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Abstract. We consider a mathematical model which describes a frictional contact between an elastic
body and a foundation. We prove the existence of a unique weak solution to the problem. Then, we
study the continuous dependence of the solution with respect to the data. Finally, we address an optimal
control problem for which we prove the existence of at least one solution.

Keywords: weak solution, Coulomb’s friction, continuous dependence, lower semicontinuity, optimal
control.

Citation: A.Benraouda, Optimal Control for an Elastic Frictional Contact Problem, J.
Sib. Fed. Univ. Math. Phys., 2024, 17(2), 151-161. EDN: AAVCFR.

Introduction

Contact problems abound in industry and everyday life. For this reason, the modelling,
numerical analysis and computer simulations of such problems has been extensively studied in
engineering and mathematical literature. See for instance [6,9,12-14].

Variational inequalities are a powerful mathematical tool to represent various nonlinear
boundary value problems and mathematical models arising in Contact Mechanics. Their theory
was developed based on arguments of monotonicity and convexity, including properties of the
subdifferential of a convex function. References in the field are [1,3,4,7,8,10], for instance.

The optimal control theory in the study of mathematical models of contact is quite limited.
The difficulties are generated by the strong nonlinearities which arise in the boundary condi-
tions included in such models, also by some features like non-convexity and non-differentiability.
Results on optimal control for various contact problems could be found in [2,5,11,16].

In this paper, we consider a mathematical model which describes the contact between an
elastic body and a foundation. We assume that the foundation is made of a rigid-plastic material
of yield limit £. The body is acted upon by body forces of density ¢, and by tractions of density
(5, which act on a part of its boundary. The variational formulation of the model is in a form
of an elliptic variational inequality in which the unknown is the displacement field and the data
are the densities of applied forces (¢, ¢5), the yield limit £ and the friction bound Fj.

The paper is structured as follows. In Section 1 we introduce some notation and preliminaries.
In Section 2 we state the contact model, then we list the assumptions on the data and derive
its variational formulation. Also, we state and prove the unique weak solvability of the problem,
Theorem 2.1. Section 3 is dedicated to a convergence result, Theorem 3.1, which establishes the
continuous dependence of the solution with respect to the densities of applied forces, the yield
limit of the foundation and the friction bound. In Section 4 we state an optimal control problem
and we prove its solvability, Theorem 4.2.
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1. Preliminaries

In this section, we introduce the notation and some preliminaries materials we shall use. We
use the notation R for the set of non-negative real numbers, S¢ for the space of second order
symmetric tensors on R? (d = 1,2,3) and the zero element of the spaces R? and S¢ will be
denoted by 0. The inner products and the corresponding norms on these spaces are defined by

UV =uv; ||v||:(v~v)% Vau,v € RY

o-T =0yTij ||T||=(T-T)% Vo, eS?
where the indices ¢ and j run between 1 and d and, unless stated otherwise, the summation
convention over repeated indices is adopted.

Let Q C R? be a bounded domain with a smooth boundary dQ = I' and let I';, I'; and I's
be a partition of I' into three measurable disjoints parts such that meas(I'y) > 0. We use the
notation & = (z;) for the generic point in QUTI" and note that, in order to simplify the notation,
we usually do not indicate explicitly the dependence of various functions on the spatial variable x.
Moreover, an index that follows a comma represents the partial derivative with respect to the
corresponding component of the spatial variable . Also, we denote by v = (v;) the outward
unit normal at I'.

