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Abstract. We consider a mathematical model for the process of a fric-
tionless contact between an elastic-viscoplastic body and a reactive foun-
dation. The material is elastic-viscoplastic with internal state variable
which may describe the damage of the system caused by plastic defor-
mations. We establish a variational formulation for the model and prove
the existence and uniqueness result of the weak solution. The proof is
based on arguments of nonlinear equations with monotone operators,
on parabolic type inequalities and fixed point.
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1. Introduction

In this paper we study a frictionless contact problem with normal damped
response for elastic-viscoplastic materials with a general constitutive law of
the form

o (t) :AE(il(t))+56(U(t))+/0 G(o(s)—Ae(u(s)), e(uls)), f(s)) ds, (1.1)

where u denotes the displacement field and o, e(u) represent the stress and
the linearized strain tensor, respectively. Here A and £ are nonlinear opera-
tors describing the purely viscous and the elastic properties of the material,
respectively, and G is a nonlinear constitutive function which describes the
viscoplastic behaviour of the material. We also consider that the function G
depends on the internal state variable 8 describing the damage of the mate-
rial caused by plastic deformations. In (1.1) and everywhere in this paper the
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dot above a variable represents derivative with respect to the time variable
t. It follows from (1.1) that, at each time moment ¢, the stress tensor o (t) is
split into two parts: o (t) = oV (t) + af(t), where oV (t) = Ae(u(t)) repre-
sents the purely viscous part of the stress whereas o t(t) satisfies a rate-type
elastic-viscoplastic relation with damage,

B (1) = Ee(u(t)) + / G(o™(s), e(u(s)), B(s))ds. (1.2)

When G = 0 the constitutive law (1.1) reduces to the Kelvin-Voigt viscoelastic
constitutive relation given by

o(t) = Ae(a(t)) + Ee(u(t)). (1.3)

Examples and mechanical interpretation of elastic-viscoplastic materials of
the form (1.2) in which the function G does not depend on the damage pa-
rameter 3 were considered by many authors, see for instance [3,14] and the
references therein. Contact problems for materials of the form (1.1), (1.2)
without damage parameter and (1.3) are the topic of numerous papers, e.g.
[6,11,12,15,19,20] and the recent references [1,13]. Contact problems for
elastic-viscoplastic materials of the form (1.2) are studied in [2, 5, 18, 20]. The
damage subject is extremely important in design engineering, since it directly
affects the useful life of the designed structure or component. There exists a
very large engineering literature on it. Models taking into account the influ-
ence of the internal damage of the material on the contact process have been
investigated mathematically. General models for damage were derived in [7, §]
from the virtual power principle. Mathematical analysis of one-dimensional
problems can be found in [9]. The damage function 3 is restricted to have
values between zero and one. When /8 = 1 there is no damage in the material,
when § = 0 the material is completely damaged, when 0 < g < 1 there is
partial damage and the system has a reduced load carrying capacity. Con-
tact problems with damage have been investigated in [10,16,17,18,20]. In
this paper the inclusion used for the evolution of the damage field is

B—kAB+0pk(B) > dlo — Ae(ir), e(u), B),

where K denotes the set of admissible damage functions defined by
K={¢cH'(Q)/0<¢<1 ae in Q},

k is a positive coefficient, Opg represents the subdifferential of the indicator
function of the set K and ¢ is a given constitutive function which describes
the sources of the damage in the system.

In the present paper we consider a mathematical model for the process
of a frictionless contact between an elastic-viscoplastic body and a reactive
foundation. The contact is modelled with the normal damped response condi-
tion, see, e.g., [15] . We derive the variational formulation and prove existence
and uniqueness of the weak solution of the model.

The paper is organized as follows. In section 2 we present the notation
and some preliminaries. In section 3 we present the mechanical problem, we
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list the assumptions on the data and give the variational formulation of the
problem. In section 4 we state our main existence and uniqueness result.
It is based on arguments of nonlinear equations with monotone operators,
parabolic type inequalities and fixed point.

