On Existence of Optimal Solutions to Boundary
Control Problem for an Elastic Body with
Quasistatic Evolution of Damage
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Abstract We study an optimal control problem for the mixed boundary value prob-
lem for an elastic body with quasistatic evolution of an internal damage variable. We
use the damage field § = {(¢,x) as an internal variable which measures the fractional
decrease in the stress-strain response. When § = 1 the material is damage-free, when
¢ = 0 the material is completely damaged, and for 0 < { < 1 it is partially damaged.
We suppose that the evolution of microscopic cracks and cavities responsible for the
damage is described by a nonlinear parabolic equation, whereas the model for the
stress in elastic body is given as 6 = {(¢,x)Ae(u). The optimal control problem we
consider in this paper is to minimize the appearance of micro-cracks and micro-
cavities as a result of the tensile or compressive stresses in the elastic body.

1 Introduction

The damage modeling in the context of industrial applications is in its infancy—
corrosion, multi-micro cracking etc. This makes this problem extremely complex.
The main idea of a novel approach to modeling material damage is to use the so-
called damage field { = {(z,x) as an internal variable which measures the fractional
decrease in the stress-strain response. The evolution of the damage field is derived
from the principle of virtual work under appropriate assumptions on the system’s
free energy, the dissipation pseudopotential, and the spatial interactions of the mi-
crocracks. In this approach the damage field { varies between one and zero at each
point in the body. When { = 1 the material is damage-free, when { = 0 the material
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is completely damaged, and for 0 < { < 1 it is partially damaged. The evolution
of the damage field is usually described by a parabolic inclusion or equation with a
damage source function ¢ which depends on the mechanical compression or tension
[7]. At the same time, the model for the stress is given as 0 = {(r,x)Ae(u). Without
the damage parameter §, this is the classical model of elastic material. However, if
parameter { varies in the interval [0, 1], the corresponding elasticity system

—div ({Ae(u)) =f

becomes degenerate.

In this paper we assume that the elastic body under consideration occupies the
domain 2 and is clamped on the part S of its boundary, and the rest part of the
boundary I' = dQ \ S is the influence zone of a Neumann control. Therefore, the
control variable is the density of a surface traction p acting on I". The optimal con-
trol problem we consider in this paper aims at two objectives. On the one hand
we try to minimize the discrepancy between a given displacement field u; and the
solution of the initial-boundary value problem by choosing an appropriate surface
traction p € #,4. On the other hand, we wish to minimize the appearance of micro-
cracks and micro-cavities as a result of the tensile or compressive stresses in the
elastic body. To the best knowledge of authors the existence of optimal solutions for
the above problem is an open question. Moreover, only few papers deal with opti-
mal control problems for degenerate partial differential equations (see for example
[1,2,3,5,6].

2 Notation and Preliminaries

Let Q be a bounded open connected subset of RV (N > 2) with Lipschitz boundary.
We assume that © is occupied by some elastic body and its outer surface dQ is
divided into two disjoint measurable parts Q2 = I" US. Let the sets S and I" have
positive (N — 1)-dimensional measures and let S be closed.

For any subset E C RN we denote by |E| its N-dimensional Lebesgue measure
ZN(E). Let g be the characteristic function of a subset E C RV, i.e. yg(x) = 1if
x€E,and yg(x) =0ifx ¢ E.

We will often use the Lebesgue spaces of vector-value functions. For exam-
ple, for the L?-space of vector-valued functions u(x) = (uy(x),...,ny(x))" € RY

—1
we use the notation L?(Q)V = L2(Q,RM). At the same time, LZ(Q)N(Nz :

NN-D) . .
L? (Q;R 2 ) is the space of square-summable functions whose values are sym-
N(N—1)

metric matrices. We denote by SV := R the set of all symmetric matri-
ces & = [&;]Y,—y» (&ij = &ji). We suppose that SV is endowed with the euclidian
scalar product § - = tr(§ ) = &;;n;; and with the corresponding euclidian norm
|Ellev = (€ - &)'/2. Hereinafter, we adopt the convention regarding summation with
respect to repeating indices. In particular, 2 = &;;&;;.
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We denote by A(x) = [A¥(x )] Lt { afi(x )} an elasticity tensor at a material
point x € . The action of the elasticity tensor A(x) on the matrix & € SV is defined
by A(x)E = {aﬁ‘j[» (x)ékl}. Then, A(x)& - & = dF ( )6 &ij is the elastic energy density.
It is assumed that A(x) satisfies the usual symmetry conditions:

al(x) =d¥(x) =i (x), Vi jkl=12,.N. (1)

Let k; and k> be two fixed constants such that k, > kj. We define 7 (£2) as

the set of all symmetric elasticity tensors A(x) = { o (x)} such that the positive
definiteness condition holds:

KE2 <A (x)E E <K€’ ae.in Q VEeSV. ()

In order to describe a quasistatic evolution of damage in the elastic body Q,
we denote by u(x ) (ul( ), un(x)) the displacement field, o (x) = {;;(x) } the
stress tensor, and e(u {e, b } the strain tensor. We assume that for every smooth
vector u(x) = (u; (x ) ., un(x)) the formula for the strain tensor e;;(u) is provided
by the Cauchy law of small deformations

du;  du; ..
elj(u) (a;j—l_al;j)’ Vlajzla"'7N' (3)

It is clear that e(u) € S and e(u) is the symmetric part of the gradient of a displace-

ment u. Thus e(u) = J (Vu+ (Vu)'), where the gradient of a displacement u € RY

is the (N x N) matrix Vu the entries of which are defined by (Vu);; := g)':’

