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ON TOPOLOGICAL DERIVATIVE FOR CONTACT PROBLEM IN
ELASTICITY

S.M. GIUSTI*, J. SOKOLOWSKI!, AND J. STEBEL?

Abstract. In the paper the general method for shape-topology sensitivity analysis of contact
problems is proposed. The method uses the domain decomposition method combined with the specific
properties of minimizers for the energy functional. The method is applied to the static problem of
an elastic body in frictionless contact with an rigid foundation. The contact model allows a finite
interpenetration of the bodies on the contact region. This interpenetration is modeled by means of
a scalar function that depends on the normal component of the displacement field on the potential
contact zone. We present the asymptotic behavior of the energy shape functional when a spheroidal
void is introduced in an arbitrary point of the elastic body. For the asymptotic analysis, we use the
domain decomposition technique and the associated Steklov-Poincaré pseudodifferential operator.
The differentiability of the energy with respect to the non-smooth perturbation is established. A
closed form for the topological derivative is also presented.

Key words. Topological derivative, static frictionless contact problem, asymptotic analysis,
domain decomposition, Steklov-Poincaré operator

AMS subject classifications. 41A60, 49J52, 49Q10, 35J50, 35Q93

1. Introduction. Topological asymptotic analysis allows us to obtain an asymp-
totic expansion of a given shape functional when a geometrical domain is singularly
perturbed by the insertion of holes, inclusions, source-terms or even cracks. The
main concept arising from this analysis is the topological derivative. This derivative
can be seen as a first order correction of the unperturbed shape functional to ap-
proximate the perturbed shape functional. The topological derivative was rigorously
introduced by Sokotowski & Zochowski 1999 [24]. Since then, this concept has proved
to be extremely useful in the treatment of a wide range of problems, see for instance,
[3, 12, 11, 9, 10, 23, 17]. Concerning the theoretical development of the topological
asymptotic analysis, the reader may refer e.g. to the papers [19, 25, 5, 14, 7).

Classically, contact problems are modeled by means of a non-penetration con-
dition between an elastic body and a rigid obstacle or foundation. This is known
as unilateral contact condition and is modeled by using variational inequalities. A
less restrictive boundary condition on the contact region is obtained by considering
the normal compliance model. In this kind of models, some small interpenetration
between the contacting bodies is allowed, and the boundary forces are given as a
function of the interpenetration. However, such models allow an arbitrary large inter-
penetration of the bodies in contact, which is physically not very realistic. Recently, a
new class of model has been presented in [6], by using a still less restrictive boundary
condition that allows a finite interpenetration of the bodies. In such a model, the
finite interpenetration is modeled by means of a function that depends on the normal
component of the displacement field to the boundary on the potential contact region.
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Clearly, this is a nonlinear boundary condition for the contact problem, leading to a
new class of variational inequalities.

The shape and topological asymptotic analysis for contact problems has been
studied in [26, 8, 15, 4]. In these works, the differentiability of the energy functional
with respect to a singular perturbation has been developed for the usual boundary
conditions in contact problems. Due to the nonlinear condition over the contact zone,
the boundary value problem becomes nonsmooth. Therefore, nonsmooth analysis
is necessary since the shape differentiability of solutions to contact problems is ob-
tained only in the framework of Hadamard differentiability of metric projections onto
polyhedric sets in the appropriate Sobolev spaces.

In this work we present the asymptotic behavior of the energy shape functional
when a spheroidal void is introduced in an arbitrary point of the elastic body. We
consider the energy shape functional associated to the frictionless contact problem
allowing a finite interpenetration between an elastic body and a rigid foundation,
developed in [6]. For the asymptotic analysis, we use the domain decomposition
technique and the associated Steklov-Poincaré pseudodifferential operator. The dif-
ferentiability of the energy of this new class of variational problem, with respect to the
non-smooth perturbation, is established. A closed form for the topological derivative
in the three-dimensional space is also presented.

The paper is organized as follows. The problem formulation associated with
contact problem, without friction and finite interpenetration, is presented in Section
2. The topological asymptotic analysis with respect to the nucleation of spherical
holes (voids) in 3D is developed with all details in Section 3. Here, a closed form of
the topological derivatives associated with the energy shape functional is presented.
The paper ends with some concluding remarks in Section 4.

