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Concentration phenomena
in the optimal design of thin rods

Naria LUCARDESI
Laboratoire IMATH, Université du Sud Toulon - Var,

Avenue de I’Université, 83957 La Garde Cedex, France

Abstract

In this paper we analyze the concentration phenomena which occur in thin rods, solving the
following optimization problem: a given fraction of elastic material must be distributed into a
cylindrical design region with infinitesimal cross section in an optimal way, so that it maximizes
the resistance to a given external load. For small volume fractions, the optimal configuration of
material is described by a measure which concentrates on 2-rectifiable sets. For some choices of
the external charging, the concentration phenomena turn out to be related to some new variants
of the Cheeger problem of the cross section of the rod. The same study has already been carried
out in the particular case of pure torsion regime in [6]. Here we extend those results by enlarging
the class of admissible loads.

Keywords: thin rods, optimization, compliance, duality, dimension reduction, Cheeger problem, generalized
Cheeger sets
MSC2010: 74K10, 49J35, 49Q10, 28A25.

1 Introduction

In this paper we study the problem of characterizing the most robust configurations of an isotropic
elastic material when the design region is a thin rod subject to a given external load. Moreover, at
the same time, we let the ratio between the volume of the elastic material and the volume of the
design region tend to zero.

We represent a rod as a thin straight cylinder of the form

Q(;::dﬁxf,

where the cross section D C R? is an open bounded domain, the axis I C R is a closed bounded
interval and § > 0 is a vanishing parameter describing the small ratio between the diameter of the
cross section and the length of the axis.

We let the design region Qs be subject to an external load F° € H ~1(Qs;R3), which we assume to
be a suitable scaling of a fixed field F € H~1(Q;R3), being Q := D x I.

The optimization problem under consideration takes the form of a double limit process of a 2-
parameters family of variational problems: we study

S(k) — in 5 ef
& (k) := it {c Q) + & |Q5|} : (1.1)
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as 6 — 01 and k — +o0.

The first term of (1.1) is a shape functional, called compliance, which, in the framework of small
displacements, describes the resistance to the external load of an isotropic elastic material that
occupies a certain region €2 C Q)s. More precisely, the smaller is the compliance, the higher is the
resistance. Such shape functional is defined as

Co(Q) := sup{(F‘S,u>R3 — /Qj(e(u))dx Cu € Hl(Qg,RS)} , (1.2)

where, as usual in linear elasticity, e(u) denotes the symmetric part of the gradient Vu, and the

strain potential j : Rg’;ﬁ — R, assumed to be isotropic, is strictly convex and has the form

A
j(2) o= S22+ lel?

A,p > 0 being the Lamé coefficients of the material. The scaling F? is chosen so that in the
limit process the infimum remains finite and, as it is customary in the literature, it depends on the
assumptions made on the type of applied loads (see e.g. [13]). Clearly, in order that C°(Q) remains
finite, the load must have support contained into 2, moreover it has to be balanced, i.e.

(F° u)gs =0, whenever e(u) =0 .

The second term of (1.1) is the product of the volume fraction |2|/|Qs| occupied by the material in
the design region and a Lagrange multiplier k£ € R.

In the first passage to the limit we let & — 0T, keeping k fixed: this corresponds to look for the
most robust configuration in a rod-like set, when the ratio between the volume of material and the
volume of the thin design region is prescribed.

The asymptotical study of ¢? (k) is based on the comparison with the “fictitious counterpart”,
namely their relaxed formulation in L*°(Qs;[0,1]): it is well known that the infimum problems
(1.1) are in general ill-posed, due to occurrence of homogenization phenomena which prevent the
existence of an optimal domain (see [1]); thus we need to enlarge the class of admissible materials,
passing from “real” materials, represented by characteristic functions, to “composite” materials,
represented by densities with values in [0, 1].

The limit ¢(k) := limgs_, o+ ¢°(k) is a variational problem set over the space of densities and turns
out to be solvable section by section.

In the second limit process we study the asymptotic behavior of problem ¢(k) as k — 400, namely
when the “filling ratio” is infinitesimal. We show that the sequence ¢(k) is asymptotically equivalent

to v2k, and we determine the limit m := limg_, 4 o % Such limit is again a variational problem

solvable section by section, and it is set in the space M (Q) of positive measures on R3, compactly
supported in (). This new setting is well adapted to the limit problem, since we wish to detect
concentration phenomena, which may occur in lower dimensional parts.

The problem we treat, and consequently the approach we adopt to solve it, draws its inspiration
from the recent works by G. Bouchitté, I. Fragala, I. Lucardesi and P. Seppecher: in [7] the authors
studied the compliance optimization problem when the design region is a thin plate, described by a
family of cylinders having infinitesimal thickness; while in [6] the authors studied the problem of thin
rods just in torsion regime and found that, when the cross section is convex, the optimal material
concentrates, section by section, on the boundary of the so called Cheeger set of the section (see [6,



Theorem 5.4]). We recall that a Cheeger set of D is a minimizer for the quotient perimeter/area
among all the measurable subsets of D (for more details see [3, 8, 9, 11]):

inf 7fR2 Vg .

1.3
ECD,1 5BV (R?) |E| ( )

In this paper we enlarge the class of admissible loads, letting the bending, twisting and stretching
energies interplay. Our generalization is not merely a technical variant of [6] and the asymptotics
change significantly: the generalized limit problem reads

m= /m(r(x'),t, 50, 81, 2) (1.4)
I

where

m(r, t, so, $1,82) = inf ){/ lo| : divy (o1, 09) = r(2'), / (x109 — mo01) =t
D

oc€M(D;R3 D

/03:507/xa03:5a}7
D D

with » € H=1(D) and t, s; € R functions depending on the particular load F' chosen. The expression
(1.4) means that an optimal configuration is represented by a measure which solves, section by
section, the variational problem m in (1.5). The description of concentration phenomena is in
general a difficult task; here we provide some examples for which the solution of the variational
problem m can be written explicitly, or characterized in terms of new variants of the Cheeger
problem.

For vertical loads such that » = t = 0, the optimal configurations concentrate on a subset of the
boundary of the cylinder @ (see §5.1). When r = s; = 0, corresponding to pure torsion chargings
(see §5.2), problem (1.5) can be written equivalently as

inf{/D\Du] . we BVy(D), /Du—l} , (1.6)

which is the relaxed formulation of the Cheeger problem (1.3). As already pointed out, this means
that, on each section, the support of an optimal measure coincides with the boundary of the Cheeger
set of D. In general, the optimal measure cannot be written explicitly. However, under different
assumptions on the load, (1.5) reduces to one of the following variants of the Cheeger problem (1.6):
the first variant comes into play when s; = 0 and it is a sort of perturbation with a translation term

(see §5.3):
inf{/D]Du—l—q] : u € BVy(D), /Du—l} , (L.7)

being ¢ a fixed vector field; while the second variant, appearing when r = 0, is a weighted version

(see §5.4):
inf{/Da|Du| . w€ BVy(D), /Du:1} : (1.8)

being « a non negative function in D. We point out that problem (1.8) has been treated some years
ago by Ionescu and Lachand-Robert: in [10] the authors, motivated by applications to landslides
modeling, study the case in which both the integral to minimize and the integral in the constraint
are weighted.

(1.5)



The paper is organized as follows.

In Section 2 we list the notation adopted throughout the paper and introduce the classes of dis-
placement fields.

In Section 3 we introduce the admissible loads and provide some examples.

In Section 4 we carry out the asymptotic analysis of (1.1) in the double limit process, as § — 0" and
k — 400, specifying the scaling we adopt: in Theorem 4.1 we write the limit ¢(k) := limg_,o+ ¢°(k),
while in Theorem 4.8 we characterize the limit 7 := lim_, 1 ¢(k)/v/2k. Moreover we rewrite both
¢(k) and m in a dual form (Propositions 4.4 and 4.9) and compare the solutions of the primal and
dual problems deriving optimality conditions (Propositions 4.7 and 4.10).