Hence, for any symmetric tensor A € @7 (£2), we have Ae(u) = AVu. Therefore,
we will use indifferently both expressions. Note also that the divergence of a smooth
matrix o (x) is the vector div(c) € RV the components of which are defined by

(div(0)); ==X, ‘?;;jf

Let Qr = (0,T) x  for some T > 0. Let { denote a damage field in Qr and mea-
sures the fractional decrease in the strength of the material. Usually, for an isotropic
material, the damage field { = {(¢,x) is defined as the ratio { = {(¢,x) = ng be-
tween the effective modulus of elasticity E, ¢y and that of the damage-free material
E. Tt follows from this definition that the damage field should only have values be-
tween 0 and 1. Since every damage § : Qr — [0, 1] gives rise to a measure on the
measurable subsets of Q7 through integration, we will denote this measure by {.
Thus {(E) = [ { dz for measurable sets E C Qr. We will use the standard notation
L?(Qr,{ dz) for the set of measurable functions f on Q7 such that

1/2

Wy car=( [, #eae) = ([ [ £easa)” < sm
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Let C3(RY;8) = {¢ € C7(RY) : @ =0o0n S} be the set of smooth damages in £.
We define the space H'(2;S) as the closure of Ci(RY;S) with respect to the norm

</Q >+ Vylgw] dx)l/2~

Let  =1%(0,T;H'(Q)), ¥ = L*(0,T;H'(Q;S5)). Let ' = L>(0,T; H' (Q)")
and 7' = L*(0,T;H"(2;S5)’) be their dual. The following theorem plays an impor-
tant role in the study of an quasistatic evolution of damage in an elastic bodies (see
Simon [10]).

Theorem 1. Let us define the Banach space

W:{g (e, ‘;feff’},

equipped with the norm of the graph. Then, the following properties hold true:

1. the embedding W — L*(0,T;L*(Q)) is compact;
2. one has the embedding
W = C([0,TLA(Q)), @)

where, C([0,T];L*(R2)) denotes the space of measurable functions on [0,T] x 2
such that {(t,-) € L*(Q) for any t € [0,T] and such that the map t € [0,T]
L(t,-) € L*(Q) is continuous;

3. forany {,veW

d
E/g C(t,x)v(t,x)dx = <C’(r,~),v(t,-)>y,’3/+<v’(t7-)7§(t7-)>ff,.y. (5)
Definition 1. We say that a damage § : Q7 — [0, 1] is substantial in €, if
(T ¢L7(Qr) and (T'eLl(Qr). (©)

Note that in this case the functions in L?>(Qr,{ dxdt) are Lebesgue integrable on
Qr.
Let W be the closure of the set of pairs {(u,e(u)) : ue Cy(RV;S)V} in the

| N | N(N+1) .
product of spaces L' (2)Y x L' ()~ 2 . Thus the elements of W are pairs (u,z),

where u is a vector and z = e(u) is the symmetric gradient of the vector u. In what
follows, we define the space Y/ (;S) as the union of the first components u of
W. Following standard technique, it is easy to show that #''1(Q;S5) is a Banach
space with respect to the norm ||ul[y1.1(g.5) = [o [[ulry + [le(w)]|sv ] dx. To each
damage field {(r,x) we may associate two weighted spaces

W (2 x(0,T);S) and Hy (2 x (0,T);S),

where W, (£ x (0,7);S) is the set of vector-functions u € L'(0,T;711(Q;5)) for
which the norm
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Jull = / | @ wE)duar)'” ™)

is finite, and Hy (2 x (0,7);S) is the closure of the set

{v()ox) : weCF(0,T), ¢ € C5(RY:S)"} (8)

in the Wy (€ x (0,7);S)-norm. Note that due to the estimates

//|u\]RNdxdt< // zdxdt " /12 < Clull. ©)

[ vetlasar = [ [ fetw)-e(w)'*axa
// C"“” //C dxdr ) "<l a0

the space Wy (2 x (0,T);S) is complete with respect to the norm || - |. Moreover, it
is clear that Hy (2 x (0,7);S) € W (2 x (0,T);S), and Wg (2 x (0,7);S), He (£ x
(0,T);S) are Hilbert spaces endowed with the scalar product

(w,v)g = /OT/Q [u-v+e(u)-e(v){] dxdt. (11)

If the damage field { = {(z,x) is bounded between two positive constants, then it is
easy to verify that

Wi (2 % (0,T);8) = Hy (2 x (0,T);S). (12)

However, for a “substantial” damage ¢ in the sense of Definition 1, the set of smooth
functions (8) is not dense in Wy (2 x (0,T);S). Hence the identity (12) is not always
valid.

3 Radon measures and convergence in variable spaces

By a nonnegative Radon measure on 7 we mean a nonnegative Borel measure
which is finite on every compact subset of Q7. The space of all nonnegative Radon
measures on Q7 will be denoted by .#, (Qr). According to the Riesz Representa-
tion Theorem, each Radon measure y € M (Q27) can be interpreted as element of
the dual of the space Cy(€2r) of all continuous functions vanishing at infinity. If p
is a nonnegative Radon measure on Q7, we will use L' (Q7,du), 1 <r < oo, to de-
note the usual Lebesgue space with respect to the measure ¢ with the corresponding

1/
norm £ -y awy = (o 1S ()" dn)
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Let {4 };cn» M be Radon measures such that p — pin . (Qr), ie.,

lim/Q ‘//(Pd.uk:/Q yodu VyeC(R), Vo eCo(RY), (13)
T T

k—>oo0

where Co(R") is the space of all compactly supported continuous functions. A typ-
ical example of such measures is

duy, = G (t,x)dxdt, du = §(t,x)dxdr, where 0 < § — £ in L' (Qr). 14
Let us recall the definition and main properties of convergence in the variable L*-
space.