2. Static contact model for finite interpenetration. We consider the prob-
lem of an elastic body having contact with a rigid foundation. The domain of the
body, denoted by Q C R3, is assumed to be bounded and have Lipschitz boundary
0f) consisting of three mutually disjoint parts with positive measures I'p, I'y and
T'c, where different boundary conditions are prescribed. On the boundary I'p we
prescribe Dirichlet boundary conditions (displacement), on I'y Neumann boundary
conditions (traction) and, finally, on T'c the contact condition with the rigid founda-
tion that admits an interpenetration, see Figure 1. For the contact model on I'¢, we
consider only a normal compliance law of the type

on(u) = —p(un — g), (2.1)
where u,, := u - n denotes the normal component of the displacement field u, n is the
unit outward normal vector to the boundary 92 and g the gap on the potential contact
zone. Moreover, in (2.1), o,(u) represents the normal component to the boundary
of the stress tensor o(u), i.e. o,(u) = o(u)n -n. The Cauchy stress tensor o(u) is
defined as:

o(u) := Ce(u) , (2.2)

where e(u) is the symmetric part of the gradient of the displacement field u, i.e.

e(u) = %(w +(Vu)T), (2.3)
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and C denotes the four-order elastic tensor. For an isotropic elastic body, this tensor
is given by:

C=2ul +AI®]T), (2.4)

with p and A denoting the Lame’s coeflicients. In the above expression, we use I
and I to denote, respectively, the identities of fourth and second order. In terms
of the engineering constant E (Young’s modulus) and v (Poisson’s ratio) the above
constitutive response can be written as:

C:Té%ﬂufvn+va®ny (2.5)

The function p : R — Ry = [0, +00] in (2.1) is used to model the interpenetration
condition between the body and the foundation. This function p is monotone with
the following properties:

ply) = 0 for y < , with « constant
liIél p(y) = +oo fory> a, with § constant and 8 > o (2.6)
y—=h-
ply) = +4oo fory=>p

The parameter « indicates the initial contact and the value of 8 describes a limit
such that no further interpenetration is possible.

The strong form of the equilibrium equation under this contact condition is given
by: find the displacement field u : Q — R? such that

—dive(u) = 0 in Q
u = u on I'p
oluyn = t on Iy . (2.7)
on(u) = —plup,—g) on T¢
or(u) = 0 on I'c¢

The last condition in (2.7) indicates that the contact is without friction, where
o-(u) = o(u)n — o, (u)n denotes the tangential component of the stress tensor o(u).

We assume that the stress operator o is bounded and positive definite, i.e. there
exist two constants g, > 0 such that:

o] <7, Yo eR>*:0(4)- 6> algl?, (2:8)
and the data satisfy:
ge H'?(Tc), ue H'(%GRY), Wlre =gandie (H*(TnRY).  (2.9)

The weak formulation of the problem stated in (2.7) is given by the following varia-
tional equation: find v € Y with (u, — g) € dom(p), such that:

(o(u),e(v) —e(uw))a + P(un — g),vn — un)re = v —u)ry, YveEU, (2.10)
where the set of admissible functions U/ is given by:

U:={pec H (R : p=u on Tpl, (2.11)
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Fic. 1. Contact problem.

Fia. 2. Perturbed contact problem.

and the domain of definition of the function p, namely dom(p), is:

dom(p) := {cp € L'(T¢) : p(p) € LY (T'¢),3C >0 : /

Te

plo)o < c||v|H1/z<pc)} .

(2.12)

For a complete and detailed description of this model, we refer the reader to [6],
where it was proved that, under the above assumptions, problem (2.10) admits a
unique solution.

3. Topological asymptotic analysis. In this section we obtain an asymptotic
expansion for the energy shape functional when a small spheroidal cavity of radius p
is introduced in an arbitrary point & of the domain 2, far enough from the potential
contact region I'¢, see Figure 2. The main term of this expansion is the topological
derivative and represents a first order asymptotic correction term of a given shape
functional with respect to a singular domain perturbation [24].

Let us consider a shape functional defined on the domain §2 and depending on the
solution u, denoted by Jo(u). Then, after the introduction of a singular perturbation
at &, we have a new domain denoted by €, := Q\ B, where B, is a ball of radius p
centered at Z, that is B, := {z € R® : |z — &| < p}, see Figure 2.