2. Notation and preliminaries

In this section we present the notation we shall use and some preliminary
material. For further details, we refer the reader to [4]. We denote by Sy
the space of second order symmetric tensors on R? (d = 2,3), while ”.” and
| . | will represent the inner product and the Euclidean norm on Sy and R<.
Let Q C R? be a bounded domain with a Lipschitz boundary I' and let v
denote the unit outer normal on I'. Everywhere in the sequel the index 7
and j run from 1 to d, summation over repeated indices is implied and the
index that follows a comma represents the partial derivative with respect to
the corresponding component of the independent spatial variable. We use the
standard notation for Lebesgue and Sobolev spaces associated to 2 and I'
and introduce the spaces

H=L*Q)={u=(u)/ueL*Q)},
H={o=(0y) /oy =05 € L*(Q) },
Hy ={u=(u) /e(n) eH },

", ={oc €H / DivocH}.

Here € and Div are the deformation and divergence operators, respectively,
defined by

() = (ei5()),  <i5(0) = 3 (i + us0), Diver = (o).

The spaces H, H, Hy; and H; are real Hilbert spaces endowed with the canon-
ical inner products given by

(u,v)H:/uivi dx Vu,veH,
Q

(U,T)H:/Uz‘jﬂ'j dx VU,TGH,
Q
(wv)a, = (0,v)g + (e(u),e(v))n  Yu,ve H,

(oyT)3, = (0y7)y + (Div o, Div 7)g ¥V o, 7 € Hy.

The associated norms on the spaces H, H, H; and H; are denoted by
| . |a, |- %, |- |g, and | . |5, respectively. For every element v € Hy we
also use the notation v for the trace of v on I' and we denote by v, and v,
the normal and the tangential components of v on I' given by

Uy, = V.V, V; =V — U, . (2.1)
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We also denote by o, and o, the normal and the tangential traces of a
function o € H1, and we recall that when o is a regular function then

o, =(oVv)v, 0, =0V —o,U, (2.2)

and the following Green’s formula holds:

(,e(V))y + (Div o, v)g = / ov.v da Vv e H,. (2.3)
r
Let T' > 0. For every real Banach space X we use the notation C'(0,7"; X)
and C1(0,7T; X) for the space of continuous and continuously differentiable
functions from [0,7] to X, respectively; C'(0,T; X) is a real Banach space
with the norm

f YY) = f(t
| \C(O,T,X) tIEI%(E)I,)T(’]| (t) Ix

while C*(0,T; X) is a real Banach space with the norm
f )= f(t £(t) |x -
£ losoaron= max [ £(6) L + mas | £(0) |x

Finally, for ¥ € N and p € [1,o0], we use the standard notation for
the Lebesgue spaces LP(0,T; X) and for the Sobolev spaces W*P(0,T; X).
Moreover, if X; and X, are real Hilbert spaces then X; x X5 denotes the
product Hilbert space endowed with the canonical inner product (.,.)x, xx,-

3. Mechanical and variational formulations

The physical setting is the following. An elastic-viscoplastic body occupies
a bounded domain @ C R? (d = 2,3) with a Lipschitz surface I' that is
divided into three disjoint measurable parts I'y, I'y and I's such that meas
(T'1) > 0. Let T'> 0 and let [0, 7] be the time interval of interest. The body
is clamped on I'y x (0,7), and, therefore, the displacement field vanishes
there. Surface tractions of density f; act on I'y x (0,7) and a body force
of density fy is applied in ©Q x (0,7"). The body is in frictionless contact
with a reactive foundation over the potential contact surface I's x (0,T).
Moreover, the process is dynamic, and thus the inertial terms are included
in the equation of motion. Then, the classical formulation of the mechanical
contact problem of an elastic-viscoplastic material with damage is as follows.
Problem P. Find a displacement field u : Q x [0,T] — RY, a stress field
o:Qx1[0,T] = Sq and a damage field 5 : Q x [0,T] — R such that

o(t) = Ae(u(t)) + Ee(u(t))