Everywhere in this paper, we use the standard notation for Sobolev and Lebesgue spaces of
real-valued functions defined on 2 and I'. In particular, we use the spaces

H = L*(Q)? Hy,= L*(Ty)¢, L*(T3)¢, L*(T)¢ and H'(Q)?,

endowed with their canonical inner products and associated norms. Moreover, we recall that for
a function v € H(Q)? we still write v for the trace yv € L?(T')? of v on the boundary T'. Let

V={veHQ)?: v=0 ae. on I},
Q={0o=(0i): 0ij =05 € L*(Q),1<4,j <d},

which are real Hilbert spaces endowed with the canonical inner products given by

o = [ etw e(wds,  (@.r)o= [ ordn

The associated norms on these spaces are denoted by | - ||y and || - ||g, respectively. Here and
below, € and Div will represent the deformation and the divergence operators, respectively, i.e.,

e(u) = (g45(u)), ei(v) = %(Um‘ +uji), Dive = (0i),

where the quantity e(u) represents the linearised strain tensor associated with the displace-
ment u.

Let 0y, denote the zero element of Hy and Oy the zero element of V. For any element v € V
we denote by v, and v, its normal and tangential components on I' given by v, = v - v and
v; = v — v,v. Moreover, for a regular function o : Q — S¢ we denote by ¢, and o, its normal
and tangential components on I', that is 0, = (ov) - v and o, = ov — o,v and, we recall that
the following Green’s formula holds:

/a'-e(v)dx—i-/Diva-vd;v:/au-vda Ve HY(Q)L (1.1)

Q Q r

Also, recall that there exists a positive constant ¢, depending on 2 and I'y, such that
||’U||L2(F)d < ctr||v||v VYoveV. (1.2)

Inequality (1.2) represents a consequence of the Sobolev trace theorem.

We end this section with the following result.
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Theorem 1.1. Let X be a real Hilbert space and assume that K is a nonempty closed convex
subset of X, A: X — X is a strongly monotone Lipschitz continuous operator and j : X — R is
a convex lower semicontinuous function. Then, for each f € X there exists a unique solution to
the variational inequality

ue K, (Au,v—u)x +jv)—ju) = (f,v—u)x VveK. (1.3)

Theorem 1.1 will be used in Section 2 to prove the unique weak solvability of our mathematical
model of contact. Its proof could be found in [14].

2. Problem statement and variational formulation

The physical setting of the problem is the following. We consider a body made of an elastic
material which occupies a bounded domain Q C R? with a smooth boundary 9Q = I, divided
into three measurable disjoint parts I'y, I's and I's such that meas (I'y) > 0. The body is fixed
on I'y, it is acted by given body forces of density ¢,. Also, we assume that surface tractions of
density 5 act on I'y, and the body is in contact with an obstacle on I's.

The classical formulation of the contact problem is as follows.

Problem P. Find a displacement field w : Q — R? and a stress field o : Q — S* such that

o =CEe(u) in Q, (2.1)

Dive + ¢, =0 in  Q (2.2)

u=0 on Iy, (2.3)

oV =, on T, (2.4)
0 if u,<0

—-£<0,<0, —0,= on I'g, (2.5)
& if u, >0

lo.|| < Fy, —0,=F ﬁ if w,#£0 on T (2.6)

We now provide a description of the equations and boundary conditions in Problem P. First,
equation (2.1) represents the elastic constitutive law of the material. We assume that the non-
linear elasticity operator £ satisfies the following conditions

(a) £:Q xS — s,
(b) There exists Lg > 0 such that
1E(z,e1) — E(x, €2)]| < Leller — 2|
Ve, eo € Sd, a.e. x € (.
(c) There exists mg > 0 such that
(E(x,e1) — E(m,€2)) - (61 — €2) = Mg |le1 — 2|
Ve, ep €89, ae. x €.
(d) The mapping & — £(x, €) is measurable on €2,
for any € € S%.
(e) The mapping x — £(x,0) belongs to Q.