1. A sequence {vk € LZ(QT,duk)N}keN is called bounded if

limsup | |Vi|zy dty < +oo.
k—oo  JQr

2. A bounded sequence {vi € L*(Qr,du)" }, <y converges weakly to
v e LX(Qr,dp)N if limy e [o, Vi- @dy = [o, V- @du forany ¢ € Cy(Qr)",
which is denoted as v; — v in L>(Qr,d)".

3. The strong convergence v; — v in L?(Qr,du; )Y means that v € L*(Q7,du)N
and

lim Vk~zkduk:/ vezdu as z —z in L*(Qr,dw)V.  (15)

k—reo JQp Qr
The following convergence properties in variable spaces hold:

(a) Compactness: if a sequence is bounded in L*(Qr,d )", then this sequence

is compact in the sense of the weak convergence in L?(Q,du;)V;

(b)  Lower semicontinuity: if vy — v in L?(Qr,du )V, then

k—roo

timint [ jvidu> [ vEdus (16)
Qr Qr
(c) Strong convergence: vy — v if and only if v — v in L?>(Q7,d ;)" and

I 2 d :/ 2 du. 17
ki?o/QT Vicln d itk o, V] v dp (17)

For our further analysis we make use the following concept.

Definition 2. We say that a bounded sequence

{(&un) € L2(Qr) x W, (2 x (0,T);8) } (18)

neN

w-converges to ({,u) € L?(Q27) x L' (0,T; #1"1(Q;5)) as n — oo, if
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L= ¢ in LX(Qr), (19)
u,—u in L*(Qp)", (20)
. . 2 2 NN+
e(u,) — e(u) in the variable space L*(0,T;L*(2,{,dx)” 2 ), (21
that is,
T T
lim/ /C,,na’xdt:/ /z;ndxdt v € L2(Qr), (22)
n—Jo Jo 0o Ja
T T
tim [* [ wddwar= [ [ wddwar vaer(en®, @y
n—eo J 0 0 Q
and

T T
tim [ [ Ge(w)-Ewodud = [ [ Cefw)E(0o(r)dud
n—eJo JQ 0 JQ
Yy eCy(0,T), VE e CT(Q;SY). (24)
In order to verify the correctness of this definition, we give the following result.

Lemma 1. Let {({,,u,) € L*(27) x W, (2 x (07T);S)}nEN be a sequence such
that

(i) this sequence is bounded, i.e.

sup [/T/ (&7 +up +e*(u,) &) dxdt | < +oo; (25)
0o Jo

neN
(ii)  there exists an element { € L'(Qr) such that
G—=¢ and &' ¢V in LNQr) as n— oo, (26)

(iii) & :Qr —[0,1] foralln € N.

Then, this sequence is relatively compact with respect to w-convergence. Moreover,
each w-limit pair (§,w) belongs to the corresponding space L*(Qr) x W (& x
(0,7);8).

Proof. To begin with, we note that the condition (25) and estimates (9)—(10) imme-
diately imply the boundedness of the sequence in L?(Q7) x L' (0, T; #'1'1(R2;S5)).
The uniform boundedness of {{,},cy in L?(27) and property (26) ensure that the
limit damage field ¢ belongs to L(Q7) as well. Moreover, we have (see the property
(14)): d&, == {ydxdt = Cdxdt =:d¢ in A, (Qr).

Then, the compactness criterium of the weak convergence in variable spaces

(see property (a)) and condition (25) leads us to the existence of a pair (u,v) €
N(N+1

L2(0,T;L2(2)V) x L*(0,T;L*(R2,{ dx) 2 : ) such that, within a subsequence of
{un}en
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u, —u in L2(Q7)V, 27

. . 2 2 N(N+1)
e(u,) — v in variable space L (O,T;L (Q,8,dx) 2 ) (28)

Our aim is to show that v = e(u) and u € W (2 x (0,7);S). Indeed, for any ¢ €
Cy(2) and y € C(0,T), we have

T T T
/ /Cn’lendxdtzf /(pu/dxdt=/ /C’lrpwcdxdt,
0 JQ 0 JQ 0 JQ

ie. ' — ¢ 'in L2(Qr,d{,). Moreover, the strong convergence in (26), implies
the relation

T T T
lim / / ¢ 2, dxdt = lim / / ¢ Vdxdt = / / C2 dxdt.
n—=Jo JQ n==Jo JQ 0 Jo

Hence, {; ! — ¢! strongly in L?(Q7,d{,) (see property (c)), and therefore,

N(N+1

YEC ! - yEC! stronglyin L2(0,T3LX(Q,Gdx) 2 ) (29)

for each y € C5(0,T) and & € C(2;S"). Further, we note that for every measur-

able subset K C Qr, the estimate
1/2
<C ( / ¢! dz)
K

f etwnlsvaz < ( [, Cnldz)l/z (et

implies the equi-integrability of the family {||e(u,)||sv},cr- Hence, the sequence
{|le(un)||sn } e is weakly compact in L' (27), which means the weak compactness
of the matrix-valued sequence {e(u,)},cy in L' (0,751 (2;SV)). As aresult, by the
properties of the strong convergence in variable spaces, we obtain

1/2

[ etw)-eporasa = [ [ ew) (@00 Gyasar
0o Jo " 0o Jo " no
T
PO [T v (E0(g ) ¢ da
T
:/0 /Qv-g(x)q)(t)dxdt Yy e Co(0,T), VE € C(Q;SY).