+/0 G(o(s) — Ae(u(s)),e(u(s)),B(s))ds in Q2 x(0,7), (3.1)

B—kAB+0pk(B) > d(e— Ae(n),e(u),d) inQx(0,T), (3.2)
pu=Diveo+f inQx(0,T), (3.3)

u=0 onlx(0,T), (3.4)

ov =1, onTyx(0,7T), (3.5)
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op,=—alu, |, 6-=0 onT3x(0,7T), (3.6)
98 _ r T

e 0 onT x(0,7), (3.7)

u(0) = ug, u(0) = vo, B(0) = Bo in Q. (3.8)

Here (3.1) is the elastic-viscoplastic constitutive law with damage in-
troduced in section I. (3.2) represents the inclusion used for the evolution
of the damage field. (3.3) represents the equation of motion where p is the
mass density. (3.4)-(3.5) are the displacement-traction conditions. The first
equality in (3.6) represents the normal damped response condition (see [15])
while the second relation in (3.6) indicates that the contact is frictionless,
i.e., the tangential stress vanishes on the contact surface during the process.
(3.7) represents a homogeneous Neumann boundary condition where % is
the normal derivative of 5. In (3.8) ug is the initial displacement, v is the
initial velocity and (j is the initial material damage.

To simplify the notation, we do not indicate explicitely the dependence
of various functions on the variables x € QUT and ¢ € [0,7T]. To obtain a
variational formulation of the problem (3.1)-(3.8) we need additional nota-
tion.

Let V be the closed subspace of H; given by
V={veH; /v=0onT4}.
Then, the following Korn’s inequality holds:
| e(v) [z Cr | v |a, VvV EY,

where Cj, > 0 is a constant depending only on 2 and I';. On the space V we
consider the inner product given by

(0, v)v = (e(u),e(v))n (3.9)
and let | . |y be the associated norm. It follows from Korn’s inequality that
| . |, and | . |y are equivalent norms on V. Therefore (V.| . |v) is a real

Hilbert space. Moreover, by the Sobolev trace theorem there exists a positive
constant Cy which depends only on €2, I'; and I's such that

|V|L2(F3)d§ Cy ‘V ‘V VvelV. (310)

In the study of the mechanical problem (3.1)-(3.8) we assume that
The viscosity operator A : Q x S; — Sy satisfies

(a) There exists a constant L4 > 0 such that

| A(x,e1) — A(x,€2) |[< Ly | €1 — €2 | Ver,e2 €Sy, ae. x € Q.
(b) There exists m 4 > 0 such that

(.A(X,El) — A(X,Ez)).(&?l — 62) > ma | €1 — €9 |2 v&'l,é‘z S Sd,
a.e. x € Q.

(¢) x = A(x,¢e) is Lebesgue measurable on €.

(d) The mapping x — A(x,0) € H.

(3.11)
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The elasticity operator & : Q x Sy — Sy satisfies

(a) There exists a constant Lg > 0 such that
| E(x,e1) — E(x,€2) |< Lg | e1 —ea | Ver,ea € Sy, ae. x € Q.
(b) For any € € Sy, x — £(x, €) is Lebesgue measurable on €.
(¢) The mapping x — £(x,0) € H.
(3.12)
The visco-plasticity operator G : Q x Sy x Sg x R — Sy satisfies

(a) There exists a constant Lg > 0 such that

| G(x,01,€1,01) — G(x,02,€2,32) |
<Lg(lor—oa|+]er—ex |+ |B1—B2])

Voi,02,€1,62 € Sg and (1,82 € R, a.e. x € Q. (313)
(b) For any o,e € Sy and § € R, x — G(x,0,¢,3) is Lebesgue
measurable on 2.

(¢) The mapping x — G(x,0,0,0) € H.