(2.7)

Concrete examples of operators £ which satisfy condition (2.7) can be found, for example,
in [14,17].
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Equation (2.2) is the equation of equilibrium. Conditions (2.3), (2.4) represent the displace-
ment and traction boundary conditions, respectively. We assume that the densities of body forces
and tractions are such that

%o € H7 (28)
Yy € Hs. (29)

Next, (2.5) represent the contact condition in which o, denotes the normal stress and wu,, is
the normal displacement. Moreover, the function £ satisfies

£ L*T3), &x)=0 ae xcls. (2.10)

We now provide some comments on this condition. It is described by the multivalued relation
between the normal displacement and the opposite of the normal stress. This condition was
already used in [15], where a detailed description was provided, together with some mechanical
interpretation. It models the contact with a foundation made of a rigid-plastic material. Indeed,
this condition shows that the foundation behaves like a rigid body as far as the inequality |o,| < &
holds, where the function £ could be interpreted as the yield limit of the the foundation. It could
allow penetration only when the equality |o,| = £ holds. In this case, the yield limit £ is reached
and the foundation offers no additional resistance to penetration.

Finally, (2.6) represents the contact with Coulomb’s friction law where F}, is a given friction
bound. We assume that

Fy e L*(I'3), Fy(x)>0 ae xcTls. (2.11)

In this section, we derive the variational formulation of Problem P and, to this end, we
assume in what follows that (u,o) are sufficiently regular functions which satisfy (2.1)—(2.6).
Let v € V. We use Green’s formula (1.1), then we split the surface integral over 'y, T’y and I's
and use equalities (2.2), (2.4) to obtain that

~('u—u)da+/ ov - (v—u)da.

(0,6(v) — £())@ = (90,0 — W) + (93,0 — W), + / ov [

'
Moreover, using this equality
ov-(v—u)=o0,(v, —u,)+0o, (v, —u;) ae on T,
and the condition (2.3), we obtain that
(0, 6(0) — e(W))g = (90,0 — Wit + (2,0 — Wity +
+/ o, (v, —uy,)da +/ o, (v, —u;)da. (2.12)
s T's

We use standard arguments and the hypothesis (2.10) to see that the contact condition (2.5)
implies that

/ oy(vy, —uy)da > E(uf —v)) da, (2.13)
F3 FB

where 7t denotes the positive part of r, i.e., 7T = max{r,0}. In addition, it is easy to see that
the condition (2.6) yields

/ UT(vT—uT)da>/ Fy(llus] — o) da. (2.14)
I's s
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Next, we combine (2.12)—(2.14), then we use the constitutive law (2.1) to see that

(Ee(u),e(v) —e(u))q + g E(vy — Uf)dcﬂ-/r Fy([lor || = llur|) da >
= (LPOaU*u)H+(<P27v7u)H2' (215)

Now, we introduce the operator A : V — V and the function j : V' — R defined by

(Au,v)y = / Ee(u) -e(v)de Yu,vev, (2.16)
Q
j(v)=[| ¢&vfda +/ Fyllvs]|da VYwveV. (2.17)
I's Iy

Using these definitions and inequality (2.15), we find the following variational formulation of
Problem P.

Problem Py. Find a displacement field w € V' such that

(Au,v —u)y +j(v) — j(u) >
2 ((PO,’U*’U,)H+(L,02,’U*'U,)H2 Vo eV (218)

We have the following existence and uniqueness result.
Theorem 2.1. Assume that (2.7)—(2.11) hold. Then, Problem Py has a unique solution u € V.

Proof. We apply Theorem 1.1 with K = X = V. To this end, we use the definition (2.16) and
assumption (2.7)(c) to see that

(Au — Av,u —v)y > mg ||u— |3 Vu,veV. (2.19)
On the other hand, using assumption (2.7)(b), we obtain that
|[Au — Av|ly < Lg ||lu — v||v Vu,vel. (2.20)

We conclude from (2.19) and (2.20) that A is a strongly monotone Lipschitz continuous operator
on the space V.

Moreover, using (2.10)—(2.11) and (1.2), we see that the functional j defined by (2.17) is a
seminorm on V' and, in addition, it satisfies

7) < ez ws) + 1 Fbll2@)llvllvy - Vo eV

It follows that j is a continuous seminorm and, therefore, it is a convex and lower semicontinuous
function on V. Finally, using the Riesz representation theorem, we define f € V as follows

(fav)V = (900,’0)]—[ + (LPQaU)Hg YvelV.