Thus, in view of the weak compactness property of the sequence {e(u,)},.y in
L'(0,T;L'(Q;SY)), we conclude

e(u,) —=vin L'(0,7;L'(2:SV)) as n— oo (30)
Since u, € L'(0,T;#11(Q;5)) for all n € N and the space L' (0,T; %71 (Q;5))

is complete, the conditions (27) and (30) imply e(u) = v, and consequently u €
L'(0,7;#1(Q;S)). To end the proof, it remains to observe that the conditions
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(27)—(28) guarantee the finiteness of the norm [[u||¢ (see (7)). Hence u € Wy (2 x
(0,7);S) and this concludes the proof.

As an obvious consequence of this lemma, we have the following result.

Corollary 1. The main statement of Lemma I remains true if we replace the condi-
tion (ii) by the following one: there exists an element { € L'(Qr) such that

G—Cin Ll(.QT), and C,:l —¢Vin Lz(.deCn).

4 The Model of Quasistatic Evolution of Damage in an Elastic
Material

In this section we describe the model for the control process in an elastic body,
present its variational formulation, and discuss the questions on existence and
uniqueness of weak solution.

We consider an elastic body which occupies the domain 2. We assume that the
body is clamped on the surface S and so the displacement field vanishes there. We
suppose that the remaining part of the boundary I' = dQ \ S is the influence zone
of a Neumann control. So, the control variable is the density of surface traction p
acting on I'. Let f be a given density of volume forces acting in Q7 = (0,7) x Q
for some 7' > 0.

For a simplicity, we assume that an initial displacement (when ¢ = 0) and an
initial stress tensor are equal to zero. Then, having assumed that the Hooke law
Oij = ajjie, Vi,j=1,...,N holds true for the elastic body £2, we adopt the fol-
lowing relation for the stress o : Qr — SV in the body with damage (see [4, 9] for
the details):

o(t,x) = {(t,x)Ae(u(t,x)) ae.in Qr, 31

where § = {(#,x) is a damage field in Q7.
Following the motivation in Kuttler [7], the evolution of the microscopic cracks
and cavities responsible for the damage can be described by the equation

C/_ KAC = ¢(x,e(u),§).

Here the prime denotes the time derivative, A is the Laplace operator, kK > 0 is a
damage diffusion constant, ¢ is the damage source function. Usually, it is assumed
that the damage source term ¢ : 2 x SV x R satisfies some Lipschitz continuity
property and is such that whenever § > 1, ¢(e(u),{) < 0. This assumption makes
sense because there should be no way that the source term for the damage produces
damage greater than 1.

Let {,y : Q — [0,1] be a given L' (Q)-function satisfying the properties

td ell(Q), &) ¢L ().

Let ¥, be a nonempty compact subset of L' () such that the conditions
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i< <lae.in Q, (32)
£ :Q —[0,1] is smooth function on the surface I', (33)
¢=1 on I. (34)

hold true for every § € ¥.. So, each element { : Q — [0, 1] of ¥, can be interpreted
as a substantial time-independent damage field in the sense of Definition 1.
The characteristic feature of this set is the following property.

Proposition 1. Let {{. »}, . and & be such that §,, — . in L' (Q7) as n — o,
and { G n(t,") },eny C W and C.(t,-) € ¥, forallt € [0,T). Then

Con = ¢l in LNQr), and &) — ¢ in LP(Qr,dE. ). (35)

Proof. In view of the initial assumptions, we may assume that ¢, 1 ¢! almost
everywhere in Qr. Since ., — &, in L' (Q7) and { ! < C(;dI € L'(Q), it follows
that the sequence {C*_ h }nEN is equi-integrable on Q7. Hence the property (35); is a
direct consequence of Lebesgue’s Theorem. As for the property (35),, it was proved
in Lemma 1. The proof is complete.

As a result, we adopt the following model for the controlled process in £2: for a
given body force f € L?(0,T;L*(2)N), a surface traction p € Z,,, the set ¥, and
an initial damage field {y € L?(Q) for which

3E0 e W, suchthat {0 < <1 ae. in Q, (36)

a displacement field u : Qr — RN, a stress field 6 : Q7 — SV, and a damage field
€ : Q7 — R satisfy the relations

—dive=f in Qf, (37)

o =(Ae(u) in Qr, (38)

=0 on (0,7)xS, (39)

ov=p on (0,T)xI,pe Py, (40)

§'— kAL =¢(e(m),l) in Qr, (41)
€0,)=¢& in Q, (42)

{=1 on(0,T)xI';, 9&/dn=0 on (0,T)xS, (43)
3, € W suchthat . <{(t,x) <1 ae.in Q. (44)

Here v is the outward unit normal to I", d/dn = n;d /dx;, n; denotes i""-component
of the unit outward normal vector to S, and &2, is the set of admissible controls to
the process (37)—(44). For simplicity, we suppose that &, is defined as

@ad _ {p c L2 (0,T,L2(F>N) : ||p||L2<07T;L2(F>N) S Cp} . (45)
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To begin with, we note that, to the best knowledge of the authors, the existence of
a global weak solution to the initial-boundary value problem (37)—(44) in an open
question. There are several reasons for this. First, this problem is restricted by the
state constraints (44). It means that without the implication of the truncation op-
erators in the model, the initial conditions (42) with properties (36) and parabolic
equation (41) with boundary conditions (43), do not guarantee the fulfilment of the
inequality (44). Secondly, even if a damage field is admissible, i.e. { remains be-
tween some (., € ¥, and 1, the properties (32)—(34), and (44) imply that the original
problem (37)—(40) is a mixed boundary value problem for the degenerate elasticity
system

—div ({Ae(u))=f in Qr,

This means that for some damage field {(¢,x) this problem can exhibit non-
uniqueness of weak solutions [11], the Lavrentieff phenomenon, and other surpris-
ing consequences.