The proof of these results is quite technical and follows the same approach performed in the pure
torsion regime (treated in [6]). However, for the benefit of the reader, we recall the main steps in
Section 6, the Appendix.

In Section 5 we analyze the limit problem m and try to characterize the optimal configurations,
in terms of optimal measures. Under particular assumptions on the load chosen, we are able to
characterize it explicitly or to provide qualitative properties which turn out to be related to some
new variants of the Cheeger problem (see Theorem 5.7, Remark 5.8 and Proposition 5.10).

Acknowledgments. We gratefully acknowledge Guy Bouchitté and Ilaria Fragala for the advices,
the suggestions and the fruitful discussions about the problem.

2 Preliminaries

2.1 Notation

We let the Greek indices a and 5 run from 1 to 2 and the Latin indices 7 and j run from 1 to 3. As
usual, we omit to indicate the sum over repeated indices.

Given a € R" we denote by d, the Dirac mass at x = a.

Given a set A C R™ we introduce two functions: we denote by 14 the characteristic function which
equals 1 in A and 0 outside, and by x4 the indicator function which equals 0 in A and 400 outside.
We denote by Int (A) the interior of the set A, and by A its closure.

For every measurable set A C R™ we denote by |A] its Lebesgue measure, namely |A| := [ 4 Ld.
In the integrals, unless otherwise indicated, integration is made with respect to the n-dimensional
Lebesgue measure. Furthermore, in all the circumstances when no confusion may arise, we omit to
indicate the integration variable.

We write any x € R? as (2/,23) € R? x R.

Derivation of functions depending only on x3 will be denoted by a prime. Given ¢ € H'(R?) we
denote by V') its rotated gradient, namely

Vip(a') = (=0agp (), Drep(a”)) -

We adopt the same convention for the weak derivatives and write D to denote the differential
operator (—Dsg, Dy).

We recall that the design region under study is a suitable scaling of the fixed right cylinder @ :=
D x I, whose cross section D C R? is an open, bounded, connected set with Lipschitz boundary,
and whose axis is a bounded closed interval I C R. Without loss of generality, we may assume



that I = [-1/2,1/2] and |D| = 1, so that |Q| = 1. Finally, we chose the coordinate axes so that
fD To dz' = 0.

We denote by D'(Q) the subset of distributions on R? whose support is contained in the compact
set . These distributions are in duality with C*°(Q), the space of restrictions to @ of functions in
C>®(R3), and (T, ¢)gs represents the duality bracket.

For any T' € D'(Q), we denote by [[T]] € D'(R) the 1d distribution obtained by “averaging” T with
respect to the cross section variable, which is characterized by

(TN, o) = (T, p)rs Yo =p(x3) € C5°(R)

where C§°(R) denotes the function belonging to C°°(R) having compact support.
Given a tensor field ¥ € L?(Q;R™ "), by divY we mean the its divergence (in the sense of distri-
butions) with respect to lines, namely

(diV E)z = Z @Eij .
7=1

In the following H'(Q) denotes the space of restrictions to @ of elements of the Sobolev space
ot (R3), equipped with the usual norm Hu||§{1(Q) = fQ(|u|2 + |Vu|2). Notice that, by the boundary
regularity assumed on D, it coincides with the usual Sobolev space H'(D x I). The dual space,
denoted by H~!(Q), can be identified to the subspace of distributions 7' € D’(Q) verifying the
inequality [(T, )| < Cllgllg1(q) for every ¢ € H'(Q), being C a suitable constant. Similar con-
ventions will be adopted for functions or distributions on D or on I. It is easy to check that [[T]]
belongs to H~1(I) whenever T € H~1(Q).

We recall that in dimension 1, a distribution S € D'(I) satisfying (S, 1)z = 0 has a unique primitive
belonging to D’'(I), that we denote by Py(S). In the general case, given S € D'(I), we denote by
P(S) the primitive P(S) := Py(S — (S, 1)r).

We denote by BVy(Q) (respectively BVy(D) and BVy(I)) the space of bounded variation functions
which vanish identically outside @ (resp. D and I). We denote by M(Q) the space of measures on
R3 compactly supported in @, and by M™(Q) the subspace of positive measures.

When we add a subscript ,, to a functional space, we are considering the subspace of its elements
which have zero integral mean.

In the particular case of H2 (I) we require that also the distributional derivative has zero integral

mean, i.c. HE (D) {gefﬁu) : /ICZ/,C/:O} '

When needed, further notations will be introduced throughout the paper.

2.2 Displacement fields

Let us introduce the classes of displacement fields we consider, which are subspaces of H(Q;R?).
As usual, by rigid motion we mean the space

R(Q) == {7“ e HY(Q:R%) : e(r) = o}



namely vector fields of the form 7(z) = a + b A z, with a, b € R3.
We define the space of Bernoulli-Navier fields

BN(Q) = {ue H\QR®) : ew) =0 V(i.j) # (3,3)]
and the space
TW(Q) = {v = (va,v3) € HY(Q;R?) x L*(I; HL(D)) : eas(v) =0 Va,B € {1,2}} .

It is easy to check that, up to subtracting a rigid motion, any v € BN (Q) admits the following
representation:

u(z) = (Ci(23), G2(w3), G3(23) — wala(s))  for some (Ca, C3) € (Hy,(1))* x Hy(I) - (2.1)

Similarly, up to subtracting a Bernoulli-Navier field, any v € TW(Q) can be written as a twist field,
namely a displacement of the form

v(x) = (—xoc(x3), r1c(x3), w(x)) for some c € HL (I), w e L*(I; H! (D)) . (2.2)

We remark that, up to rigid motions, any v € TW(Q) can be written as v = u + v, with @ as in
(2.1) and v as in (2.2), and the decomposition is unique.
We notice that the third component w of a field belonging to TW (Q) is not necessarily in H'(Q);
nevertheless, using the representation (2.2), we see that

(e13(v), e23(v)) = = (¢ (23) (22, 1) + Vpw) € L*(Q;R?) . (2.3)

N | —

Finally, exploiting Korn inequality and Poincaré-Wirtinger inequality, it is easy to show that
the quotients BN(Q)/R(Q) and TW(Q)/BN(Q), endowed with the norms |[les3(-)|lz2(q) and

(||6173(')||%2(Q) + ||6273(')||%2(Q))1/2 respectively, are Banach spaces.

3 Admissible loads

3.1 Definition and decomposition

In the mechanics of beams it is customary to distinguish between stretching, bending and torsion
loads. The general case is difficult to handle, due to the interplay between these contributions of
the charging. Here we focus our attention on the loads for which the contribution of bending and
torsion may be decoupled in a suitable way, and we choose two different scalings for these two
components (see §4.1).

Let F € H 1(Q;R3) be an external load. In the asymptotic procedure, it turns out that the load
F enters in the limit problem merely with its resultant and momentum averaged on each section.
In particular, the normal component of the load to the section gives the average azial load [[F3]],
while the component lying on the section gives the average shear force [[Fi]le; + [[Fz]]es. Similarly,
the normal and planar components of the average of the momentum [[x A F]] give the torsion

mp = [[£1Fy — 2o F1]] € HY(I;R) (3.1)



and the average bending moment
m® = ([[waFs — 23 B)); [[~21 Fs + 23F1]]) € HY(I;R?) (3.2)

respectively.