The damage source function ¢ : 2 x S3 X Sg3 x R — R satisfies

(a) There exists a constant L, > 0 such that
| p(x,01,€1,581) — ¢(x,02,€2,52) |
SLy(lor—oaa|+]er—ex|+|B1—B2])
Voi,02,€1,62 € Sg and b1, 52 € R, a.e. x € Q.
(b) For any o,e € Sy and 8 € R, x — ¢(x,0,¢,0) is Lebesgue
measurable on 2.
(c¢) The mapping x — ¢(x,0,0,0) € H.

(3.14)
The mass density satisfies

p € L=(R), there exists p* > 0 such that p(x) > p* a.e. x € Q. (3.15)

The function « satisfies

a € L*®(Ts), a(z) > ax >0 ae. onIs. (3.16)
The body forces and surface tractions have the regularity
fo € L?(0,T; H), f, € L*(0,T; L*(I'y)%). (3.17)
Finally, we assume that the initial data satisfy
u€V,vge H, (e K. (3.18)
We define the bilinear form a : H'(Q) x H'(2) — R by
a(, @) = /4;/QV§.V<,0 dx. (3.19)

We will use a modified inner product on the Hilbert space H = L?(2)% given
by
((U,V))H = (puvv)H VU,V € H7

that is, it is weighted with p, and we let || . || be the associated norm, i.e.,

1
| v lg= (pv,v)} VveH.
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It follows from assumptions (3.15) that || . ||z and | . |z are equivalent
norms on H, and also the inclusion mapping of (V| . |v) into (H, || . ||z) is
continuous and dense. We denote by V' the dual space of V. Identifying H
with its own dual, we can write the Gelfand triple

VcHCV.

We use the notation (.,.)y . to represent the duality pairing between 1’8
and V and recall that

(Wv)y y =(u,v))g Yue HVveV.

Assumptions (3.17) allow us, for a.e. t € (0,T), to define f(t) € V' by

(), V) v = /Qfo(t).v der/F fo(t).vda Yvevy, (3.20)

2
and note that
feL?0,T;V). (3.21)
Finally, we consider the functional j : V x V' — R defined by

jlu,v) :/ a|uy, | vy, ds. (3.22)
I's

Using standard arguments we obtain the following variational formulation of
the mechanical problem (3.1)—(3.8).

Problem PV. Find a displacement field u : [0,T] — V, a stress field
o :[0,T] = H and a damage field 3 :[0,T] — H* () such that

o(t) = Ae(u(t)) + Ee(u(t))
—|—/O G(o(s) — Ae(u(s)),e(u(s)), B(s))ds a.e.t€(0,T), (3.23)

(ﬁ(t)»v)v’xv +(a(t),e(v))n +j(u(t),v)
=f(t),v)yryy VWweV aete(0,T), (3.24)

B(t) € K, (B(t),§ — B(t)) L2y + a(B(t),§ — B(1))
> (¢(a(t) — Ae(u(t)), e(u(t)), 8(t)), € — B(t)) L2(a)
V¢Ee K, ae.te(0,T), (3.25)

u(0) =up, u(0) =vo, 5(0) = Bo. (3.26)

4. An existence and uniqueness result

Our main existence and uniqueness result is the following.
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Theorem 4.1 (Main Theorem). Assume (3.11)—(3.18). Then there exists a
constant g > 0 which depends only on 2, 'y, I's and A such that if |
a |pe(ry) < o, then problem PV has a unique solution {u,o, [} with the
reqularity

ue H(0,T;V)nCY(0,T; H), we L*0,T;V), (4.1)
o€ L*0,T;H), Dive € L*(0,T; V'), (4.2)
B € Wh2(0,T; L*(Q)) N L*(0,T; H*(Q)). (4.3)

We conclude that under the assumptions (3.11)-(3.18) the mechanical
problem (3.1)-(3.8) has a unique weak solution with the regularity (4.1)-(4.3),
provided « is sufficiently small. The proof of this theorem will be carried
out in several steps. It is based on arguments of nonlinear equations with
monotone operators, a classical existence and uniqueness result on parabolic
inequalities ([20]) and a fixed point.