In view of this, we adopt the following concept:

Definition 3. We say that a vector-valued function u = u(p,f, {) is a weak solution
to the boundary value problem (37)—(40) for a fixed control p € &4, a given body
force f € L2(0,T;L*(2)"), and a given damage field { : Q7 — [0, 1] satisfying the
condition (44), if u € W (2 x (0,7);S) and the integral identity

/ / [;(t’ ) (X)e(u)e((p)] l//dxdt
JOo JQ
/0 /Q '[Fdedt / /p~(P1//d%N—1d; (46)

holds for any ¢ € CJ(RY;S)Y and y € CJ(0,T).

As was mentioned in Section 2, the set of smooth functions (8) is not dense in
the weighted space Wy (2 x (0,T);S). Hence, we can not assert that a weak solution
to the degenerate elasticity problem (37)—(40) is unique. Further, we make use the
following result:

Proposition 2. Let I' be a Lipschitz continuous part of the boundary 9. Let
§: Qr — [0,1] be a damage field satisfying the estimate (44). Then there exists
a bounded linear operator

T We(Q % (0,T):8) — L*(0,7;:H'/*(I)V) (47)
such that
(i) Yr(u) = ulp ifue We (2 x (0,7):8)NC([0,T]:C(Q)Y),
(ii) ”VF(u)”LZ(O,T;HI/Z(F)N) < C||u||WC(Q><(0’T>;S) for each vector-valued func-

tionu € Wy (2 x (0,T);S) with the constant C independent of T".

Corollary 2. Under the assumptions of Proposition 2, the space Wy (2 x (0,T);S)
does not contain rigid displacements. In other words, if U # 0 is a vector-valued
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function for which there exists a sequence of smooth functions
{oeCy(0,T;C5RNN)} _\ such that

neN

N(N+1)

@~ in L(Qr)N, e(@,) =0 in L(0,T;L*(R,5dx)” 7 ),

thenu Wy (Q x (0,T);S).

We now give the variational formulation of the initial boundary value problem
(41)-(43).

Definition 4. Let p € P, f € L?(0,T;L*(2)V), and ) € L*(£2) be given func-
tions. We say that a pair ({,u) € 2" x Wy (2 x (0,T);S) is a corresponding weak
variational solution to the initial-boundary value problem (37)—(44) with a nonlinear
source for the damage ¢ : L' (0, T; 7 11(Q;S)) x & — L*(Qr), if

il _ .
S e, (-1e7, (48)

and there is an element §, € ¥, such that the following relations hold true

/OT/Q [C(t,x)A(x)e(u).e((p)]y/dxdt:/()T/Qf.(pll,dxdt

T
+/ /p-(pwd%”N"dt Vo eCyRY:S)Y, Yy eCr(0,T), (49)
0 Jr

T
<€/7(P‘I’>3)/72a—|— K/) /QVCV(P dedt

T
:/0 /Q¢(C,e(u))<p1//dxdt Ve eC(RY:I), YyeCr(0,T), (50)

£(0,-) =&o() in L, Sy
G <{&(t,x)<1 forall +€[0,T] and a.e. x € Q. (52)

Remark 1. As follows from Theorem 1, the condition (52) is reasonable. It means
that the initial damage field { € L?(£) must also be restricted by this inequality.

Remark 2. Tt is worth to notice that the original initial-boundary value problem (37)—
(44) is ill-possed, in general. This means that there are no reasons to suppose that
for every admissible initial data p € P4, f € L*(0,T;L*(Q)V), { € L*(R), and
£, € Y, this system admits at least one weak variational solution ({,u) € & x
W (2 x (0,T);S) in the sense of Definition (4). At the same time, by analogy with
[, 6] it can be shown that this system may have an infinitely many weak solutions
(&, u) for some fixed admissible control p € Z,;.
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5 Setting of the Optimal Control Problems and Existence
Theorem for Optimal Traction

The optimal control problem we consider in this paper is twofold. On the one
hand we try to minimize the discrepancy between a given displacement field
uy € L*(0,T;L*(Q;RY)) and the solution of the problem (37)~(44) by choosing an
appropriate surface traction p € &,,. On the other hand, we wish to minimize the
appearance of micro-cracks and micro-cavities as a result of the tensile or compres-
sive stresses in the elastic body. More precisely, we are concerned with the following
optimal control problem

T
Minimize {I(p,u,g):/ /|u—ud\§Ndxdt
0 Jo

+/OT/Q|g1|dxdt+/0T/QIe(u)lléNCdxdt} (53)

subject to the constraints (37)—(45).