We now fix the type of exterior loads F' we consider.
With any ¥ € L?(Q;R2X3), that we extend to zero over R?\ Q, we associate the distribution div .

sym

As an element of H~!(Q;R?), it is characterized by
(divE, u)gs = —/ Y-Vu= —/ Y-e(u) Yue HY(Q;RY). (3.3)

Q Q

Definition 3.1. We say that F € H~Y(Q;R?) is an admissible load if it satisfies the following
conditions:

(h1) there exists ¥ € L*(Q;R3X3) such that F = divY in D'(R%R3);

sym

F3 = 03%33
(h2) either F3= 01%X13+ OaXa3  or ;

[Fa]] = 0

(h3) the set {x € Q : dist(x,spt(F)) < 0} has vanishing Lebesgue measure as § — 0.
Remark 3.2. Assumption (hl) is equivalent to require that the load is balanced, namely it satisfies
(F,u)gs =0 whenever e(u) =0 .

Indeed, as already observed in the Introduction, this condition is necessary in order that the com-
pliance remains finite.

Assumption (h3) is needed to ensure that the load can be supported by a small amount of material.
From a technical point of view, (h3) enables us to apply Proposition 2.8 in [7]. This condition on the
topological support of F' is satisfied for instance when spt(F') is a 2-rectifiable set, and in particular
in the standard case when F' is applied at the boundary of Q.

In order to better understand the condition (h2), let us compute the resultant of the forces on
the sections, the torque and the bending momentum for a load F' that admits the divergence
representation (hl).

Let ¥ € L*(Q;R353) be associated to F. Hence, according to the definitions (3.1) and (3.2), with
a direct computation we obtain that the components of the average resultant read

[[F3]] = [[05X3s]] (3.4)

the normal component of the average momentum [[z A F]] equals
mp = [[x1Fy — 22 F1]] = [[x103%93 — 2203%13]] , (3.5)

and the planar component of [[x A F]] is given by
mby = ([[x2F3 — w3 F); [[—21 F3 + 23F1]))
= (~a3[[Ba]); 23 ([F)]) + ([22(01 13 + 02 50)]); [[~21 (91 13 + 82%03)])+ (3.6)

+([[2205X33]]; —[[2103X33]]) ,



where we have used the symmetry of the tensor ¥ and the fact that, for every distribution 7' € D'(Q),
the average [[T]], being an element of D'(I), satisfies

<[[aaTH7 90(373)>R = _<T7 aa()o(x?)»]R?’ =0 Vepe D(I) :

In view of (3.4)-(3.6), we see that all the quantities above do not depend on ¥,g; moreover we
notice that imposing (h2) we require that either the bending moment does not depend on X33, or
it depends only on X33.

We decompose an admissible load F' as the sum F' = G + H of two loads belonging to H(Q;R3)
defined as follows:

, ‘ Sij i (5) # (3,3)
G:=divig with (Xg); = (3.7

0 it (4,7) = (3,3)

' . 0 if (4,7) # (3,3)
H:=divYy with (EH)ij = , (3.8)

Ygz if (4,5) = (3,3)
where ¥ € L?(Q;R3%3) is associated to F as in (h1).

sym

In view of condition (h2), the admissible loads satisfy

.
F =G F, =G,, [[GJ]]=0
H =0 F3  =Hj3
either or
mp = Mmg mgp =mng
b b b b
m%) _ _E;) m;) _ m(H)

\

In Section 4 we will consider two different scalings for the two components G and H. We point out
that the first case, corresponding to H = 0, has been presented in the paper [6].

Remark 3.3. The essential feature of our decomposition (3.7)-(3.8) is that the component G does
not act on Bernoulli-Navier displacements (see (ii) in Proposition 3.4 below): this will ensure that
the scaled functional C° introduced in (4.4) is finite.

Assumption (h2) guarantees that the action of the components over the displacements (in particular
of G on TW(Q)) do not depend on the representative ¥ chosen among the tensors associated to F'.
In the general case, when the bending moment depends on both X33 and {¥13, X231}, it is necessary
to find a different decomposition, which is invariant under sum with a divergence free tensor. We
believe that the difficulty in treating the problem is just in this first step and we expect that, possibly
introducing a third component, our techniques still apply, leading to similar results characterized
by the same structure.

The properties of the action of an admissible load over the displacements are summarized in the
next proposition.



Proposition 3.4. Let F be a load satisfying (h1), and let F = G + H with G and H defined in
(3.7) and (3.8) respectively. Then the following facts hold:

(i) the loads F,G and H are balanced, namely they do not act on rigid motions;

(i) G does not act on Bernoulli-Navier displacements, whereas it acts on TW (Q) being an element
of H-Y(Q;R?) x L?(I; HY(D)). More precisely, for any v € TW(Q), there holds

<G7 U>R3 = <mG7 C>R + <G37 w>]R3 ) (39)
where ¢ and w are associated to v according to (2.2);

(iii) the action of H on any Bernoulli-Navier displacement w is
<H7 u>]R3 = _<H_a7 C;>]R + <F37 <3>]R ) (3]‘0)
where ; are associated to u according to (2.1), and H; € H1(I) are defined by

o= |[zaHs)], ;= [[H3)]. (3.11)

Proof. (i) By definition (h1), (3.7) and (3.8), F', G and H are defined as the divergence of suitable
L? tensors in the sense of distributions. In view of (3.3) it is then clear that they vanish on rigid

motions.
(ii) Let ¥ € L*(Q;R3X3) be associated to G according to (3.7). By (3.3), since (X¢)s3 = 0, we

sym
infer that G vanishes on Bernoulli-Navier displacements. On the other hand, the action of G on

TW(Q) is well-defined through the equality
<G’ U>]R3 = -2 <Ea3a eaS(U)>R3 (3.12)

for every v € TW(Q).

The right hand side of (3.12) makes sense as a scalar product in L?(Q;R?) thanks to (2.3). In
particular, by taking v = (0,0,v3), one can see that Gz € L?(I; H-(D)). Finally, writing v using
the representation (2.2), equality (3.12) can be rewritten under the form (3.9).

(iii) Let w be a Bernoulli-Navier displacement. Since by (i) H vanishes on rigid motions, and by
definition H, = 0, there holds

<H7 u>]R3 = <H37 <3 - xa<&>]R3 )

where (; are associated to u according to (2.1). By construction, the functions ¢; depend only on
x3, then we infer

(H,u)gs = —({[[xaHs]], (o)z + ([[Ha]], G3)r
that gives (3.10), thanks to definition (3.11) of H;. O

Remark 3.5. Notice that, from the definition (3.1) of m¢ and the assumption (3.7) on G, it follows
that (mq, 1)z = 0. Indeed,

(ma, Dr = ([[11G2 — 22G1]], 1)r = (21G2 — 22G1, L)gs = (01291, 71)ps — (02212, T2)ps =0,

where the last equality holds since ¥ is symmetric.
Similarly, since Hs = 03X33, there holds (H3, 1) = 0.



3.2 Examples of admissible loads

Let us introduce some examples of admissible loads: in the first we present a family of possible H
and in the following ones some choices for G (already introduced in [6, Examples 2.5-2.7 ])

Other admissible loads can be obtained by combining G and H introduced above, provided that
the resulting load G + H satisfies assumption (h2).

In Section 5 we will analyze the behavior of optimal configurations when the design region is subject
to these particular loads.

Example 3.6. Component H concentrated on the top and bottom faces D x {£+1/2}:

Ho=0, Hy=f(a')(0_1/2 — d12)(x3) ,

with f € L2(R% R?).
It is easy to see that condition (3.8) is satisfied by considering

Eij =0 if (’L,j) 75 (3, 3) and 233 = f(CC/) ]lQ .