Therefore, an asymptotic expansion of the energy shape functional defined on the
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perturbed domain (2, i.e. Jq,, can be written as:

Ja, (up) = Ja(u) + f(p)Ta(Z) + o(f(p)), (3.1)

where f(p) is a positive function that decreases monotonically, such that f(p) — 0
when p — 0%, To(2) is defined as the topological derivative of Jo at &, and u,
is the solution of the contact problem in the perturbed domain given by: find the
displacement field u, : , — R? such that

—divo(u,) = 0 in Q,
u, = u on I'p
o(up)n = t on Iy (3.2)
on(up) = —plupn—g) on Tg '
or(u,) = 0 on I¢
o(up)n = 0 on 0B,

where u,y, 1= u, -1 is used to denote the normal component of the displacement field
u, on the boundary I'c. Note that there is no traction applied on the boundary of the
hole, i.e. homogeneous Neumman boundary condition has been considered on 98,
for this problem.

From (3.1) we have that the classical definition of the topological derivative is
given by [24]:

2 e qi Y2 () — Ja(u)
Tal®) = pLO* f(p) .

(3.3)

In order to perform the asymptotic expansion and the evaluation of the topological
derivative of problem (3.2), in this work we apply the domain decomposition method
and the associated Steklov-Poincaré pseudodifferential operator.

3.1. Domain decomposition. We start by decomposing the domain €2, in
two parts: (i) a ball Bg of radius R > p > 0 centered at & € , that is Br :=
{z € R : |z — & < R}, and (ii) the domain Qp := Q\ Bg. Clearly, the domain Bg
contains the small cavity B, and, for this perturbed configuration, we can define the
domain as C(R, p) := Br\B,, see Figure 3. We use ' to denote the exterior boundary
0Bpg of the domain C(R, p). First we consider the following linear elasticity system
in C(R, p): given v € HY/?(I'g; R3), find the displacement field w, : C(R, p) — R?
such that

—divo(w,) = 0 in C(R,p)
wp, = T on Ig . (3.4)
olwp)n = 0 on 9B,

Using (3.4) we define the Steklov-Poincaré boundary operator S, on I'g as:
S, : € HY*(Tx;R?) — o(w,)v € HV2(Tg; R?), (3.5)

where v denotes the unit normal vector to the boundary I'g pointing outside the ball
Bgr. Next, we consider the following contact problem in Qg: find the displacement
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g

(b) Domain C(R, p).

F1a. 3. Decomposition of the domain §.

field uf : Qg — R?, such that:

—divo(ul) = 0 in Qg
uf = u on I'p
o(ufn = 1t on Ty (3.6)
an(ug) = —p(ulf,—g) on T¢ '
or(uy) = 0 on I'¢
o(ufy = S,(ull) on Tpg

Its variational formulation can be written as: find the displacement field uf € Ur
with p(uff, — g) € dom(p), such that:

(o(u),e(v) = e(u N, + (p(uf — g),vn — uh,)re

+ (Sp(uf),v - uf)rB = (t,v — U§>]_“N Yo elUr, (3.7)

where the set of admissible functions Ug is given by:
Up = {p € H' (Qr;R*) : o =7 on Tpl. (3.8)

From (3.4) and (3.5) it follows that the solution u, of (3.2) satisfies o (u,)v = S,(u,)
on I'r. Consequently, the restriction of u, to the truncated domain Qr coinsides with
the solution uf of (3.6) and similarly u,|c(r,p) = wp, where w, is the solution to (3.4)
with v = U’P|FR'

We also observe that, by the definition of the Steklov-Poincaré boundary operator
in the domain C(R, p), the solution w, of (3.4) satisfies

/ o(wy) - £(v) = (Sy(w,), vhrn Vo € Uc, (3.9)
C(R,p)
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where the set of admissible function U¢ is given by:
Uc = {p € HY(C(R,p);R3) : p=T on Ty} (3.10)

For the unperturbed case (p = 0) we define the Steklov-Poincaré operator S :=
So : T € H'/?(T'g;R3) — o(w)v € H'/?(I'g; R3) associated with the problem

(3.11)

—divo(w) = 0 in Bg

w = v on Ipg

Applying the domain decomposition technique to the problem (2.7) on 2, we can
rewrite (2.10) as follows:

(o0(u),e(v) —e(u))ap+ (P(Un—9), vn—tn)re +(S(u), v=u)r, = (t,v-u)ry Vv € Ug.

