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On the weak solvability and the optimal control
of a frictional contact problem with normal
compliance
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Abstract. In the present work we consider a frictional contact model
with normal compliance. Firstly, we discuss the weak solvability of the
model by means of two variational approaches. In a first approach the
weak solution is a solution of a quasivariational inequality. In a second
approach the weak solution is a solution of a mixed variational problem
with solution-dependent set of Lagrange multipliers. Nextly, the paper
focuses on the boundary optimal control of the model. Existence results,
an optimality condition and some convergence results are presented.

Keywords: contact model, friction, normal compliance, weak solutions,
optimal control, optimality condition, convergences.

1 Introduction
The present paper focuses on the weak solvability and the boundary optimal
control of the following contact model.

Problem 1. Find a displacement field u : 2 — R? and a stress field o : 2 — S3
such that

Dive + f, =0 in 2,
o =Fe(u) in (2,
u=0on I,
ov=7F, only,
—0, = pu(Uy — ga) on I3,
o=l < pr(uv — ga),
or=—pr(uy—ga) g I ur # 0} on s
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Notice that {2 is a bounded domain of R3 with smooth enough boundary,
partitioned in three measurable part I, I and I3; u, = u -V, u, = u — ULV,
o, = (ov) -v,o, =ov —o,v,” -” denotes the inner product of two vectors,
I - || denotes the Euclidean norm, v is the unit outward normal vector.

Problem 1 is a contact problem with the normal compliance condition, as-
sociated to the Coulomb’s law of dry friction. A normal compliance condition
was firstly proposed in [17]. Then, such a contact condition was used in many
models, see e.g. the papers [2,7-9, 20].

In the normal compliance contact condition

_UV:pu(uV_ga) on I3,

p, is a nonnegative prescribed function which vanishes for negative argument
and g, > 0 denotes the gap (the distance between the body and the obstacle on
the normal direction). When u,, < g, there is no contact and the normal pressure
vanishes. When there is contact then u, — g, is positive and represents a measure
of the interpenetration of the asperities. Then, the normal compliance condition
shows that the foundation exerts a pressure on the body which depends on the
penetration. For details on the physical significance of the model we refer to [22].

The rest of the paper has the following structure. Section 2 is devoted to
the weak solvability of the model by means of two variational approaches. In
Section 3 we discuss an optimal control problem which consists of leading the
stress tensor as close as possible to a given target, by acting with a control on a
part of the boundary.

There are several works concerning the optimal control of variational inequal-
ities, see for instance [3,4, 6,10, 15,16, 18, 23]. Nevertheless, only few works are
devoted to the optimal control of contact problems, see [1,5,14]. The present
paper adds a new contribution.

2 On the weak solvability of the model

In this section we shall indicate two variational approaches in the study of Prob-
lem 1. Let us make the following assumptions.

Assumption 1 F: 2xS? = S3, F(z,e) = (Fijr(x)ejr) for alle = (g;5) € S?,
ae x € 2. Fijr = Fjiw = Frij € L®(2), 1 < 4,5,k,1 < 3. There exists
mz > 0 such that F(x,7): 7 > mz|7|? for all T € S3, a.e. z in .

Assumption 2 f, € L*(2)3, f, € L*(I»)3.

Assumption 3 p. : I3 x R — Ry (e € {v,7}). There exists L, > 0 such that
|pe(x,71) — Pe(®,72)| < L |1 — ro| for all my, ro € R a.e. @ € I's. The mapping
x — pe(x,r) is measurable on I's, for any r € R and p.(x,r) =0 for all r <0,
a.e. x € I},

Assumption 4 g, € L*(I3), go(x) > 0, a.e. x € I5.
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Assumption 5 mz > (L, + L;).

Assumption 5 is a smallness assumption which was introduced mainly for mathe-
matical reasons. However, for some materials and frictional contact conditions
we have appropriate constants mx, L, and L, which fulfill Assumption 5. Notice
that ” : ” denotes the inner product of two tensors and co = ¢o(£2, Iy, I3)> 0 is
a "trace constant” such that:

lvll2(ryys < collvlly  forall weV, (1)

where
V={ve H(2)*|v=0ae on I}

In a first approach the weak solution is a solution of a quasivariational in-
equality having as unknown the displacement field.