In particular, if we take
Ao b
f@)=t—5 vat 757 (3.13)
I 2 “ D]

with a, and b arbitrary real constants, we obtain a load F' such that

M, = [[waHs]] = ao (5_12 = 6172)(w3) . (3.14)

H;z = [[H3]] = b(6_1/2 — 01/2)(x3) -

U

Example 3.7. Component G horizontal and concentrated on the “top and bottom faces’
D x {£1/2}:
(G1,G2) = (0_1/2 — 01 2)(w3) V(a) , G3 =0,

with ¢ € H}(D) (we recall that V# denotes the rotated gradient operator (—ds,d;)). In general,
by varying the choice of v, for every ¢ € R we can construct a load G such that

ma =c(6_y/5 — 61 9)(x3) (3.15)

Gs=0.
Example 3.8. Component G horizontal and concentrated on the “lateral surface” 0D x I:

(G1,G9) = ’I’](.’Eg)TaD(CC/)HlLaD , G3=0,

with 75p the unit tangent vector at dD and n € L2, (I).
We notice that in this example the average momentum is absolutely continuous with respect to the
Lebesgue measure, more precisely

mg = —2|Dn(xs) .

10



Example 3.9. Component G concentrated on the whole boundary of Q:

(G1,Ga) = (0_1/2 — 0y 2)(w3) Vrt(2') , Gy =—hH'LOD ,
with h € L2,(0D) and v € H'(D) the solution of the two-dimensional Neumann problem

Ay =0 inD
oy =h on 0D

We remark that the average momentum of the load G reads
mag = (/ Varp - (—51327901)d93/) (5—1/2 - 51/2)(5133) .
D

4 The limit rod-model

In this Section we carry out the asymptotics of the family of variational problems introduced in
(1.1)

¢°(k) == inf {05(9) +kﬂ} : (4.1)
Qs

as § — 0" and k — +o00. As already explained in the Introduction, keeping k fixed and letting
6 — 0 corresponds to study the compliance optimization problem in a rod-like set, when the relative
amount of elastic material is prescribed (see Theorem 4.1). Letting then k& — 400 corresponds to
look for the best configurations which minimize the “filling ratio” (see Theorem 4.8).

The proofs of the results stated in §4.2 and §4.3 follow the same scheme of the ones treated in [6],
in which the authors analyzed the case F' = (G. For the benefit of the reader, we postpone to the
Appendix the main steps of the proofs, enlightening the main differences due to the presence of the
extra-term H.

4.1 Reformulation of ¢°(k) over the fixed domain Q

The first step in the study of the asymptotics of ¢°(k) is their reformulation on subsets of the the
fixed domain Q = D x I instead of the thin cylinders Qs = 6D x I. This operation corresponds to
chose a suitable change of variables for the displacements and a suitable scaling for the loads.

Let us first rewrite the compliance term C°(Q2), with Q varying among the subsets of Qs.
Given an admissible load F' and its decomposition F' = G + H defined according to (3.7) and (3.8),
we consider the following scaling F% := G% + H?: for every = € Qs we set

Gé(:c) = (5_1G1,5_1G2,(5_2G3)(5_1£C/,.’E3),
HO(z) := (0,0,0 Y H3)(6 12/, x3) .

In what follows we deal with both the components G and H, implicitly meaning that one of the
conditions of (h2) holds true. We remark that all the following results, stated in Sections 4 and 5,
are valid also without such assumption.

For every test function @ € H'(Qs;R?) it holds

u(x) = ((572'&1,572U2,571U3)(571$/,x3) in Qs

11



for some u € H'(Q;R?).
This change of variables induces a 1-1 correspondence between the subsets of Qs and the subsets of
Q: every  C @ is associated to a unique w C Q such that

Q={(62",23) : 2’ ew}. (4.2)
Further, let us introduce the operator ¢® : H'(Q;R?) — L?(Q; RQ;IE;) defined by

egﬁ(u) = 572ea5(u) , 623(u) = 5716a3(u) , eg3(u) = es3(u) , (4.3)

as it is usual in the literature on 3d — 1d dimension reduction. By combining these definitions and
scalings, with a direct computation we infer that

C%Q)—mm{%@%uﬁa+(Hﬂwm—i/j&ﬁw»dx: we Q). (4.4)

with w C @ satisfying (4.2). Since w is uniquely determined, we denote the expression above as
C%(w), namely a shape functional posed on a subset of the fixed domain Q.

Finally we observe that |Q|/|Qs| = |w|/|@|. Hence, recalling that @ is assumed to have volume 1,
we conclude that problem ¢°(k) defined in (4.1) can be rewritten as

&w:mqﬁwnww;ch}. (4.5)

4.2 The small cross section limit

In order to write the limit problem as 6 — 0%, we need to introduce another energy density
7 :R3 — R, the so called reduced potential:

An Az n
Jw)= f J| Ay Ap y
Yy Y2 Y3
With a direct computation it is easy to show that
= 2772 Yol + (Y/2)]23]* (4.6)
where Y := 1 3)‘+277 is called the Young modulus.

The behavior of the optimal design problem (4.1) in the dimension reduction process is described
by the following

Theorem 4.1 (Limit as 6 — 07). For every k € R,

(i) as § — 0% the sequence ¢°(k) in (4.5) converges to the following limit:

o(k) := inf {clim(9)+k/ Odr : 6c L>®(Q;0, 1])} , (4.7)

Q
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where

¢ (6) = sup {(G,v>R3 + (H, u)gs — / Fle13(v), e23(v), es3(w)) Odx : v e TW, u € BN} ,
¢ (4.8)

(i) moreover, if W’ is a sequence of minima for ¢° (k) then, up to subsequences, 1 s — 0 and 0 is
optimal for ¢(k).

Proof. See Appendix. O

Remark 4.2. We observe that the limit ¢(k) is again a variational problem with the same structure
of ¢°(k) (compliance term + volume term), but it is a convex problem, well-posed over the space
of densities L>(Q; [0, 1]).

The new setting (densities instead of sets) is natural: it is well known that the variational problem
(4.4), and hence (4.5), is in general ill-posed, due to homogenization phenomena that prevent the
existence of minimizers, so that we need to enlarge the class of admissible materials, passing from
“real” materials, represented by characteristic functions, to “composite” materials, represented by
densities with values in [0, 1].

The proof of Theorem 4.1 is based on the idea of considering the “fictitious counterpart” of problem
(4.5), namely

& (k) := inf {65(9) + k/

Odr : 6 € L>(Q;]0, 1])} ) (4.9)
Q

where 55(9) denotes the natural extension of the compliance C%(w) to L>®(Q; [0, 1]):

Z°(0) = sup {%(G, Wgs + (H,u)gs — / (W) 0dz : ue Hl(Q;RS)} . (4.10)

Q

We show that, for every k € R, the two sequences ¢°(k) and qg‘s(k) have the same asymptotics and
converge towards ¢(k).

Remark 4.3. At this point it is natural to ask whether ¢(k) admits a solution associated to a
“real” material or not, namely if there exists an optimal @ taking values just in the set {0,1}. Such
problem, in pure torsion regime, has been investigated in [2], in which the authors studied the the
presence of homogenization regions in relation to the geometry of the section D and the value of k.

A useful tool in the study of homogenization phenomena is the reformulation of the variational
problem ¢(k) in a dual form (see Proposition 4.4 below). Furthermore, the solutions of the primal
and dual problem are related by a set of optimality conditions, which are gathered in Proposition
4.7.