In the first step we let n € L%(0,T; V/) be given, then there exists a
constant ag which depends only on €, I't, T's and A such that if | o | (ry)
< o, there exists a unique solution u, of the following intermediate problem.

Problem PV,,. Find a displacement field u,, : [0,T] — V such that

(0, (8), V) yr sy + (Ae(uy (1)), €(v)a + (0, (1), v) + (0(1), V) v
=(f(t),v)y'yy VWEVaete(0,T), (4.4)
117](0) = Up, un(O) = Vp.
In the study of the problem PV;, we have the following result.

Lemma 4.2. There exists a unique solution to problem PV, satisfying the
regularity expressed in (4.1).

Proof. We use an abstract existence and uniqueness result which may be
found in [20, p.48] and proceed like in [20, p.105] with another choice of the
operator. O

In the second step we let § € L2(0,T; L*(2)) be given and consider the
following variational problem for the damage field.

Problem PVy. Find a damage field By : [0, T] — H*(Q) such that
Bo(t) € K, (By(t), & — Bo(t))L2(0) + alBe(t), € — Bo(t))
> (9(15),5 — ﬂg(t))Lz(Q) VEe K ae. t e (O,T) R (46)
85(0) = Bo. (@)

In the study of the problem PVjy we have the following result.
Lemma 4.3. Problem PVy has a unique solution By satisfying
By € H'(0,T; L*(Q)) N L*(0,T; H*(Q)). (4.8)

Proof. We use a classical existence and uniqueness result on parabolic in-
equalities (see, e.g., [20,p.47]). O
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In the third step we use the displacement field u, obtained in Lemma
4.2 and Sy obtained in lemma 4.3 to construct the following Cauchy problem
for the stress field.

Problem PVyg. Find a stress field o9 : [0,T] — H such that

o olt) = Eclu, (¢ /g o vo(5), £(wy (), Bo(s))ds Vi€ [0,T]. (4.9)

In the study of problem PV, we have the following result.
Lemma 4.4. There exists a unique solution of problem PVye and it satis-
fies o € W2(0,T,H). Moreover, if o;, u; and [3; represent the solutions
of problem PV,.o,, PV, and PV,, respectively, for (n;,0;) € L*(0,T; V' x
L3()), i = 1,2, then there exists C > 0 such that

[ o1 (t) = o2(t) [5,< C(lwi(t) —ua(t) &

/|u1 —uy(s) |3 ds+/ | B1(s 2(s) [72(q) ds) VE€[0,T). (4.10)
Proof. Let Ayg : L?(0,T,H) — L?(0,T,H) be the operator given by
Apoo (t) = Ee(uy,(t / G(o u,(s)), Bo(s))ds, (4.11)

for all ¢ € L?(0,T,H) and t € [0,T)]. For 01,02 € L*(0,T,H) we use (4.11)
and (3.13) to obtain for all ¢ € [0, 7]

t
| Angori(t) = Apeoa(t) [ < Lg/ | o1(5) = 02(s) | ds.
0

It follows from this inequality that for p large enough, a power Aze of the
operator A,y is a contraction on the Banach space L?(0,T; H) and, therefore,
there exists a unique element o,y € L?(0,T;H) such that Apoone = 0.
Moreover, o, is the unique solution of problem PV, and, using (4.9), the
regularity of u,, the regularity of 8s and the properties of the operators &
and G, it follows that o, € W2(0,T,H).