Problem 2. Find a displacement field u € V' such that
(Au,v —u)y + j(u,v) — j(u,u) > (f,v—u)y foral veV. (2)
Herein,

AV =V (Au,v)y = (Fe(u),e(v)) 2,

j:VxV =R j(u,v):/

I3

pv(uu - ga)|vu‘ dF +/ pT(uV - ga)HvT” dF’

I3

(f,U)V:/QfO-Uda:+ fo-vdl (3)

I
We have the following existence and uniqueness result.
Theorem 1. Under Assumptions 1-5, Problem 2 has a unique weak solution.

For the proof we refer to Theorem 5.30 in [22].

The second approach is a mixed variational approach. The mixed variational
formulations are related to modern numerical techniques in order to approximate
the weak solutions of contact models. Referring to numerical techniques for ap-
proximating weak solutions of contact problems via saddle point technique, we
send the reader to, e.g., [19, 24, 25]. The functional frame is the following one.

V={veH'(N)?|v=0ae on I}
S ={wlnp|weV};
D=¢.

Notice that w|p, denotes the restriction of the trace of the element w € V' to
Iy. Thus, S € HY?(I';; R3) where H'/?(I'3;R?) is the space of the restrictions
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on Iy of traces on I' of functions of H!(£2)3. We use the Sobolev-Slobodeckii

norm
_ 2 1/2
<is=(/ /. 1660~ L s, 5,) "

Foreach ¢ €S, (, =¢-vand {, =¢ — (v a.e. on 5.
Let us consider f € V, see (3), and let us define two bilinear forms a(-,-) and
b(-,-) as follows:

a(,-): VxV =R, a(u,v)= / Fe(u(x)) : e(v(x)) dx;
2
b('v ) :VxD—=R b(’l),/,t) = <H,’U|['3>-
Also, we define a variable set A = A(yp),

A(p) ={p € D|(p,v|r)
< /[‘ (pl,(li,(Pl,(IB) - ga)|’UU(CL')| +p7.(33,(p1,(33) - ga)”vT(w)”)dF CAS V}

Notice that (-,-) denotes the duality pairing between D and S.
The second variational formulation of Problem 1 is the following one.

Problem 3. Find uw € V and A € A(u) C D such that

a(u,v) +b(v,\) = (f,v)y forall veV,
b(u, pu— A) <0 for all pu € A(u).

In this second approach, a weak solution is a pair consisting of the displacement
field and a Lagrange multiplier related to the friction force.

Theorem 2. Under Assumptions 1-4, Problem 3 has at least one solution.

The proof of Theorem 2, based on the abstract results we have got in [11],
can be found in the very recent paper [12].

Remark 1. Treating the model in the first approach we can prove the existence
and the uniqueness of the weak solution. But, the approximation of the weak
solution is based on a regularization/penalization technique. Treating the model
in the second approach we are led to a generalized saddle point problem. Recall
that, for weak formulations in Contact Mechanics via saddle point problems,
efficient algorithms can be written in order to approximate the weak solution
(see primal-dual active set strategies). But, there are a few open questions here:

— the study of the uniqueness of the weak solution of the mixed variational
formulation Problem 3;
— a priori error estimates; algorithms.



On a frictional contact problem with normal compliance 375

3 Boundary optimal control

Let us discuss in this section a boundary optimal control problem related to our
contact problem.
For a fixed function f, € L?(£2)3, we consider the following state problem.
(PS1) Let fy € L*(I3)3 (called control) be given. Find w € V such that

<va—uw+¢w40—ﬂwungéfaw-wuﬂ—u@DM: (4)

+ fo(x) - (v(x) —u(x))dl’ forall veV.
Iy

According to Theorem 1, for every control f, € L?(I%)3, the state problem
(PS1) has a unique solution w € V, u = u(f,). In addition, the following
estimation takes place:

1
lullv < mi}_(HfOHL?(Q)?' +coll fallLz(ry)ys)s

where mx is the constant in Assumption 1 and ¢y appears in (1).
Now, we would like to act a control on I such that the resulting stress o be
as close as possible to a given target

o4 = Fe(uq)

where ug is a given function.
Let Q. be the real Banach space

Qoo = {F = Fijut | Fijrr = Fjikt = Frrij € L>(02), 1 <14,5,k, 1 <3}

endowed with the norm || F||o = maxi<; j r1<3 || Fijrill o (2)- According to [22],
page 97,

||]:T||L2(Q)§X3 S 3 ||]:||00||T||L2(Q)‘2X3 for all 7 € LQ(Q)§X3.
Therefore,

lo = ol agypes <3 _max_ | Figull (o) llu — walv-
Thus, o and o4 will be close to one another if the difference between the functions
u and ug is small in the sense of V —norm.

To give an example of a target of interest, uy, we can consider ug = 0. In
this situation, by acting a control on I, the tension o is small in the sense of
L?— norm, even if the volume forces f,, does not vanish in (2.

Let «, 8 > 0 be two positive constants and let us define the following func-
tional

o B
L:LX(I0)° xV =R, L(fyu)= 5”“ — ually; + §Hfz||%2(r2)3'
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Furthermore, we denote

Vaa = {[u, f5] | [u, f5] € V x L*(I%), such that (4) is verified}.

(POC1) Find [u*, 3] € Vaq such that L(f5,u*) =  min {L(fg,u)}.
[uhfZ]EVad
A solution of (POC1) is called an optimal pair. The second component of the
optimal pair is called an optimal control.

Theorem 3. Problem (POC1) has at least one solution (u*, f3).

Let us fix p > 0 and f, € L?(2)3.

We introduce the following regularized state problem.

(PS2) Let f, € L?(I%)? (called regularized control) be given. Find uw € V
such that

(Au7v - u’)V +jp(u7v) - jp(uvu) > (.f07v - U)LZ(Q)3 (5)
+(fo,v —u) 21y for all v e V.

Herein, j, : V x V — R is defined as follows,
ol v) = [ pile (@) - gul@) (V0 @ - p)dl
I3
+ [ e @) - @) (Vo @IFF 7 - p)dl’ forall w v e V.
I3

where p?, e € {v, 7}, satisfies the following assumptions.

Assumption 6 p?: I's xR — R,. The mapping x — p2(x,r) is measurable on
I's for any r € R, and p(x,r) =0 for allT <0, a.e. x € I5.

Assumption 7 pf(z,-) € C1(R) a.e. on x € I's. There exists M, > 0 such that
|p2(x,7)| < M, for allr € R, a.e. x € I's. In addition |02 p8(x,r)| < L. for all
reR, a.e xe€lsy.

Assumption 8 There exists G, : Ry — Ry (e € {v, 7)} such that |pf(z,r) —
pe(®, )| < Ge(p) for allr € R, a.e. x € I3 and lim,_,o Ge(p) = 0.

Notice that the functional j,(-,-) has the following properties:

o forallu, v eV, j,(u,v) >0; j,(u,0y) =0;

o for all u € V, jy(u,-) : V — R is a convex and Gateaux differentiable
functional;

® Jp (M1, v2)=3p (M1, V1) 47 (M2, 01) =Jp (112, 02) < G(LotLa) M —nallv[v1—
'UQHV for all 71,M9,V1,V2 € V.

o for all u, v € V, there exists Vaj,(u,v) € V such that

lim Jp(u, v + hw) — j,(u,v)
h—0 h

= (Vajp(u,v),w)y forallweV.
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e w@u()
(Vaiptw)wly = [ e mla) —gule) EELE
(@0, () — go(x)) 2B Wr (@)

o [ pw ) (@) R B ar

The regularized state problem has a unique solution u” € V that depends
Lipschitz continuously on f. This is a straightforward consequence of an abstract
result in the theory of the quasivariational inequalities, see e.g. Theorem 3.7, in
[21].