Proposition 4.4 (Dual formulation). For every 0 € L*(Q;[0,1]) and every k € R, problems
(4.7) and (4.8) admit respectively the dual formulations

o) = _int {0 = 1:0) e+ 0uos +0am = 20 [fs = aa]| = ~2Pyfme).

llos]] = =Po(Hs) , [[waos]] = —P(Ha)} (4.11)
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and

cime) = g-ELiQI(lg2~R3) {/Q 077" (o) dx : D101 + D09 = —2Gs, [[x102 — 2201]] = —2Po(ma)

llos] = ~Po(Ts) , [[eacrs]] = ~P(Ta) } - (4.12)

Remark 4.5. By applying the definition of Fenchel conjugate and exploiting the convexity of j, it

is easy to prove (cf. [7, Lemma 4.4]) that [j(-) — k] coincides with the function

2,k 7€) HTE) <k
POk HTE =k

or, equivalently, with the convex envelope of

/

fe(§) =

\

0 if&=0
gr(§) =

—k

j (&) +k  otherwise

Furthermore, a direct computation shows that
VPN Sper L
76 = €1 + 558

Thus, roughly speaking, the function [j(-) — k]%.(€) depends, up to a linear transformation, on the
modulus of the argument and grows linearly in a certain compact set containing the origin and
quadratically outside it.

Remark 4.6. The dual formulation (4.11) reveals that problem ¢(k) can be solved section by
section, indeed the constraints involve only the first two variables.

Let us now compare the primal and dual formulation of ¢(k).
We say that (0, 7, u, 7) € L>(Q;[0,1]) x TW(Q) x BN(Q) x L*(Q;R3) is optimal for ¢(k) if
(:) @ is optimal for ¢(k) in its primal formulation (4.7);
(*) the couple (7, W) is optimal for C*(f) in its primal formulations given by (4.8);
(:) @ is optimal for ¢(k) and C'™(0) in their dual formulations, given by (4.11) and (4.12) re-
spectively.
Proposition 4.7 (Optimality conditions). A vector (0, v, w, 7) € L=(Q;[0,1]) x TW(Q) x
BN(Q) x L*(Q;R?) is optimal for ¢(k) if and only if it satisfies the following system:
0T + OaTe = —2G3, [[1102 — 2201]] = —2Py(me)
[73]] = =Po(Hs) , [[xa03]] = —P(Ha)
7 =10 j'(e13(v), e23(v), e33(1))
€ 9[j — k] (e13(7), e23(0), es3(q))
0[j(e13(0), e23(0), es3(@)) — k] = [j(e13(7), e23(v), es3()) — kl+

Proof. The proof of this result follows by a direct computation, comparing the primal and dual

|l

formulations. O
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4.3 The small volume fraction limit

We now perform the second passage to the limit, as k — 400: namely we look for the most robust
configurations as the filling ratio fQ 0 (we recall that |@| = 1) is infinitesimal. As already noticed,
it is natural to set the problem over the space M (Q) of positive measures p on R? compactly
supported in Q. First of all we extend the limit compliance ¢""™(6) in (4.8) to the class MT(Q) by
setting

Cl™(p) := sup {(G,U>R3+<H, u>R3—/ j(elg(v), ea3(v), egg(u)) dup -
Q

(4.13)
v e TW(Q)NC™®(Q;R3), u e BN(Q) mcoo(Q;R?’)} :
As already done in Proposition 4.4, we can rewrite C™(u) in a dual form as
C"™ () = infee 2 Q) {IQE*(f) dp @ divy(§'p) = —2G3
[l1(€2p) — w2(E1)]] = —2Po(mc), (4.14)
[[€3l] = —Po(Hs3) , [[za(€sp)]] = —P(Ha) } -
Using definition (4.13), the limit problem ¢(k) in (4.7) can be rewritten as
o(k) = inf{c“m(u) + k / dp @ p==0dx, 6 € L>(Q;][0, 1])}
(4.15)

— 2k inf{C”m(u)—l—%/du cp=0dx, eeLm(Q;[O,@])},

where the second equality is obtained multiplying p by v2k (for k£ > 0).

Thus we may guess that, as k — 400, the sequence ¢(k)/v2k converges towards the minimum
problem

1

5/ du ,uE/\/lJr(Q)}. (4.16)

This natural conjecture is proved in the following

m := inf { clm () +

Theorem 4.8 (Limit as k — +00).
(i) For k>0, the map k — % s non increasing and, as k — 400, it converges decreasingly to
m;
(i) moreover, if Oy is a solution to the density formulation (4.7) of ¢(k), up to subsequences
Or/V 2k converges weakly * in L>°(Q;[0,1]) to a solution fi of problem (4.16).

Following the same strategy adopted for problem ¢(k) we rewrite m in an equivalent dual formula-
tion.

Proposition 4.9 (Dual formulation). The limit problem m in (4.16) coincides with

min {/\0\ L 0101 + Opog = ——2 l[z109 — z201]] = — o(mea) ’
TEMeE) Vi Vil (4.17)
Po(H3 P(H, '

_ a )
([os]] = — N [Zaos]] = — Ve }.
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By the convergence statement (ii) in Theorem 4.8, in order to understand which kind of concen-
tration phenomenon occurs for small amounts of material, one needs to write explicitly, or at least
characterize, the solutions . In this direction, let us first show that optimal measures [z are strictly
related to solutions & to the dual problem (4.17). More precisely, we have:

Proposition 4.10 (Optimality conditions). If 7 is optimal for problem (4.1_’7), then i := || is
optimal for problem (4.16). Conversely, if i is optimal for problem (4.16), and & is optimal for the

dual form (4.14) of C"™ (1), then |§| = 2\/7 Ti-a.e., and T := %ﬁ is optimal for problem (4.17).

Therefore, in view of Proposition 4.10, if we determine a solution & of the dual problem (4.17), we
can solve the primal problem 72, simply by taking & := |7| (and viceversa). The advantage is that
the dual formulation sometimes happens to be more tractable than the primal one.

Moreover, we notice that the constraints imposed on the admissible measures ¢ in the minimization
problem (4.17) only involve the behavior of o(-,z3) for each fixed x3 € I. This reveals that the
problem can be solved section by section. More precisely m reads

[ (_Gs Polma) Po(Hs) P(H) P(Ha)Y
m_/I(\/ﬁ T Y>d3, (4.18)

with m defined as

m(r(z'),t, so,81,82) ==  inf {/ lo| : divy(o1,090) =7(2'), /(90102—96201) =t,
D

oc€M(D;R3) D

/03:507 /xaUBZSOz}
D D

In the next Section we will deal with problem (4.19) considering the loads introduced in §3.2, and
determine the concentration phenomena that occur for small amounts of material, characterizing
the behavior on the sections of the design region.

(4.19)

for any r(z’') € H1(D) and t, s; arbitrary real constants.

5 Concentration phenomena

In this Section we study the behavior of optimal configurations of the compliance optimization
problem for small filling ratios, considering the loads introduced in §3.2. For simplicity, in the
following we will consider D simply connected and assume that the Lamé coefficient 7 equals 1.
Thanks to Proposition 4.10, in order to determine optimal measures 1 for problem 77 in (4.16), one
is reduced to study the solutions @ to the dual problem (4.17), more precisely there holds 1z = ||
Moreover, in view of (4.18), @ solves, section by section, an infimum problem of the form

€M (D;R3) D

/03:507 /xao-sta}
D D

with r(2’) € H-Y(D) and t, s; € R depending on the components G and H of the load.

m(r(z),t,s0,51,82) :=  inf {/ lo| @ divy(o1,09) = r(2'), / (x109 — m201) =t
b (5.1)
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More precisely, for every fixed x3 € I there hold

r = —Gy(ms) = —Po(me)(s) ) so— —% Po(T) (23) » 50 = —% P(HL) (x3) -

We underline that, in view of assumption (3.7), the function r is the divergence, with respect to the
first two variables, of the vector field —(X;3, ¥93), with ¥ associated to G according to (3.7).
For some choices of the loads, problem (5.1) is pretty tractable since some of the parameters {r, ¢, s; }

vanish. We recall that, in view of (h2), in our case there holds either » = 0 or s; = 0. In the proofs,
when there is no ambiguity, we omit the parameters that vanish in the argument of m.