Consider now (n,,61), (ny,02) € L*(0,T; V" x L*()) and, for i = 1,2,
denote u,, = u;,0,,0, = 0; and By, = B;. We have

oi(t) = Ee(u,(t / G(oi(s),e(u;(s)),B:(s)) ds Vte[0,T],
and, using the properties (3.12) and (3.13) of £ and G, we find

[ o1 (t) = aa(t) [7< C(lwi(t) — ua(t) |5 +/0 | ui(s) —uz(s) [ ds

/\al ~oa(s) 3 ds+ /\ﬂl 2(5) 22y ds) V€ [0,T].
(4.12)

Using now a Gronwall argument in the previous inequality we deduce
(4.10), which concludes the proof of Lemma 4.4. O
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Finally, as a consequence of these results and using the properties of the
operator G, the operator £ and the function ¢, for ¢t € [0, 7], we consider the
element

A(n,0)(t) = (A (. 0)(), A% (. 0)(D) € V' x L2(Q),  (4.13)
defined by the equalities

(A (m,0)(1), V)yr oy = (Ee(uy(t)),e(v))y
=+ (/0 g(U ng(s),6(117,(8))7ﬁ9(8))d876(v>)y Vv e ‘/a (414)

A2(1,0)(t) = d(oya(t), e(uy(t)), Bo(h))- (4.15)

Here, for every (n,6) € L*(0,T; V' x L*(Q)), u,, Bp and o, repre-

sent the displacement field, the damage field and the stress field obtained in
lemmas 4.2, 4.3 and 4.4 respectively. We have the following result.

Lemma 4.5. The operator A has a unique fived point (n*,0*) € L*(0,T; V' x
L?(Q)) such that A(n*,0*) = (n*,0%).

Proof. Let now (1,,601), (19,02) € L2(0,T; V" x L2(Q)). We use the notation
u,, = W;, W, =V, =V;,0,0, =00, =0 fori=1,2. Using (3.9), (3.12)
and (3.13), we have

[ AN (0,01) (1) = A (12,602)(2) [
<| Ee(ui(t)) — Ee(uz(t)) I3,

4 / | G(ora(s), e(us(5)), Bu(s)) — Glera(s). e(ua(s)), Ba(s)) 3 ds
< O ui(t) - ua(t) [2 +/0 | o1(s) — a(s) |2, ds

+ / i (s) — a(s) 2 ds + / | B1(5) = Ba(5) [Py ds5).  (4.16)
We use (4.10) to obtain
AN (0.00) (1) — A (m3.02) (1) [

¢
< C(lw(t) —ua(t) [ +/ | ui(s) —uz(s) [} ds
0
¢
+/O | Bi(s) = Ba(s) [12(q) ds)- (4.17)
By a similar argument, from (4.15), (4.10) and (3.14) it follows that

| A%(11,01)(t) = A% (112,02) (t) 720
<C(lor(t) —oa(t) [F + | wi(t) —az(t) [ + | Bi(t) = Ba(t) [F2(0)

< C(lu(t) —ua(t) +/0 | ui(s) —uz(s) [} ds

+ 1 Bu(t) = B2(t) 172q) +/0 | B1(s) = Ba(5) [12(q) ds)- (4.18)
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Therefore,

| A(m1,00)(t) = A112,02)(t) [0 12y < Clwi(t) — ua(t) [§

n / | us(s) — wa(s) 2 dst | Bu(t) — Ba(t)) 22
/ | Bu(s) = Ba(5) 22 ds). (4.19)

Moreover, from (4.4) we obtain that
(Vl — \"2,V1 — Vg)lev + (.AE(Vl) — A&(Vg), E(Vl — Vg))H

+j(vi,vi—v2)—j(ve,vi—V2)+ (N =My, Vi—V2)y/y =0 ae. te (0,7).

We integrate this equality with respect to time, we use the initial conditions
v1(0) = v2(0) = v, condition (3.10), (3.11) and (3.22) to find

t
(ma — C2 | & |~ r)) / [ va(s) — vals) 2 ds
0

<- / (11(5) — 15(5),V1() — Va(8))y v ds,

for all ¢ € [0, T]. Then, using the inequality 2ab < % + vb? we obtain

¢ t
/ | va(s) = va(s) |2 ds < c/ | m1(5) —ma(s) 20 ds Wt € [0,T]. (4.20)
0 0
On the other hand, from (4.6) we have

(B1 — B, B1 — B2) 120y + a(Br — Bz, b1 — Bo)
< (01 — 05,51 — ﬁQ)LQ(Q) a.e. t € (O,T).