(3.12)
It is well known that S, is a positive definite operator for any p > 0, and that the
following asymptotic expansion holds:

S, =S+ 38" +0(p*), p— 0", (3.13)

with a bounded linear operator S’ [26].

3.2. Topological derivative. For the contact model studied in this work, the
energy shape functional associated to the domain Q is given by [6]:

Ja(u) := %<0(U),E(U)>Q — by + [ Plun = g), (3.14)

where u denotes the solution of the problem in the unperturbed domain, see (2.7),
and the function P(y) is given by:

Py = [ " ). (3.15)

Considering the singular perturbation B, the energy shape functional associated
to the perturbed domain €, is given by:

To un) = 5 olun) (g, = Eougr + [ Plun=g). (310

where u, is the solution of the problem in the domain ©,, see (3.2).

Now, by taking into account the domain decomposition and the Steklov-Poincaré
boundary operator presented above, we can define the following functional associated
to the truncated domain Qg:

IQR(U?) = 1<U(U§)7€(U§)>QR — (t, u5>FN +/F P(Ufn -9g)+ *<Sp(uf)aU§>FR~

(3.17)

In view of the above functional, the contact problem in the truncated domain

Qpr, given by eq.(3.6), can be written as the following optimization problem: the
displacement field uf is the unique minimizer such that

To,(uf) = inf  {Zg,(v)}, (3.18)

vedom(Zay)
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where the domain of the functional Zq,, is given by:
dom(Zg,,) == {ve€Ur : Plv,—g) € L'(Tc)} . (3.19)
For the optimization problem (3.18), we can establish the following equivalence
Tog(ul) = Ja, (u,), (3.20)

since the minimizer in (3.18) coincides with the restriction to Qg of the minimizer u,
of the corresponding quadratic functional defined in the whole singularly perturbed
domain £2,.

PROPOSITION 1. Let u and u, be the solutions to (2.10) and (3.7), respectively.
Then

U, = U strongly in H' (QR,R?), as p — 0. (3.21)

Proof. First we show that the sequence {u,}, p — 07, is bounded in H'(Qg; R?).
Using v := 2u, — T as a test function in (3.7) we obtain:

<U(U'p)7€(up)>QR + <p(upn - g)vupn - g>Fc + <Sp(up)7up>
= (o (up), e(@))an + (P(upn = 9),Un — g)re + (Sp(wp), Wy + (Lup — Wy (3.22)

The terms on the right hand side can be estimated using the boundedness of o, the
expression (3.9) and the properties of the data u and ¢ as follows:

(o(up), e(@)r + (Sp(up), Wy = (0(uy),e(U))a,
< olle(up)llLzq, v lle@l L2, r2),  (3:23)
(p(tpn — 9),TUn — g)re =0, (3.24)
(t,up =)y < e ey mreys ([pllmeey me)
+ N[@ll gr1/2 (0 m2)) - (3.25)

Using positive definiteness of o, the expression (3.9) and the monotonicity of p
we get the lower bound for the left hand side of (3.22):

(0(up), e(up))ar + (P(Upn = 9)s tpn — g)re + (Sp(up), up)ry = QHE(UP)H%Q(QP;RS) :
(3.26)
Combining the above estimates with (3.22) we find that there is a constant C; > 0
depending only on g, @, |[al| 1 (o;rs) and [|£[| g1/2(r;r3))~ such that

||5(Up)||%2(9p;m3) < Ci(lle(up) 2wy + lupll gz ymsy + 1@l gz msy). (3.27)

Now we use the embedding H'(Qr;R?) < HY?(T'y;R?), Young’s inequality and
Korn’s inequality in H!(Qg;R?) which yields:

lupllmr(pre) < Crlle(up)llLz@pirs) < Cklle(up) Lz, rs) < C2, (3.28)

where Cg > 0 is the constant of the Korn inequality and Cs > 0 depends on the same
quantities as Cf.
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To show strong convergence, we test (3.7) by v := u and (3.12) by v = u,.
Adding the resulting equations and multiplying by —1 we obtain:

<U(up) - U(U)v E(up) - E(u)>QR + <p(upn - g) - p(u - g)v Upn — un>Fc
+(Sp(up) = S(u),up —u)r, =0. (3.29)

Since S, is a positive definite operator which admits the asymptotic expansion (3.13)
and the sequence {u,} is bounded in H*(Qg; R3), the last term in (3.29) satisfies:

<Sp(up) - S(u)7up - U>FR = <Sp(up) - Sp(u)7up - u>FR + <Sp(u) - S(u)a Up — U')FR
(p*S'(u),u, —u)r, +0(p*) =0 asp—0Ft.  (3.30)

Y

Using this, together with the Korn inequality and the facts that o is positive definite
and p is non-decreasing, we deduce from (3.29) that

: 2
,,li%ﬂ lup — ullz (@pims) <0, (3.31)

which completes the proof. O
PROPOSITION 2. The functional form Zq, defined in (3.17) is differentiable at
p =07, for any fized R > p with p > 0, and the derivative is

1

Ty [ St = 3w, (3:32)
'r

where S8’ is the main term of the asymptotic expansion of the Steklov-Poincaré bound-
ary operator S, in the space of the Steklov-Poincaré operators, given by:

S, =S+ p3S" +o(p?). (3.33)

Proof. The derivative of the functional form Zg,, at p = 0" can be written as:

IQR (uf) —Iq (uR)

o= i 3.34
o= lim g (3.34)
Let us consider the following inequalities
Z By — To(uf R’y _ R
ar(uy) = Za(uy,) <7 < Zog(u?) — Zo(u™) (3.35)

PE
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Now, for the left-hand side of (3.35) we have that

Tag (uff) — Ta(ul) 1{1 (U

Syl ufies — o), o + (E e
/F . P(uy, g)}

= D e, — Eufiey + [ POk o)

(S ) ufbye — 5ol e an + (E uflr

1
- [ Pt =)~ Sl
1

= 55 (Sl = S, ul (3.36)

Considering the asymptotic expansion of the Steklov-Poincaré operator, we have:

Za ('LLR) —IQ(UR) 1
T = (S 0 () + 0(p") = S(ug), urs
1

1 ,0(p*)
= 5 (8" (ug), ughrs + 5<7,u§>pR . (3.37)
Using the strong convergence of uf to u’® and the linearity of S’ we obtain:

e D0 (uf) = Za(uf)

p—0*F 1%

_ %<S’(UR),uR>pR. (3.38)

Now, the right-hand side of (3.35) can be written as:

UR — UR —
Zan(v7) ~ Za(u?) 1{1<a<uR>,e<uR>>QR—<t,uR>rN+ P(u? — g)

P’ p 12 re
518, ur, — 3o (), @ Hha + (ury
- [ ret-a)
~ 2 {3y~ Eey + [P =)
58, ur, — 5o, (@ an + (Fu ),
- [ Pl =) - 5t |
1

= —(Sp(uR) — S(uR),uR>pR . (3.39)
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Considering the asymptotic expansion of the Steklov-Poincaré operator, we have:

To, (u®) — To(u®)

= L (SR) + 528 (W) + 0(p®) — S(uR), uF)r,

p? 2p°
L o/ R\ R 1 0(P3) R
= §<S (u )7“’ >FR + §< p3 , U >FR (340)

By taking the limit of the above expression when p — 0T, we obtain:

Ry _ R
lim IQR('LL ) IQ(U )

p—0*F p?

1
= 5<5’(uR),uR>FR. (3.41)
Finally, from expressions (3.38) and (3.41), it follows (3.32). O

Using Proposition 2, the asymptotic expansion of the functional Zq,, can be writ-
ten as:

3
Toy, = To+ 5(8' (), u)r, +o(p"); (3.42)

and, in view of the asymptotic expansion (3.1), we finally have that the topological
derivative satisfies the following identity:

Tol#) = 508 (@), ), (3.43)

Proposition 2 establishes the differentiability property of the energy shape func-
tional for this contact model with respect to the non-smooth perturbation denoted
by B,. This is an abstract results, whose closed form for the topological derivative
Ta(&) is presented in the next section.