First, in §5.1 we deal with pure vertical loads H, namely when r» = ¢ = 0 in (5.1): it turns out that
the material distribution tends to concentrate, section by section, near some portions of the lateral
surface of the design region.

In §5.2, we present the case of pure torsion loads with null vertical component, namely the case
r = s; = 0: it turns out that, when the cross section D of the rod is a convex set, the material
distribution tends to concentrate, section by section, near the boundary of its Cheeger set. Let us
recall that, under the assumption that D is convex, the Cheeger set is unique (for more details see
the Introduction and the references therein).

Finally, in §5.3 and §5.4, we study the cases s; = 0 and r = 0 respectively: here the optimal
measures can’t be characterized explicitly, nevertheless the study brings into play two interesting
variants of the Cheeger problem for D, introduced in (1.7) and (1.8).

51 Thecaser=t=0

Let us now consider the case in which both G5 and Py(m¢) vanish, as it happens if G = 0. As an
example, let us consider a design region having as section D the square [—1,1]2. A similar procedure
can be performed also for general geometries.

Before stating the result, let us introduce a family of subsets of the section D, depending on a
triple of parameters s = (s, 51, s2). For every s € R3\ {0}, we define the sets M T (s) and M ~(s)
according to the scheme (5.2).
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max |sj| M+ M~

max |s;| M+ M~

S0 D (Z)

S1, 82 {LD} [ {=L-1}
51, =52 {11} | {L -1}

si | {1 x [-1,1] | {~1} x [~1,1]

59 [1,1] x {+1} | [-1,1] x {1}

S0, S1, 52 {(L 1)} 0

S0, S1 {+1} X [—1,1] 0
So, —S1, S2 {(—1,1)} @

S0, —S1 {—1} X [—1,1] 0
S0, —S1, —S2 {(—1,—1)} @

S0, S2 [—1,1] X {+1} @
S0, S1, —S2 {(1,—1)} @

S0, —S2 [—1,1] X {—1} (Z)

(5.2)
The cases not included in (5.2), corresponding to the opposite signature of the triples (s, s1, s2),
can be deduced by interchanging the role of M ™ and M.
As we can notice from (5.2), depending on the sign of s; and whether they agree with max|s;| or
not, the corresponding sets M* can be the empty set, the entire square D, one of the segments of
0D, or one of the corners of the square {(7,j)}; je+1}-

Theorem 5.1. Assume that G = 0 and D is the square [—1,1]?. Hence a solution Ji to problem
(4.16) is of the form

i = [p|(z, z3)
where p € M(Q) satisfies, for a.e. x3 € I, the following system:

Jp [Pl = max;—o_2 |si(z3)] ,
JpP = solws) . (5.3)
fD Tap = Sa(xii) s
with 1
s(xg) = ~ 7 (Po(Hs), P(Hy), P(Hz)) . (5.4)

Moreover, letting p™ and p— denote the positive and negative parts of p, their supports satisfy
sptp™ C M*(s(x3)) |
M™(s) being the subsets of the section D introduced in (5.2).

Proof. Since G = 0, it is easy to see that an optimal field @ for the dual problem (4.17) is vertical,
namely of the form @ = (0,0, p), for some p € M(Q). In particular, in view of Proposition 4.10, we
infer 7 = [p|. Let us characterize the optimal density p € M(Q). By construction, for a.e. x5 € I,
p(+, x3) solves the following infimum problem

m(s) := inf / :/ —s,/:):a —sa}, 5.5
=t { [l [ o=sn [ o (5:5)
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with s = s(x3) defined as in (5.4).

In what follows we omit to denote the variable x3, which we consider fixed in I.

The function m in (5.5) is convex, lower semicontinuous, positively 1-homogeneous and its Fenchel
conjugate reads

m* (5,57, 53) = sup {s - s* — m(s)}
SER3

——infinf{/\p\—s-s* : pe M(D), /p—so,/xap—sa}
SER?

= — inf / — (80 + Sh%a }
p€M<D>{ [ (11~ 55+ st

= XK(D) >
where X (p) is the indicator function which equals 0 on the convex set
K(D):={s* €R® : |s} + xash| <1V(21,22) € D}

and +oco on its complement. It is easy to prove that, in the case of the square D = [—1,1]?, the set

K (D) is given by
{5* cR3 : Z|sf| < 1} .
As a consequence, we infer that m is the support function of K(D):

m(s) = sup {s-s" —m*(s*)} = sup {s- s} = max{|s;|} , (5.6)
s*ER3 s*eK

in particular an optimal measure p is characterized by (5.3).

In order to deduce information about the support of the positive and negative part of p, denoted
respectively by p T and p ~, we compare m and m*: by combining the Fenchel equality, formula
(5.5) and formula (5.6), we infer that for every s* € dm(s)

/|ﬁ|=s's*=/<ss+xasz>ﬁ,
D D

/D Pl — (554 2ast)P =0

that is

Thus we have a precise information on the support of p + and p ~:

sptp T C{a' €D : s+ wash =1},
sptp ~ C{a’ € D : s§+wash =—1} .

By the arbitrariness of s* € dm(s) we obtain
sptp = C M*(s) = Nsrcom(s) 12’ € D 1 s34 xas), = £1} . (5.7)
We conclude by characterizing the sets M*. By definition, the subdifferential Om(s) reads

om(s) = {s* € R® : s-s* = max{|s;|}, Z‘Sﬂ <1},
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and it can be characterized explicitly. Since dm(s) is invariant under multiplication by positive
constant, namely
om(as) = 0m(s) Va >0,

we give its expression for s such that m(s) = 1. Let £ and ¢ denote two arbitrary constants with
modulus less than 1, then
om(x1,¢,¢) = {(£1,0,0)} ,
6m(:|:17 =+1, 5) = {(iav :I:B7 0)}a+/5:1 , a,3>0
om(%1,£1,£1) = {(Fa, =6, £7) fatB+9=1, a,8,7>0 »

and analogous expressions hold true exchanging the roles of s;.
By combining these computations with (5.7) we obtain the representation (5.2) of M*(s). O

Remark 5.2. In general the solution 7 of problem (4.16) is not uniquely determined, unless its
support is localized, section by section, in a single point of 9D (see table (5.2)).

Moreover, we remark that in view of (5.2) it is clear that there is no superposition of solutions:
a solution of problem m(s) might not be the superposition of solutions of problems m(sy,0,0),
m(0, s1,0) and m(0,0, s2), since its support must satisfy stricter constraints.

Example 5.3. Let us consider the admissible load introduced in Example 3.6, with f given by
(3.13). Clearly it fulfills the assumptions of Theorem 5.1. In view of (3.14) we obtain that

Po(Hz) = blf(z3) P(Hy) = aglf(x3) .
Hence any optimal measure 1 is of the form
i=1;(23) ® [p|(2)
with 7 solution for m(s) defined in (5.5) with

b Ao
S0 = ———, Sq= ——— .

VY

The subset of the boundary in which 7 concentrates depends on the values of the parameters a,
and b, according to the scheme in table (5.2). Some particular choices are represented in Figure 1
and 2.
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Figure 1: Choosing F as a the vertical load F = (0,0, —/Y /12x1), namely as in Example 3.6
with ay = b = 0 and a; = —VY, it turns out that a particular solution of problem (4.16) s

B= M2 {1y x = 1/4,1/4]x[—1/2,1/2] -

Figure 2: Choosing F' as a the vertical load F = (0,0,VY /12(x1 —x2) +VY), namely as in Exzample
3.6 with a; = b =Y and ay = =Y, it turns out that a particular solution of problem (4.16) is

B=H {13 {1} x[-1/2,1/2)

5.2 Thecaser=s;=0

This case has already been presented in [6, Theorem 5.4], however, for the benefit of the reader, we
recall the result and its proof.

