

n-1

en<Cgn +ckZe,~. (3.30)
=1
Then
<
e S s 331

Applying Lemma 3.3 to inequality (3.29), we derive the following
result.

THEOREM 3.4. Assume that the hypothesis of Theorem 2.3 hold and let (u, o, )
and (uk, a"F, B"%) be the solutions of Problems 2.2 and 3.1, respectively. Then,
we have the following error estimate:

hk|V

maX{Iun—u +lon-0nk |G+ |Ba- Zk|i2(g)}

1<n<N
S Rk |2
+kZ|V(ﬁ1_ﬂj )|[L2(Q)]d
i=1
SC{60+|ﬂ1—élhliz@)+k2+1r<r;g>;vI(I-/?Qh)és(un—uo)lé (3.32)

N
+ 2 K| (1-Pg)G(oj1,e(ui), 1) g
i=1

+ max [ inf {|u,~v"|3 +|u, - V"], } +E, (én)]}

1<n<N Lyheyh
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forany ¢he X", n=0,1,...,N where

€0 = |u0—ug|%, +]o —0"0’|2Q +|Po _ﬂg|i2(g)f

En(8h) = |Bu =217

+ kZ |6ﬁj _ﬁjﬁZ(Q) + |V(pj _gji) |%L2(Q)]d + |ﬂ] _é]}'llim)
=1
=

&=

+
+

n-1

]; |(ﬁj+1 - é]hﬂ) - (ﬂ] - éf) |i2(g)
|

=1

kz $(oj,e(u;),p;) - 6B; +KAﬁj|L2(Q) 1B _éﬂLZ(Q)'
: (3.33)

Inequality (3.32) is the basis for deriving error estimates. For instance,
consider an approximation by using the finite-element method. We as-
sume the following solution regularity:

we W'=(0,T;v)nc([0,T]; [HA@)]"),

(3.34)
u, € L*(0,T; H*(T3)),
o, € L*(0,T;L*(T3)), (3.35)
.12 2 T2
ﬁec([o,f],H (Q))NH*(0,T;L*(Q)), (3.36)
peLl*(0,T;H(Q)).

For simplicity, suppose that Q is a polyhedral domain and let T be a
regular finite-element partition of the domain Q, compatible with the
boundary splitting I' = I'; UT, UT3. Let X! and X[ be the correspond-
ing finite-element spaces of continuous piecewise linear functions and
piecewise constants, respectively. Then, we define V" = [X'4nV, QF =
[X{)’]d“’l, and X" = X? N K. We use the same symbol IT" for either the
standard finite-element interpolation operator (see [6]) when the func-
tion to be interpolated is continuous, or the Clément’s interpolation op-
erator (see [7]) when the function to be interpolated is not continuous.
We choose the initial values for the fully discrete scheme to be

ug = T"uy, ag =IT"oy, ﬂg = Hhﬁo, (3.37)
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and moreover, we consider the following approximation for the convex
subset U":

U= {v"ev" ol <g"onTs}. (3.38)

Here, g" is the piecewise Lagrange interpolation function of the gap
function g, assumed to be concave in order to verify (3.1).

Then, using arguments similar to those in [20], we obtain the follow-
ing result.

THEOREM 3.5. Assume that the conditions stated in Theorem 2.3 hold and the
solution regularity (3.34), (3.35), and (3.36). Then, choosing the initial data for
the fully discrete scheme by (3.37), we have the following optimal order error
estimate:

max {|un —ul¥|, + |0'n—0Zk|Q+ |ﬂn—ﬂzk|Lz(Q)}

0<n<N
S wp 7 (339)
+[kZ|V(ﬂi_ﬂj )l[LZ(Q)]d SC(k+h>
j=1

Finally, we remark that error estimate (3.39) is only a sample result,
obtained under the above regularity conditions. If the regularity condi-
tions are different, the error estimate needs to be changed accordingly.