Theorem 2.1 now is a direct consequence of Theorem 1.1. U

3. A continuous dependence result

In this section, we study the dependence of the solution u of Problem Py with respect to
the data g, ¢s, £ and F,. To this end, we assume in what follows that (2.7)—(2.11) hold, and
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we consider a perturbation ¢, , ¢,, &, and Iy, of ¢, s, £ and Fj, respectively, which satisfy
(2.8)—(2.11). For each n > 0, we introduce the functional j, : V' — R defined by

(o) = g,,vjda+/ Fyllvslda  VweV, (3.1)
I3 I's

and, we consider the following variational problem.

Problem Py.. Find a displacement field w, € V such that
(Aup, v —up)v + jn(v) = Jy(uy) 2 (Poy, v — uy)m + (P2, v —Up)g, YVEV. (3.2)

It follows from Theorem 2.1 that, for each n > 0, Problem PJ’ has a unique solution u, € V.
The behaviour of the solution u,, as 7 — 0 is given in the following result.

Theorem 3.1. Assume that (2.7)~(2.11) hold and, moreover, assume

Poy o in H as n—0, (3.3)
$Poy =Py in Hy as n—0, (3.4)
& — ¢ in L*T3) as n—0. (3.5)
Fyy = F, in L*(T3) as n—0. (3.6)

Then, the following convergence holds
u, »u in V as n—0. (3.7

The proof of Theorem 3.1 will be carried out in two steps. First, we provide the following
weak convergence result.

Lemma 3.2. The sequence {u,} converges weakly in V to u, t.e.,
u, ~u inV as n—0. (3.8)
Proof. Let n > 0. We take v = Oy in (3.2) to obtain

(Aun - AOVaun)V +jn(un) < (Soonaun)H + (902777 un)Hz - (AOVaun)V-
Next, using assumption (2.19), the positivity of the functional j and the inequality (1.2), we
deduce that

unllv < — o,z + ctrllpay 7, + [[AOV ) <

1
meg
max(1, ¢i;-)
< ———([lpoglz + llayll . + [[AOV [lv).
me

The convergences (3.3) and (3.4) imply that the sequences {(, } and {¢,,} are bounded in H
and Hs, respectively. Therefore, we deduce that there exists M > 0, which does not depend on
7, such that

[y v < M. (3.9)

Now, we combine (3.9) with a standard compactness argument to see that there exists u € V
such that, passing to a subsequence, still denoted {u,}, we have

u, —~u inV as n—0. (3.10)
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We establish the equality
u=u. (3.11)
Let n > 0. We take v =u € V in (3.2) to obtain that
(Auy, uy — )y < (‘Pom Uy — Uy + (902?7’ Uy — W), + Jn(@) — Jy(uy).
Next, we pass to the upper limit as 7 — 0 in this inequality and taking into account the
convergences (3.3)—(3.6), (3.10) and the compactness of the trace operator, we deduce that

lim sup (Au,, u, — )y < 0.
n—0

Therefore, assumptions (2.19)—(2.20) and the convergence (3.10) yield
limi(r)lf (Auy,u, —v)y = (Au,u —v)y YvelV. (3.12)

n—

On the other hand, we pass to the upper limit in (3.2) and we use again the convergences
(3.3)-(3.6), (3.10) and the compactness of the trace operator to obtain that

limsgp (Auy,uy —v)v < (pp,u —v)m + (P2, 0 — V), + j(v) — j(u) VoeV.
n—

We combine now this inequality and (3.12) to see that
(Au,v —u)y +j(v) —j@) = (¢y,v —w)u + (P, v — )y, YV EV. (3.13)

Next, we take v = w in (3.13) and v = @ in (2.18), then, adding the resulting inequalities and
using assumption (2.19), we obtain that the equality (3.11) holds.