Lemma 5.4. Let D be simply connected and let r = s; = 0 in (5.1). Then a solution & € M(D;R3)
for problem m(0,t,0,0,0) is of the form

t
(6'\1,6'\2) = —5 D% and o3=0,
with w € BVy(D) optimal for

inf{/D\Du] . we BV(D), /Du—l} . (5.8)

Proof. Since by assumption the parameters s; vanish, it is easy to see that an optimal measure &
for problem m in (5.1) is horizontal, namely of the form

a-\ - (v17v27 0) )

with 7 € M(D;R?) solution for problem

m(t) := Ve/\/il?]g;w) {/D lv] : dive =0, /D(xll/g — xoy) = t} . (5.9)
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We recall that D is simply connected, thus the constraint of zero divergence (namely r = 0) in
(5.9) implies that every admissible field v can be written as the rotated gradient Du of a suitable
function u € BVy(D). Moreover, we can rewrite the second constraint of (5.9) in terms of w:
integrating by parts we infer that

Therefore m(t) can be rewritten as

m(t):inf{/D|Du| . we BVy(D) /Du:—%} .

After normalizing the class of admissible functions u si that [, u = 1, we conclude that 7 reads

t
V= —5 DRﬂ 5
with @ € BVj(D) optimal for the normalized problem (5.8). O

Theorem 5.5. Assume that G3 = H = 0 and that D is convex. Denote by C the Cheeger set of
D. Then the unique solution to problem (4.17) is

1 1
T = 3 Po(ma)(z3) @ @Tac(x,)/Hl LoC ,
and hence the unique solution Tt to problem (4.16) is
= 5 [Polma)(@s)] ® = H'|
7 =5 [Polma)(@s)| @ 154 Loc -

Proof. By assumption G3 = H = 0, then problem (4.17) reads

min ){/Q\a\  divy (o0, 09) = 0, [[xlag—xgal]]——Po(m(;)} .

oceM(Q;R3

Since the constraints depend only on x3, the solutions are of the form

7 = Po(ma)(x3) ® 7 (') (5.10)
with 7(z') € M(D;R3) optimal for problem m(0,—1,0,0,0). In view of Lemma 5.4 we infer that
1
6-\ = 5 (_D2ﬂ7 Dlﬂu 0) ) (511)

with @ optimal for problem (5.8). We recall that (5.8) is the relaxed version of the Cheeger problem
introduced in (1.3) which, under the assumption of D convex, admits a unique solution @ :=
|C|7'1¢, being C the Cheeger set of D. The rotated gradient of such characteristic function gives

1 1
Dfg = 0l DF1. = 10l Toc (2 YHILOC . (5.12)
By combining (5.10), (5.11) and (5.12) the proof is achieved. O

Example 5.6. Let us consider G as in (3.15) of Example 3.7, with ¢ = 2|C|. In view of Theorem
5.5 we obtain that the optimal measure i for problem (4.16) equals

a=1;(z3) @ H oo (2)) ,

and its support is represented in Figure 3.
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Figure 3: Choosing F as the vertical load F = (G1,G2,0), being G as in Example 3.7 such that
mqg = (0_1/2 — d1/2), the optimal measure i of problem (4.16) turns out to be concentrated, section
by section, on the boundary of the Cheeger set of the section D (here, a square).

5.3 The case s, =0

In this paragraph we see that when the component H of the load vanishes, the limit problem (4.17)
amounts to solve a “modified” Cheeger problem, in which the admissible functions are the same
appearing in the classical version (1.6) of Cheeger problem, while the functional to minimize is
perturbed by a fixed vector field. An example of such a load is given by taking GG as in Example
3.9.

Theorem 5.7. Assume that H = 0 and that D is simply connected. Hence a solution i € M™(Q)
for problem (4.17) is of the form
fi=|Du+q|,

where, for a.e. x3 € I, u(-,x3) is optimal for

inf{/D|Du+q| . w e BVy(D), /Du:ﬁ} (5.13)

being q € L*(Q;R?) and 3 € R depending on G.

Proof. Let @ € M(Q;R3) be optimal for the dual problem (4.17). Since by assumption H = 0, in
view of (5.1), we infer that, for a.e. x3 € I, 7(-,x3) solves

inf ){/D\a\  divy (o1, 09) = ('), /D(m@—ml)_t} , (5.14)

oceM(D;R3

with r = —G3(-,x3) , t = —Po(ma)(xs3). Clearly & must be searched among the measures of the
form &(-,x3) = (v1,v2,0), with v := (v1,15) € M(D;R?). Let us rewrite the constraints appearing
in (5.14) in terms of v. As already noticed at the beginning of the paragraph, we recall that
r = —divy (X3, Xa3), with ¥ € L2(Q; R2X3) associated to the load G according to (3.7). Therefore,

sym
since D is assumed to be simply connected, we infer that

v (21,%) = DR,

for some u € BVy(D). Moreover

t 1
/ u=pi=—5- 5/ (21393 — 22313) -
D D
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By taking q := (—Xa3, X13) we know that (71,02) = (—Dsou, D1%) + (—q2,q1), with @ optimal for

inf{/D](—Dgu,Dlu)—|—(—q2,q1)\ . we BV(D), /Du—()} . (5.15)

We remark that |(—Dau, Diu) + (—g2,¢1)| = |Du + ¢|, thus (5.15) coincides with (5.13). Moreover,
since by Proposition 4.10 an optimal measure i for problem (4.16) equals |7 the proof is achieved.
It only remains to show that 3, which a priori is a function of x3, is constant: rewriting 3 in terms
of the load GG, we infer

B(as) = 3Po(ma)(ws) — 3lle1%as — 2251])(w0)
= %7’0(53[[%223 — xaX3]])(w3) — %[[%'1223 — 22813]](3)
therefore 5'(z3) = 0. O

Remark 5.8. It is easy to see that problem (5.13) can be written in the form (1.7). Indeed if 8 # 0
it is enough to “normalize” the admissible functions. If instead § = 0 it is enough to consider a
function v € BVy(D) such that [, v =1 and replace the admissible functions u by u+v. Of course
in both cases the vector field appearing in the reformulated infimum problem changes with respect
to g by a dilation or a translation respectively.

5.4 The case r =10

In this last paragraph we focus our attention on the case in which G3 = 0, namely when the
parameter r appearing in (4.17) vanishes. An example of such a load can be obtained by taking the
component G as in Example 3.7 and the component H as in Example 3.6.

In view of the properties found in §5.1 and §5.2, in which we studied m(0,0,s;) and m(0,t,0)
respectively, we expect that a solution & for problem (4.16), section by section, is linked with some
variant of the Cheeger problem.

Proceeding as in the previous cases, if D is simply connected, it is easy to see that an optimal
measure I € M™(Q), section by section, is of the form

ai,x3) = [(D, p)l(2")

with (7, p) € BVy(D) x M(D) optimal for problem m(t,s) : R x R* — R defined by

m(t,s):—inf{/D](Du,p)] . we BV(D), /DU—t, pe M(D), /D,O—so, /Dxap—sa} ,

(5.16)
where t € L?(I) and s € L*(I;R?) are the following functions:
t ! (ma)(w3) _—1/_ (Hs)(xs3) _—1/_ (Ha)(z3)
= =Po(mag)(z3) , so:= Po(Hs)(x3) , S := P(Hy)(z3) -
5 Folme )\ a3 0 v olHs)\Ts % 3

In Theorem 5.9 we will characterize an optimal couple (Du, p).
Before stating the result, it is useful to introduce the following convex subset of R*:

K(D):={(\s) eRxR® : 3o € L*(D;R*) st —divo =\, |o]® +|sf + zasi|? <1in D} .
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It is easy to check that K (D) can be represented as a union of intervals as follows

K(D) = U [=A(s), A(s™)] > {57}

{s*:|sg+zass|<1}
and A(s*) is defined as
A(s*) :=sup{\ : Jo € L*(D;R?*) st —dive =\, |o| < as(2) a.e. in D}, (5.17)

with ag+ the positive function

ag(2') = \/1 —|s§ + zasi|? (5.18)

defined in D, for every s* € R3 such that |s§ + z4s%| < 1 in D.
The function m defined in (5.16) is convex, lower semicontinuous and positively 1-homogeneous. It
agrees with the support function of the set K (D) and we have

m*(A,s%) = Xk (D) -
Indeed, by definition of Fenchel transform, the dual problem of m reads

m* (A, s%) =sup{tA+s-s* —mf(t,s)}
(t.s)

—sup { [uxs [ it saaiyo- [ 10unl} -
(w,p) \JD D D

Therefore m*(A, s*) = 0 if the couple (), s*) satisfies

[ 10wl = [ Pt 5+ a5t 20 ¥l p) € BYG(D) x M(D) (5.19)
D D

and 400 otherwise. Exploiting the definition of total variation, it is easy to show that the set of
(A, s*) satisfying (5.19) is given by K (D).