3.3. Topological derivative evaluation. As a main result from the previous
section, we have that the energy shape functional admits an asymptotic expansion
for p — 0T, see egs.(3.1) and (3.43). This means that the asymptotic behavior of the
energy in C(R, p) holds in the whole domain 2. Then, we only need to compute the
topological derivative for the energy shape functional in C'(R, p), with its associated
elastic problem (3.4). In order to evaluate the topological derivative, we can use the
techniques available in the literature, see for instance [2, 21, 18, 24]. Finally, for an
explicit and analytical formula for the topological derivative 7o (&), we introduce the
following result:

THEOREM 3. The energy shape functional of an elastic solid, characterized by
the constitutive equation (2.5), with a spherical cavity of radius p with homogeneous
Neumann boundary condition and centered at point & € Q, admits for p — 0T the
following asymptotic expansion:

T, (u,) = Jo(u) + p*rHo(u(z)) - e(u(d)) + o(p®) Vi € Q, (3.44)

where u(Z) is the solution of the problem (2.7) evaluated at & and H is the fourth-order
tensor defined as:

1—wv 1—5v
= 101 — I®I 4
7—5U<O 1—2v ®)’ (345)
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where v is the Poisson’s ratio of the elastic medium, I and 1 are the identities tensors
of second- and fourth-order, respectively.
Proof. The reader interested in the proof of this result may refer to [22, 13, 16]. O
REMARK 4. The fourth-order tensor H in (3.44), can be interpreted as the po-
larization tensor associated to this problem. This is a important concept, since the
topological derivative formula can be written explicitly in terms of this tensor. The
reader interested in this topic may refer to the works [1, 5, 20].

4. Final remarks. An analytical expression for the topological derivative of the
energy shape functional associated to a frictionless contact model that allows a finite
interpenetration between an elastic body and a rigid foundation, has been derived.
We develop the asymptotic analysis for the case when a spherical void is introduced
at an arbitrary point of the domain. By using the domain decomposition technique
and the associated Steklov-Poincaré pseudodifferential operator, the differentiability
of the energy was successfully established. The final formula is a general simple ana-
lytical expression in terms of the solution of the state equation and the constitutive
parameters evaluated in each point of the unperturbed domain. From the asymptotic
analysis, it was proved that the finite interpenetration condition on the potential con-
tact zone does not contribute explicitly to the first order topological derivative. This
means that the formula for the topological derivative is the same that for the classi-
cal elasticity problem for an isotropic and homogeneous medium. The contribution
of the contact model in the topological derivative is through the displacement field,
solution of the contact problem with the non-linear boundary condition (finite inter-
penetration). Finally, we remark that this information can be potentially used in the
topological design of mechanical components, under contact conditions, to achieve a
specified behavior.

Acknowledgments. This research is partially supported by LabEx CARMIN—
CIMPA SMV programme (France). The work of J. Stebel was supported by the
ESF grant Optimization with PDE Constraints, by the Czech Science Foundation
(GACR) grant no. 201/09/0917 and RVO 67985840. These supports are gratefully
acknowledged.

REFERENCES

[1] H. AmMARI AND H. KANG, Polarization and moment tensors with applications to inverse
problems and effective medium theory, Applied Mathematical Sciences vol. 162, Springer-
Verlag, New York, 2007.

[2] S. AMmSsTUTZ, Aspects théoriques et numériques en optimisation de forme topologique, phd
thesis, Institut National des Sciences Appliquées de Toulouse, France, 2003.

[3] S. AMsTuTZ, A.A. NOVOTNY, AND E.A. DE Souza NETO, Topological derivative-based topology
optimization of structures subject to drucker-prager stress constraints, Computer Methods
in Applied Mechanics and Engineering, 233-236 (2012), pp. 123-136.

[4] I.I. ARGATOV AND J. SOKOLOWSKI, Asymptotics of the energy functional in the signorini prob-
lem under small singular perturbation of the domain, Computational Mathematics and
Mathematical Physics, 43 (2003), pp. 710-724.

[5] G. CARDONE, S.A. NAZAROV, AND J. SOKOLOWSKI, Asymptotic analysis, polarization matrices,
and topological derivatives for piezoelectric materials with small voids., STAM JOurnal on
Control and Optimization, 48 (2010), pp. 3925-3961.

[6] C. Eck, J. JARUSEK, AND J. STARA, Normal compliance contact models with finite interpenetra-
tion, Tech. Report Sttutgart Research Centre for Simulation Technology (SRC SimTech),
Universitat Stuttgart, Stuttgart, Germany, 2012.

[7] G. FrémioT, W. HORN, A. LAURAIN, M. RA0o, AND J. SOKOLOWSKI, On the analysis of
boundary value problems in nonsmooth domains, Dissertationes Mathematicae (Rozprawy
Matematyczne), 462 (2009), p. 149.