A carefully examination of the proof of Lemma 3.2 shows that any weakly convergent subse-
quence of the sequence {u,} C V converges weakly to u € V, where, w is the unique solution of
(2.18). Moreover, the bound (3.9) shows that the sequence {u,} is bounded in V' and, therefore,
Lemma 3.2 is a consequence of a standard compactness argument. (I

We proceed with the following strong convergence result.
Lemma 3.3. The sequence {u,} converges strongly in'V to u, i.e.,
u, »>u in V as n—0. (3.14)
Proof. Let n > 0. We take v = u in (3.2) to obtain that
(Aup, uy —w)y < (Poys Uy — Wb + (P, Uy — W), + Jin(w) — Jy(uy).
Next, we use this inequality and assumption (2.19) to see that

me |luy —ully < (Auy — Au,uy) —u)y =
= (Auy, u, —u)y — (Au, u,;, —u)y <

< (('100777 Uy — u)H + (()0217) Uy — u)HQ +j77(u) - jn(u’n) - (Au7un - U)V-

We now pass to the limit as 7 — 0 and we use (3.3)—(3.6), (3.8) and the compactness of the trace
operator. As a result we deduce that

lw, —ul[y =0 as n—0,
which concludes the proof. (Il
We are now in position to present the proof of Theorem 3.1.
Proof. The convergence (3.7) is a consequence of Lemma 3.2. O

The convergence result (3.7) is important from mechanical point of view, since it shows that
the weak solution of the elastic contact problem (2.1)—(2.6) depends continuously on the densities
of applied forces, the yield limit and the friction bound.
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4. The optimal control problem

In this section, we formulate an optimal control problem associate to Problem Py . To this
end, we assume that conditions (2.7)—(2.11) hold and, in order to control the solution of Problem
Py by the density of surface tractions ¢,, we assume that ¢y, £ and Fj are given and satisfy
(2.8), (2.10), (2.11), respectively. Let ¢ € V and 4, v > 0 be two positive constants and let us
define the cost functional £ : Hs x V' — R by

Llpy,u) =0 |u—dllv +7lpallm,  V(ps,u) € Ha x V. (4.1)

Using standard arguments it is easy to see that £ is a convex lower semicontinuous functional on
Hy xV and, therefore, it is weakly lower semicontinuous. Also, we define the following admissible
set
Vad = { (g, 1) € Hy x V, such that (2.18) holds }. (4.2)
We formulate now the following optimal control problem.

Problem O. Find (@3, u*) € Vyq such that

Lps,u*)= min  L(py,u).
(p3,u") () eV (P2, u)

An element (@3, u*) is called an optimal pair and the corresponding surface traction force ¢}
is called an optimal control. The mechanical interpretation of Problem O is the following : we
are looking for a given surface traction force ¢, € Hjy such that the displacement u € V' given
by (2.18) is as close as possible to the “desired displacement" ¢. Furthermore, this choice has to
fulfil a minimum expenditure condition which is taken into account by the second term in the
definition (4.1).

Our result in this section is the following.

Theorem 4.1. Assume that (2.7)~(2.8) and (2.10)—(2.11) hold. Then, there exists at least one
solution (¢35, u*) € Vaq of Problem O.

The proof of Theorem 4.1 will be carried out in two steps, that we present in what follows.
We start by considering the following functional J : Hy — R defined by

J(pa) =0 llulpz) = @llv + el Vepp € Ha, (4.3)
where u = u(g,) is the solution of (2.18). Next, we consider the following optimization problem.

Problem O;. Find @5 € Ho such that

J(p3) = A J(p2)- (4.4)

We have the following existence result.

Lemma 4.2. There exists at least one solution @5 € Hy of Problem O;.