4. Numerical results

In order to verify the performance of the numerical method described in
Section 3, some numerical experiences have been done in test examples
including simulations in one and two dimensions. In this section, we
resume some of these numerical simulations.

4.1. A one-dimensional test example

We consider a viscoplastic rod Q = (0,L) clamped at its left end x =0
and submitted to the action of a body force of density fy(x,t) in the x-
direction (see Figure 4.1 ). A gap g exists between the right end x = L of
the rod and a rigid foundation. That is, we consider Problem 2.1 with the
data Q=(0,L), I'1 = {0}, I, =0, and I's = {L}. The viscoplastic constitu-
tive law (2.1) has the form

6 =Ee(u) +G(o,e(u),p), (4.1)



J. R. Fernandez and M. Sofonea 105

I

FIGURE 4.1. Contact problem between a bar and a rigid obstacle.

where E > 0 is the Young’s modulus of the material. We assume that the
function G is a version of the Perzyna’s law (see [9]), that is,

G(o,e(u),p) = —% (o - Prp)0), (4.2)

where A > 0 is a viscosity constant and Pg) is the projection operator
over the convex set R(f) defined as

R(B) = {T €R; || < po2 ). (4.3)

Here, oy is the uniaxial stress yield and f represents the damage func-
tion. Note that function (4.2) does not depend on the strain field and
satisfies condition (2.18) (see, e.g., [23, page 92]). When o € R(f), G(o,
e(u),P) =0 and therefore (4.1) implies that only elastic deformations oc-
cur in the rod. When o ¢ R(f), G(o,e(u), ) # 0 and therefore plastic de-
formations occur in the rod. Thus, the rod Q = (0,L) is divided at each
moment into two zones: the elastic zone (characterized by the condition
o € R(p)) and the plastic zone (characterized by the condition o & R(f)).
The boundaries of these zones are unknown a priori and depend on the
damage field B. From (4.3), it follows that the elastic zones decrease with
P since py < fr imply R(B1) C R(f2). This property models the effect of the
damage of the material. In particular, if f = 0, then R(f) = {0} and plastic
deformations occur for any stress o # 0.

We use in (2.2) the damage function

$(0,e(u),p) = -2¢(u) (4.4)

which satisfies condition (2.19).
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A complete description of this problem is the following.

Problem 4.1. Find a displacement field u : [0,L] x [0,T] — R, a stress field
0:[0,L] x[0,T] = R, and a damage field p: [0,L] x [0,T] — R such that

o= EE(il) - % (O'— PR(p)O'> in (O,L) X (O,T),
Divo+ fo=0 in (0,L) x(0,T),
p—kAp+0yx(p)>—2e(w) in (0,L)x(0,T),

u(0,t)=0 forte(0,T), (4.5)
o(L,t)<0, u(L,t)<g, o(Lt)(u(L,t)-g)=0 forte(0,T),

op _

a(L,t) =0 forte(0,T),

u(0)=ug, o0(0)=09, pPO)=py in(0,L).

For the numerical computation, the following data have been consid-
ered:

L=1m, T =1s, E=1N/m, A=100N-s/m,
oy =1N/m, fo(x,t) =tN/m, g=025m, (4.6)
up(x) =0m, 0o(x) =0N/m, Po(x) =1.

The fully discrete scheme introduced in Section 3 was implemented
by using continuous piecewise linear elements for the space V" and the
set A" and piecewise constant functions for the space Qh. We used the
discretization parameters h = k = 0.01.

Our numerical results are plotted in Figures 4.2, 4.3, and 4.4. In Fig-
ure 4.2, the displacement and stress fields at several times (t = 0.2,0.4,0.6,
0.8,1second) are shown. In Figure 4.3, the displacements and the stress
field at points x =0.25,0.5,1 are drawn through the time. Finally, the
damage function at times ¢ = 0.2,0.4,0.6,0.8,1 second as well as its evolu-
tion in time at points x = 0.25,0.5,1 are plotted in Figure 4.4.