Integrating the previous inequality on [0,¢], after some manipulations we
obtain

31510 = Balt) [y = € [ < 01(6) = (). Br () = Balo) 1o .

which implies that

| BuB)—Balt) oo /|0 9 22, )ds+/ | Bu(5)—Bals) oy ds.

(4.21)
Applying Gronwall’s inequality to the previous inequality, we find

t
| Bu(t) — Balt) ooy < © / 16,(5) = 0,(5) By ds.  (4.22)

Since u;(0) = uz(0) = ug, we have

[ (£) — ws(@)] < 0/0 [ vi(s) — va(s) |2 ds.
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we consider the previous inequality and (4.19) to obtain

| A(m1,601)(t) — A(n2,02)(t) |%/’><L2(Q)§ C(/Ol | vi(s) —va(s) |%/ ds

1 Ba(t) - Bo(t) ooy + / | B1(s) = Bas) oy d)-

It follows now from the previous inequality, the estimates (4.20) and (4.22)
that

| A(m1,00)(t) — A(ny,02)(t) ‘%/’xLz(Q)

<c / (1 60)(5) = (1 82)(5) g .
Reiterating this inequality m times leads to
| Am(’hﬁl) - Am(n2702) |2L2(0,T;V’ x L2(2))

Cme
=l | (nla 91) (nQa 02) |iz(0,T;V/ xL2(Q))

Thus, for m sufficiently large, A™ is a contraction on the Banach space
L2(0,T; V' x L%(Q)), and so A has a unique fixed point. O

Now, we have all the ingredients to prove Theorem 4.1.
Proof. Let (n*,0%) € L2(0,T; V' xL%(2)) be the fixed point of A defined by
(4.13)-(4.15) and denote
u= un*aﬁ = /89*7
o = Ae() + 0,9~ (4.24)

We prove that the triplet (u,o,3) satisfies (3.23)-(3.26) and (4.1)-(4.3). In-
deed, we write (4.9) for n = n*, § = 0* and use (4.23)-(4.24) to obtain that
(3.23) is satisfied. Then we use (4.4) for n = n* and use the first equality in
(4.23) to find

((t), v)yr sy + (Ae(u(t)),e(v))a + (0" (1), V) v
+j(ut),v)=E@1),v)y wy VYVWwveV aete(0,T). (4.25)

Equalities A*(n*,0%) = n* and A?(n*,0*) = 0* combined with (4.14), (4.15),
(4.23) and (4.24) show that

(" (1) )y «v = (Ee(ul(t)),e(v))y

/ G(o () — Ac(ia(s)), e(u(s)), B(s))ds, e(v))w Vv € V. (4.26)
oo (t) — Ae(u(t)), e(u(t)), (1)

We now substitute (4.26) in (4.25) and use (3.
(3.24). We write (4.6) for 0 = 6* and use (4.2
(3.25). Next, (3.26) and the regularity (4.1)

(4.27)

)-

23) to see that (u, o,0) satisfies
7) to find that (u,o,83) satisfies
and (4.3) follow from Lemmas
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4.2 and 4.3. The regularity o € L?(0,T;H) follows from Lemmas 4.2, 4.4,
assumption (3.11) and (4.24). Finally (3.24) implies that

pu(t) = Div a(t) + fo(t) in V' ae. te (0,T),

and therefore by (3.15) and (3.17) we obtain that Div o € L2(0,T;V"). We
deduce that the regularity (4.2) holds which concludes the existence part of
Theorem 4.1. The uniqueness part of Theorem 4.1 is a consequence of the
uniqueness of the fixed point of the operator A defined by (4.13)-(4.15) and
the unique solvability of the problems PV, PVy and PV,y. (]
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