Proof. Let
0= inf J €R, 4.5
othy, 7 (#2) (4.5)
and let {¢,,} C Hs such that
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We prove that the sequence {5, } is bounded in Hs. Arguing by contradiction, assume that
{2, } is not bounded in Hy. Then, we pass to a subsequence, still denoted {¢,,}, to see that

lponllr, = +oo in Hy as n— +oo. (4.7)

Using the definition (4.3) and the positivity of the parameters § and « to see that

J(pan) = 0 [[ulp2,) = Dllv + v lleanllm. = 7 020l

then, passing to the limit as n — +o0 and using (4.7) we deduce that

We combine this equality with (4.6) to see that §# = 400 which is a contradiction with (4.5) and,
therefore, we conclude that the sequence {¢,,, } is bounded in Hs. Thus, a standard compactness
argument implies that there exists ¢35 € Hs such that, passing to a subsequence, still denoted

{90271}7 we have
@Yo, — @5 In Hy as n— 4oo. (4.8)

In addition, using the convergence (4.8) and the continuous dependence result given by The-
ore 3.1, we have that
u(py,) > u(ps) in V. o as n— +oo. (4.9)

We now use (4.8) and (4.9) to see that

lim |u(p,,) — @llv = llules) = 9llv,

n—-+oo

lim inf oy [z, > [z .,

which imply that

o S "
liminf J(py,) > J(2)- (4.10)
It follows from (4.6) and (4.10) that
0> J(e3). (4.11)
On the other hand, (4.5) implies that
0 < J(0h). (4.12)
Finally, we combine (4.11) and (4.12) to see that (4.4) holds, which concludes the proof. O

We proceed with the following existence result.
Lemma 4.3. There exists at least one solution (@5, u*) € Voq of Problem O.

Proof. We note that
(g, u) € Vyg < 4 € Hy and u = u(p,) is the solution of (2.18). (4.13)
The definitions (4.1) and (4.3) imply that

J(p3) = L(p2, u(ep,)) Ve, € Hs.

Let 3 € Hy be a solution of Problem O; and u* = u(p3) be the solution of (2.18) with the
data ¢, = 3. Then, by using (4.13) we deduce that

(3 u") € Vaa. (4.14)
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Moreover, we have that

L(ps,u") = J(p3) < J(p2) = L(p2; 1)

for all (¢4, ) € Vaq. Combining this inequality with (4.14), we deduce that (@3, u*) is a solution
of Problem O, which concludes the proof. O

We are now in position to present the proof of Theorem 4.1.

Proof. Theorem 4.1 is a direct consequence of Lemma 4.3. O
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OnruMaybHOEe yIIpaBJIeHHEe JJIs 3aJia4i YIIPYToro
(GPUKIIMOHHOIO KOHTAKTA

Axnem Benpayna
YHuBepcuTer HayKu U TexHojoruil Xyapu Bymeabena
Ba6-933yap, Amxup

Amnnoranus. PaccmarpuBaercst MmaremMaTryeckast MOJIENb, OMUCHIBAIONIAs (PPUKIUOHHBIN KOHTAKT YIIPY-
roro tesa ¢ pyumamenToM. JlokazaHOo CyniecTBOBaHNE eIMHCTBEHHOTO CJIab0T0 pertenns 3aaaan. 3yaa-
ecs HeIIpepbhIBHAS 3aBUCHMOCTD PEIIeHUs] OT JAHHBIX. HakoHer, MbI pacCMaTpUBAEM 33129y ONTUMAJIb-
HOI'O YIIPABJIEHUsI, JIJI KOTOPOI JIOKA3bIBAEM CYIIECTBOBAHUE XOTsI ObI OTHOTO PEIEHMUSI.

KuroueBrbie ciioBa: ciiaboe pelneHne, KyJIOHOBCKOE TPEHWE, HEIPEPBIBHAsT 3aBUCHMOCTD, IOJIYHEpe-

PBIBHOCTH CHU3Y, OIITUMAaJIbHOE YIIpaBJICHUE.
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