4.2. A two-dimensional test problem

As a two-dimensional example of Problem 2.1, we consider the physical
situation described in Figure 4.5 during one second (i.e., T = 1second).
We assume the plane stress hypothesis and therefore €2 = (0,2) x (0,2) is
the cross section of a deformable three-dimensional body submitted to
the action of vertical body forces (assumed to be linearly increasing in
time). The body is clamped on I'; = (0,2) x {2} and it is in unilateral con-
tact with a rigid foundation on I's = [0.8,1.2] x {0}. Finally, we suppose
thatonI', =T — (I'1 UI'3), the body is traction free.



J. R. Fernandez and M. Sofonea
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(a) Displacement fields at several times.

o(x,t)

1
0 0102 03 04 05 06 07 08 09 1
X
— =02 - =08
--t=04 t=1
ox =06

(b) Stress fields at several times.

FIGURE 4.2. Problem 4.1: displacement and stress fields for different
time values.
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0.35

031

025} S .

Ul(x,t)

t

-0.4

0 01 02 03 04 05 06 07 08 09 1
t

— [0,0.01]
-- [0.5,0.51]
---[0.99,1]
(b) Evolution of the stress fields.

FIGURE 4.3. Problem 4.1: evolution in time of displacement and
stress fields for several points and elements.
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(a) Damage function at several times.
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(b) Evolution of the damage function.

FIGURE 4.4. Problem 4.1: damage function at different times and its
evolution in time for several points.
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FIGURE 4.5. Contact problem of a 2D viscoplastic body.

FIGURE 4.6. Deformed mesh at final time and initial boundary.

We use a constitutive law of the form (2.1). The plane stress hypothe-
sis allows us to define the elasticity tensor & by

Ex E
(ET)ap = 1—a (711 + T22) Bap + T3 Tabr 1<a, p<2, (4.7)
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2.550
2418
2.286
2.155
2.023
1.891
1.760
1.628
1.496
1.365
1.233
1.101
0.9696
0.8379
0.7062
0.5745
0.4428
0.3111
0.1794
4.7732E-02

(a)

0.4109
0.4107
0.4104
0.4101
0.4099
0.4096
0.4094
0.4091
0.4089
0.4086
0.4083
0.4081
0.4078
0.4076
0.4073
0.4071
0.4068
0.4065
0.4063
0.4060

(b)

FIGURE 4.7. Von Mises stress norm and damage field at final time in
the deformed configuration.

where E is the Young’s modulus and « the Poisson’s ratio of the material.
We take

G(o,e(u),p) = (f-1o, (4.8)
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which leads to the following model for the damage of the material: if f =
1 (undamaged material), the body is linearly elastic; if 0 < f <1 (partial
damaged material), the body has a Maxwellian viscoelastic behavior and
therefore irreversible strains occur. Here, the coefficient of relaxation r =
1 - f increases when f decreases. The maximum value r =1 is obtained
for p =0, that is, in the case of completely damaged material.

The damage function ¢ is defined as

¢(0,e(u),p) = —Hl)—olalm, (4.9)

where |-|,,, is the two-dimensional Von Mises norm for stress,
|T|‘2/M = 1'121 + 1'222 —T11T0 + 37'122, VT € 85,. (4.10)
The following data are used in the numerical test:

fo=(0,-10)N/m>,  £,=(0,0)0N/m?,  g=0m,
00=0N/m?  uwy=0m, fy=1sec’, (4.11)
E=1000N/m?,  x=0.3.

Again, we used continuous piecewise linear elements for the space V"
and the set X", and piecewise constant functions for the space Q". Also,
the value k = 0.01 for the time discretization parameter was considered.

The deformed mesh at final time and the initial boundary are shown
in Figure 4.6. The Von Mises stress norm in the deformed configuration
and the damage field at final time T = 1second are plotted in Figure 4.7
(left side and right side, respectively).
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