For every f, € L?(I3)3, the problem (PS2) has a unique solution u € V,
u = u(f,). In addition,

1
ully < mff(”fo”m(n)a + coll F2llL2(ruys)-

There exists an unique z € V such that

(z,’u)vz/fo-vdx forallve V.
2

Furthermore, there exists an unique y(f5,) € V such that

(y(fa),v)v = fo-vdl forallveV.

I

Let uw € V be the unique solution of (PS2).
Let us define

Djp(u,u) ={C €V |jo(u,v) = jo(u,u) = ((,;v —u)y forallveV}
Therefore,

z+y(fy) — Au € 02j,(u, u).

Since j,(-,-) is convex and Gateaux differentiable in the second argument,
we can write

0a2jp(u,u) = {Vaj,(u,u)}.

Thus, we are led to the following operatorial equation
Au+ V2 jp(u,u) =z + y(f).
Let us define the admissible set,

Ve ={[u, o] | [u, fo] € V x L*(I%)?, such that (5) is verified}.

a

Using the functional L, we introduce the regularized optimal control problem,
(POC2) Find [, f,] € V?, such that L(f,,u) = }nin ) {L(fg,u)}.

U, J,1€Va,
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Theorem 4. The problem (POC2) has at least one solution (w, fy).

A solution of (POC2) is called a regularized optimal pair and the second
component f, is called a regularized optimal control.
The following result hold true.

Theorem 5. (An optimality condition) Any regularized optimal control f, ver-

ifies

where 7 is the trace operator and p(f,) is the unique solution of the variational
equation

O‘(’“’(f?) —Ug, W)y = (p(}'2),Aw + D%]P(u(}é)vu(}é))w)V Jor allw €'V,
u(f,) being the solution of (PS2) with fo = f.

Herein, for all v € V, writing u instead of u(f,),

(Dg]p(u’ U)’U7 w)V = r 8217/1; (iL’, uu(w) —Ya (33)) uV(Z):)(V:lE;)iup(j)

ol B ur(z) - we(x)v, ()
+ ) 82pT(sc, V(x) ga(w)) HUT(EB)Hz + p2

, o (g @ (@)
+/F3 (@, 0 (@) = 9a(@)) o e AT

Plx,u,(x) — T vT(;C)~’wT(a:)(||uT||2 +P2) — (ur - w,)(u, - v;)
+/F3PT( s U (T) = ga(T)) (s ()] + p2)3/2 dr’

The main tool in the proof of Theorem 5 is a Lions’s Theorem, which we
recall here for the convenience of the reader.

Theorem 6. Let B be a Banach space, X and Y two reflexive Banach spaces.
Let also be given two C* functions F: Bx X =Y, L: Bx X — R. We suppose
that, for all B € B,

i) There ezists a unique () such that F(B,u(B)) =0,

it) 0o F(B,u(B)) is an isomorphism from X onto Y.

Then, J(B) = L(B,u(B)) is differentiable and, for every ¢ € B,

dJ

@(5)( = OL(B,u(B))C — (p(B), 01 F (B, u(B)C)y v,

where p(B8) € Y' is the adjoint state, unique solution of

(07 (8,5(9))] p(8) = 2L(5,5(B)) in X"
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For the proof of Theorem 6 we refer to, e.g., [1].

Let us indicate in the last part of this section two convergence results. The
first one involves the unique solution of the regularized state problem (PS2) and
the unique solution of the state problem (PS1).

Theorem 7. Let p > 0, f, € L*(2)® and f, € L*(I3)3 be given. If u?, u €V
are the solutions of problems (PS2) and (PS1), respectively, then,

u’ s uinV as p— 0.

Next, we have a convergence result involving the solutions of the problems
(POC2) and (POC1).

Theorem 8. Let [a”, f,"] be a solution of the problem (POC2). Then, there
exists a solution of the problem (POC1), [u*, f3] , such that

a’ > u" inV asp—0,
Ffo" — fy in L*(Iv)? as p — 0.

Theorems 3-8 are new results; their proofs will be published in [13].
Let us mention here some open questions:
o .0 = fiin ()% as p = 0;
e an optimality condition for (PS1);
e to study the boundary optimal control of the model by means of the mixed
variational formulation.
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