Topological derivative for contact problems 13

[8] P. FuLMANSKI, A. LAURAINE, J.F. SCHEID, AND J. SOKOLOWSKI, A level set method in shape
and topology optimization for variational inequalities, International Journal of Applied
Mathematics and Computer Science, 17 (2007), pp. 413-430.

[9] S.M. Grusti, A.A. NovoTny, E.A. DE Souza NETO, AND R.A. FEUGO, Sensitivity of the
macroscopic elasticity tensor to topological microstructural changes, Journal of the Me-
chanics and Physics of Solids, 57 (2009), pp. 555-570.

[10] N. VAN GOETHEM AND A.A. NOVOTNY, Crack nucleation sensitivity analysis, Mathematical
Methods in the Applied Sciences, 33 (2010), pp. 1978-1994.

[11] M. HINTERMULLER AND A. LAURAIN, Multiphase image segmentation and modulation recovery
based on shape and topological sensitivity, Journal on Mathematical Imaging and Vision,
35 (2009), pp. 1-22.

[12] M. HINTERMULLER, A. LAURAIN, AND A.A. NOVOTNY, Second-order topological expansion for
electrical impedance tomography, Advances in Computational Mathematics, 36 (2012),
pp. 235-265.

[13] I. HLAVACEK, A.A. NOVOTNY, J. SOKOLOWSKI, AND A. 7Z0CHOWSKI, On topological derivatives
for elastic solids with uncertain input data, Journal Optimization Theory and Applications,
141 (2009), pp. 569-595.

[14] M. IGUERNANE, S.A. NAzARrRov, J.-R. ROCHE, J. SOKOLOWSKI, AND K. SzuLc, Topological
derivatives for semilinear elliptic equations, International Journal of Applied Mathematics
and Computer Science, 19 (2009), pp. 191-205.

[15] J. JARUSEK, M. KrRBEC, M. RAO, AND J SOKOLOWSKI, Conical differentiability for evolution
variational inequalities, Journal of Differential Equations, 193 (2003), pp. 131-146.

[16] A.M. KHLUDNEV, A.A. NOVOTNY, J. SOKOLOWSKI, AND A. ZOCHOWSKI, Shape and topology
sensitivity analysis for cracks in elastic bodies on boundaries of rigid inclusions, Journal
of the Mechanics and Physics of Solids, 57 (2009), pp. 1718-1732.

[17] A.M. KHLUDNEV, J. SOKOLOWSKI, AND K. SzuLc, Shape and topological sensitivity analysis in
domains with cracks, Applications of Mathematics, 55 (2010), pp. 433—469.

[18] A. LAURAIN, Singularly perturbed domains in shape optimisation, phd thesis, University Henri
Poincaré, Nancy, France, 2006.

[19] S.A. NAzAROV AND J. SOKOLOWSKI, Asymptotic analysis of shape functionals, Journal de
Mathématiques Pures et Appliquées, 82 (2003), pp. 125-196.

[20] S.A. NAzAROV, J. SOKOLOWSKI, AND M. SPECOVIUS-NEUGEBAUER, Polarization matrices in
anisotropic heterogeneous elasticity, Asymptotics Analysis, 68 (2010), pp. 181-221.

[21] A.A. NovoTNny, R.A. FEL6o, C. PADRA, AND E. TAROCO, Topological sensitivity analysis,
Computer Methods in Applied Mechanics and Engineering, 192 (2003), pp. 803-829.

[22] A.A. NovoTNy, R.A. FE60, E. TAROCO, AND C. PADRA, Topological sensitivity analysis for
three-dimensional linear elasticity problem, Computer Methods in Applied Mechanics and
Engineering, 196 (2007), pp. 4354-4364.

[23] A.A. NOVOTNY, J. SOKOLOWSKI, AND E.A. DE SouzA NETO, Topological sensitivity analysis
of a multi-scale constitutive model considering a cracked microstructure, Mathematical
Methods in the Applied Sciences, 33 (2010), pp. 676-686.

[24] J. SOKOLOWSKI AND A. ZOCHOWSKI, On the topological derivative in shape optimization, STAM
Journal on Control and Optimization, 37 (1999), pp. 1251-1272.

[25] ———, Optimality conditions for simultaneous topology and shape optimization, STAM Journal
on Control and Optimization, 42 (2003), pp. 1198-1221.

, Modelling of topological derivatives for contact problems, Numerische Mathematik, 102

(2005), pp. 145-179.