We introduce the set of admissible solutions to the original optimal control prob-
lem as follows:

—
]
—

{(p.Cu)|pE P, C € Z,uecW (2x(0,T)S),
(&, u) is a weak variational solution to (37)—(44)
in the sense of Definition 4} . (54)

We say that a triplet (p°,%u®) € L?(0,T;L*(I")V) x Z x Weo (2 x (0,T);S) is
optimal for problem (53), (37)—(45) if

(% ¢%u’) € Z and 1(p°,¢%u’) = inf I(p.{,u). (55)
(p,¢w)ez

Remark 3. Note that due to the estimates (9)—(10), we have the following obvious
inclusion for the set of admissible solutions

EcL*(0,T;L2(I)N) x L*(0,T;H' (2)) x L' (0,T; 71 (Q;5)).

However, the characteristic feature of this set is the fact that for different ad-
missible controls p € &, and, therefore, for different admissible damage fields
¢ : Qr — [0,1] with properties prescribed above, the corresponding admissible
solutions (p,{,u) of optimal control problem (53), (37)—(45) belong to different
weighted spaces. It is a non-typical situation from the point of view of the classical
optimal control theory.

Definition 5. We say that the mapping

¢ L0, T 7" (Q:8)) x Z — L*(Qr) (56)
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possesses the property (991) on Z, if

(M)

(M2)

for any open bounded domain Q C R" with a Lipschitz boundary such that
Q C Qand S C 90, this mapping can be extended to the following one

¢ :L'0,T; 71 (0:9)) x L*(0,T:H' (Q)) — L*(0,T;L*(Q))

which is weakly-* continuous with respect to the w-convergence, i.e. for any
sequence {(p,é’,,,ﬁn)} . C E C L2(0,T;H(Q)) x LY(0,T; #11(Q;5))
ne
such that
u, € WE (0x(0,T);S) VmeN, (57)

(En,ﬁ,,) 5 (E, u) as n—» oo in the sense of Definition2  (58)

(where instead of 2 we have to put Q), the equality

hm (a(e(ﬁn)a gn)a (PII/)LZ(O’TJ}(Q)) = <¢ (e(ﬁ)a C) 9 (PW>L2(0,T;L2(Q))

n—yoo

holds V¢ € C3(RY;I") and Vy € C7(0,T);
the mapping (56) is locally bounded in the following sense: for any con-
stants C1,C, > 0 there is a constant C3 = C3(Cy,C3) > 0 such that

[ (@(e().£).£ )2y
provided (u,{) € W (2 x (0,7);8) x Z,{—1€ ¥, and

(le(w)]

<G (59

=G, <G 60
L2(0,T;L2(Q,Cdx)W) =+l HCHLZ(.QT) 2 ( )

Remark 4. Note that for any admissible initial damage field {, € L?(R2), the veri-
fication of the regularity property & # 0 for the original optimal control problem
(53), (37)-(45) is a non-trivial problem, in general. In the particular case, when the
damage field §(z,x) is assumed to be strictly separated from 0, the regularity prop-
erty follows from results of Kuttler & Shillor, where the solvability of a similar
initial-boundary value problem with a fixed surface traction p is studied).

Since our prime interest in this section deals with the solvability of optimal con-
trol problem (53), (37)-(45), we begin with the study of the topological properties
of the set of admissible solutions =.

Definition 6. A sequence {(p,, s u,) € E}, - is called bounded if

sup HanLz(OAT;LZ(F)N)+||Cn||ff+||un||§n:| < oo,
neN
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Definition 7. We say that a bounded sequence {(p,, {,,u,) € Z}, . of admissible
solutions 7-converges to a triplet (p, {,u) € L(0,T;L*(I')N) x L*(0,T; H'(Q)) x
LY(0,T; 711 (Q:9)) if

(S1)  pn—pinL*(0,T:L*(")V),
(S2) & —Cin Z:=1%*0,T;H'(Q)),
(S3)  w, —uinL?(0,T;L*(2)V),
N(N+1)

(S4) e(u,) — e(u) in the variable space L*(0,T;L*(2,{,dx) 2 ).

Due to the estimates like (9)-(10), the inclusion u € L' (0,7; %711 (£2;5)) is obvi-
ous.

Remark 5. As immediately follows from Definition 2 and Rellich-Kondrashov The-
w

orem (see also Theorem 1), if (p,, &y, u,) — (p, & u) then (&, u,) == (S u).

Lemma 2. Let {(py, Gn,un) € Ehien be a bounded sequence. Then there exists a
triplet

(p,&,u) € L2(0,T;L*(I)N) x L*(0,T; H' (Q)) x L' (0, T; 71 (2;5))

such that, up to a subsequence, (pn, Gy, 0n) — (p,{,u) and ue W (2 x(0,T);S).

Proof. To begin with, we note that by the compactness criterium of the weak con-
vergence in Banach reflexive spaces, there exist a subsequence of {(py, ) }nen,
still denoted by the same indices, and p € L? (O,T;LZ(F)N), ¢ e *(0,T;H (Q))
are such that the conditions (S)—(S») hold true. In order to check the rest conditions
(S3)—(S4) of Definition 7, we make use the following observation.

Since (py, §u,u,) € E for all n € N, it follows that there is a sequence {{, ,, }
in ¥, such that (see Definition 4)

neN

Cin(x) <&u(t,x) <1 forall r€[0,7] andae. x€ Q. (61)

Moreover, by L' -compactness property of the set ¥, there exists an element E* e
such that {, , — Z* in L' (Qr) as n — oo. Then Proposition 1 implies the strong
convergence

o= &t in L' (@r). (62)

Hence, in view of (61), we have: {, — ¢, ' — ¢~ !in L'(Qr) as n — oo, and
the inequality §, < { <1 holds a.e. in 7. Thus, by Remark 5, all suppositions of
Lemma 1 are fulfilled. As a result, the fulfilment of the rest conditions (S3)—(S4)
and the inclusion u € Wy (2 x (0,7);S) for w-limiting component of the sequence
{(&s,u,)},cn» are ensured by Lemma 1. The proof is complete.

Our next step deals with the study of topological properties of the set of admis-
sible solutions & to the problem (53), (37)—(45).
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Theorem 2. Assume that £ # 0 and the damage source term ¢ : SN x R — R pos-
sesses the property (). Then for every force £ € L*(0,T;L*(2)N) and every initial
damage field §y : Q — [0, 1] satisfying the condition (44), the set of admissible so-
lutions E is sequentially closed with respect to the T-convergence.

Proof. Let {(py,&n,u,) € E}, . be a bounded 7-convergent sequence of admis-
sible solutions to the optimal control problem (53), (37)-(45). Let (p, {,u) be its
T-limit. Our aim is to prove that (p, Z, u)eE.

By the definition of the set of admissible controls £, we have p € £, i.e. the
limit function p is an admissible control. Closely following the proof arguments of
Lemma 2, it can be shown there exists a compact in L' (Q27) sequence of separating
functions { s}, C ¥ with properties (61)-(62). By Theorem 1 we have

& —>Z strongly in L?(0,T;L*(Q)) and EEC([O,T];LZ(Q)). (63)

Hence, §,(t,x) — Z(t,x) forallt € [0,T] and a.e. x € Q. Then passing to the limit
in (61) and in the relation §,(0,-) = §(-), we deduce: Z(O, )= (+) in Q, and the
inequality QA'* (x) < Z(t,x) < 1 holds for all # € [0,T] and a.e. x € Q. Thus the limit
damage field Z: E(t,x) satisfies the conditions (51)—(51).

In what follows, we note that in view of the boundedness of the sequence
{(Pn, G u,) € E},cy there exist constants C; > 0 and C; > 0 such that the esti-
mates (60) hold true for each pair (§,,u,) with n € N. Hence, the (M;)-property
implies

sup <Cs.

neN

Since the set {@(x)y(r) | Vo € CF(RY;I"), Vy € C5(0,T) } is dense in ¥ C Z,
by the completeness arguments and formula (5), we come to the energy identity

(¢(e(un), Gn), G — 1)L2(_QT)

1600) = Baqgy + 5 [ 19(65) = DBz ds
=160 1o+ || [ 6Gue@(Gls)—Daxds Vielo.TI. (64

As a result, following a standard technique (see, for instance, Lions [8]) it can be
shown that the sequence {{,},c is bounded in # = {C e, % € ff’}.

Thus, without lost of generality, we may suppose that for the 2°-weak limiting dam-
age field { the conditions (48) are valid, and

¢~ in 2 (65)

It remains to show that the triple (P, Z, ) is related by the integral identities (49)—
(50) for all ¢ € C7(RY; )N, w € C7(0,T), and ¢ € C3(RY;I"). To do so, we note
that for every n € N the integral identities (50)—(51) (with p,,, §,, and u,, instead of p,
¢, and u, respectively), have to fulfil for the test functions ¢ € C;(RY;S)" and ¢ €
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NN+ N(N+1)

Cy(RN:I'). Inthis case e(@) € C7 (RY;S) ™ 7 andE@ € C3(RY;I") = forany
& € SV. However, these classes are essentially wider than the space Cr (L) M in

.. . . N(N+1)
the definition of the weak convergence in variable space L?(Q,&,dx)™ 2 (see

(24)). Therefore, in order to pass to the limit in that integral identities as n — oo, we
make use the following trick (see Buttazzo & Kogut [2]).

Let (&,,u,) € L*(0,T;H.! (RY)) x L! (O,T;Wl’l(RN;S)) be an extension of the

loc loc

functions ({,,u,) to the whole of space RY such that the sequence {({,,u,)}nen
satisfies the properties:

L, € L2(0,T;H'(Q)), & el*(0,T;(H'(Q))) (66)
& < En <lae.in Qr:=(0,T) x Q, (67)

sup || Gall 20,71 (0)) + 19nll 2207222 0)%)
neN

+le(u,) ||

oo (68
L2((LT;LZ(Q,Z,«dx)N(NzH))}<+ “

for any bounded domain Q in R¥. Here £, € L' (Qr) is a non negative function such
that &, ' € L'(Qr) and &,|o € ..

Then by analogy with Lemma 2 (see also the property (63)) it can be proved that
for every bounded domain Q C RY there exist functions § € L?(0,T;H'(Q)) and
ue WE(Q x (0,T);S) such that

L —CinI*(0,T;H'(Q)), 1, —uinL?(0,T;L%(Q)"), (69)
& — Z strongly in LZ(O,T;LZZOC(RN))7 (70)
e(ii,) — e() € L*(0,T:L3(Q,Cdx)" 2 ) 1)

N(N+1)

in the variable space L?(0,7;L*(Q, 4 dx)~ 2 ).
It is important to note that in this case we have

i=tand C=C ae.inQr. (72)

Taking this fact and (M )-property of the source term ¢ into account, we can rewrite
the integral identities (49)—(50) in the equivalent form

r ~ - T
/0 /]RN [Cn(t,x)A(x)e(un).e((p)]y/xg(x)dxdt:/0 /RNf.(pwa(x)dxdt

T
+/ /p-(pwd%”N"dt VoeCr®RY:S)N, Yyecr(0,T), (73)
0 Jr
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. T ~
<Cn7(PlV>ff’ff+K/ /NVCn'V(PlVX.Q(x)dth
—/ / (G e(@)oWandxdi Vo eCr(RY;I), Yy eCr(0,T). (74)
In what follows, we note that due to the property (70) and the continuity of the

embedding L?(Qr) < L' (Qr) for every bounded Q C RY, we have ¢, — { strongly
in L'(0,T;L} (RM)). Hence

loc

T . T _
/ / X})Cndxdtz/ / X G, dxdt
0 JRN 0 JRrRN
H/T/ ¢ /T/ 2Cdxdr.  (75)
dxdt = .
0 RNXQC X 0 ]RNX‘QC X

As follows from convergence properties (15) and (17), the equality (75) implies the
strong convergence Yo — Xq in the variable space L*(0,T;L*(RY, {, dx)). Taking
this fact, properties (65), (69), (71), (M), and Remark 5 into account, we can pass
to the limit in (73)—(74) as n — oo. As a result, we obtain

r ~ - T
/0 /RN [£(t,x)A(x)e(n) -e(9)] wm(x)dxdt:/o /RNf.(pwa(x)dxd,

T
+/ /p-wd%ﬂN*m Vo eCo®RY:S)Y, Vyecs(0,T),
JO JIT

~

T ~
<C/7<Pll/>5),33)+1</0 /RNVC'WP Vxa(x)dxdt
T 6(C u 0 lee]
:/0 ‘/EQNQ)(Cae(u))(PWXQdXdl V(PGCO (RN;F)’ VWECO (O,T)

which, due to the equalities (72), are equivalent to

/OT/Q [Z(t,x)A(x)e(ﬁ)~e((p)]wdxdt:/()T/Qf.(pwdxdt

T
+/ /p-(pl;ldij_ldt Vo eCT®RY:S)Y, Vyecs(0,T),
0 Jr

~

T,
<C/,(Pl//>£p,2,—|—l('/ / VCV(pl//dxdt

_/ /¢ W) owdxdt Vo eCoRY;T), VyeCs(0,T).
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~

Hence, the pair ({,u) € 2 x WE(Q x (0,T);S) is a weak solution to the initial-
boundary value problem (37)—(44) under p = p in the sense of Definition 4. Thus,
the t-limit triplet (p, §,u) belongs to set Z, and this concludes the proof.

We are now in a position to state the existence of weak optimal solution to the
problem (53), (37)—(45).

Theorem 3. Let uy € L (0,T;L*(2;RY)), f € L2(0,T;L*(2)"), and { € L*(Q)
be given functions. Assume that Z # 0, the damage source term ¢ : S¥ x R — R
possesses the property (M), and the initial damage field §y : Q — [0,1] satisfies the
condition (44). Then the optimal control problem (53), (37)—-(45) admits at least one
solution (p°,¢% u®) € L2(0,T;H' (Q)) x # x Weo (Q % (0,7);5).

Proof. Since the cost functional I = I(p,u, {) is bounded below and E # 0, it pro-
vides the existence of a minimizing sequence {(p,, s, u,) € E'}, . to the problem
(53). From the inequality

T
inf I(p,{,u) = lim {/ /|un—ud|§,\,dxdt
0 Jo

(p.Cw)es neo
T T
[ [ 1g=taxdes [ ] e Begdsar] <+, 76
0 JQ 0 JQ

there is a constant C > 0 such that

sup ||e(u <C, 77

Sl o ri20 g2 < a
sup Hun||L2(0,T;L2(!2)N) <C, sup||Gull o1y <C. (78)
neN neN

Since the sequence {{,},c is restricted by inequalities (61), the estimate (78),
implies

Sup ”C”H%Z(QT;U(Q)) < sup|Gull 10,7, () < C- (79)
neN neN

Then, by energy equality (64) and (M»)-property of the source term ¢, we arrive at
the estimate

T
KIVG a0 raziam <25 || 1V(6 =D dr +2T)2)

T
=261 2 [ [ 0(Gue(wn) (G 1)dudi+2xT |
(by (77), (79), and property (M3))
<2[60 — 1][72(g) +2C3 +2KT |2 < +eo.
Hence, sup,c || Gnll 2 < +oo, and in view of the definition of the class of admis-

sible controls %4, the minimizing sequence {(p,,&;,u,) € £} en is bounded
in the sense of Definition 6. Hence, by Lemma 2 there exist functions p0 S
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L2(0,T;L2(I)N), §° € L*(0,T; H' (R2)), and u® € Wyo (2 x (0,T);S) such that, up

to a subsequence, (py, G ) — (p°, &0 u’). Moreover, by Theorem 1 we have
&y — ¢O strongly in L?(0,T;L*(£)). Hence

& — Z_,: strongly in L'(0,7;L'(Q)). (80)

Since the set = is sequentially closed with respect to the 7-convergence (see The-
orem 2), it follows that the t-limit triplet (p°,{° u®) is an admissible solution to
the optimal control problem (53), (37)-(45) (i.e. (p°, {%,u®) € Z). To conclude the
proof it is enough to observe that by properties (16) and (80), the cost functional /
is sequentially lower T-semicontinuous. Thus

1(p°,¢° u") <liminfl(p,, Gy u) = inf _I(p,¢,w).
Nn—roo

(p.Ew)ez

Hence (p°, £%,u®) is an optimal solution, and we come to the required conclusion.
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