Theorem 5.9. Let (A, s*) € Om(t,s). Then an optimal couple (Du,p) for problem m(t,s) defined
in (5.16) satisfies
)

(i) - div (o (2')

(ii) the singular part py of p with respect to |Du| concentrates on the straight lines {s§ + xS} =
+1}

‘c
BN

(iii) the absolutely continuous part p, of p with respect to |Du| satisfies

_ 50+ Tasy

= 2\ Dul .
“ as*(x,) ‘ u’

Proof. 1t is easy to prove that (u,p) is an optimal couple for problem m(¢,s) defined in (5.16) if
and only if there exists (A, s*) € dm(t, s) such that

/ |(Du,p)| _/ J-dDﬂ—i—/(sé—l—xasZ)dﬁ, (5.20)
D D D
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with o associated to A according to the definition of K (D), namely such that

—dive=Xin D
(5.21)

lo| < ag(2') in D

Let us decompose the measures |Du| and p as follows:

d_(l
~ d|Da|’
__dDu
V= i

p="Ps+Pg . with p, << |Dﬂ| ) ﬁsJ—|Dﬂ| :
0

In view of (5.20), it is clear that that p, concentrates on the straight lines {s{+x,s}, = £1}. Let us
consider the absolutely continuous part. Using the notation above, the integrand in the left hand
side of (5.20) reads

|(Du,p)| = V1+62d|Dul . (5.22)

Recalling that |(o, s§ + zq5})| < 1, the condition (5.20) implies that

A o _ (Du,p)
(0,80 +xash) = (Dm.2) -
In view of (5.22) we obtain
v . B 0
U:\/?—HQ, 50+xa5a:\/?_02,
that is . otz st
a:as*(x')m, :W.

Hence, recalling that o satisfies (5.21), we conclude that
) Du
—div <a5*($,)w> =)\.

The role of the variant (1.8) of the Cheeger problem is enlightened in the next Proposition.
Proposition 5.10. The variational problem (5.17) admits the following dual formulation:

inf{/Das*]Dw] . we BVy(D), /Dw—l} , (5.23)

where ag+ s the non negative function defined in (5.18).
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Proof. For every p € R, let us consider the infimum problem

sy =t { [ o) s we Bvo). [ w=p}.

with ¢ the convex function ¢(z) := as+|z| (we recall that ag is assumed to be positive) and
Aw := Dw. In particular problem (5.17) equals f(1). An easy computation gives

f*(p*):inf{/D@*(@ : —A*sz*} .

Since Aw = Dw we have A*o = divo, moreover ¢*(2*) = X|;+|<q,. Hence

0 if 3o : —dive =p*, |0]| < «
(%) =

+o00 otherwise

By definition of Fenchel transform we infer
flp) =sup{pp" — f*(p")} =sup{pp® : Jo : —dive =p", |o| <o} . (5.24)
p*

Recalling that (5.17) equals f(1), formula (5.24) with p = 1 gives (5.23). O

Problem (5.23) is a version of the relaxed formulation of the Cheeger problem with a weigh o
that varies in D. For a deeper analysis of this problem, concerning the existence and qualitative
properties of solutions, we refer the interested reader to [10].

6 Appendix

Before proving the statements of §4.2 and §4.3, let us introduce two key results. The first one,
Lemma 6.1, concerns compactness and the proof can be found in [6, Proposition 3.4]. The second

result, Lemma 6.2, is a standard convex duality lemma, whose proof can be found in [4, Proposition
14].

Lemma 6.1. Let ¥ be the unique solution of the Dirichlet problem —AVp =2 in HY(D).
Let u® € C™(Q;R3) be a sequence such that

/u‘sdx:/\lchurluéd:czo Vo .
Q Q

If 9 (u®) is bounded in L*(Q;R3X3), then, up to subsequences,

sym
(i) there exists u € BN(Q) such that %iﬁ(l) u® =T weakly in L?(Q;R?) , moreover T is of the form
—
(2.1);
(ii) setting

00 =07 (W —W)e — 6D [w’ —Ta

of 1= 671w — @)y = 5 D| 1 ([[u — la — walle® — 7l ) |
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there exist c € HL (I) and w € L?(I; H},(D)) such that

%in%)(v‘f,vg) = c(x3)(—w2, 21) weakly in L*(Q;R?)
%

lim v§ = w weakly in H~'(I; L*(D)) ;
0—0

(i4i) the weak limits in L*(Q) of el (u’) are given by

lim (e}, (u), e3(u)) = 5 (¢/(w3) (22, 21) + Vo)
lim ¢33 (u®) = e33(q) -

Lemma 6.2. Let X,Y be Banach spaces. Let A: X — Y be a linear operator with dense domain
D(A). Let ® : X — RU{+00} be convex, and ¥ : Y — RU{+oc} be convex lower semicontinuous.
Assume there exists ug € D(A) such that ®(ug) < +oo and ¥ is continuous at A(ug). Let Y*
denote the dual space of Y, A* the adjoint operator of A, and ®*, U* the Fenchel conjugates of ®,
W. Then

— inf {\I/(Au) n @(u)} = inf, {\Il*(a) n @*(—A*U)} , (6.1)

where the infimum on the right hand side is achieved.

Proof of Theorem 4.1

STEP 1: limit of ¢°(k)

We claim that the sequence C? defined in (4.10) I'-converges, with respect to the weak * topology of
L>(Q;[0,1]), to the limit compliance C'™ defined in (4.8). In particular, in view of the well-known

properties of I'-convergence, this implies that for every fixed £ € R the sequence 55 (k) defined in
(4.9) tends to the limit problem ¢(k) given by (4.7), as 6 — 0.

The proof of the I'-convergence is rather technical, therefore we omit it. We just underline that, for
the I'-limsup inequality, the key tool is the compactness Lemma 6.1.

STEP 2: upper and lower bounds for ¢°(k)
We first remark that, for every k, there holds

¢5(k)_inf{55(0)—|—k/620 L9 e L0 [0,1])} ,

c° being the lower semicontinuous envelope, in the weak * topology of L>°(Q; [0, 1]), of the functional
which is defined as in (1.2) if 6 is the characteristic function of a set w, and +o00 otherwise. Then,
by the weak * lower semicontinuity of the fictitious compliance defined in (4.10), we immediately
obtain the inequality

& (k) < (k) . (6.2)

On the other hand, let us introduce another sequence of fictitious problems:

(k) = in {53(0)—1—!6/@0dx L0 c L°(Q:[0,1])} - (6.3)
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associated to the fictitious compliance

30 (0) = sup {%(G, Wgs + (F,u)gs — /Qjo(eé(u))ﬂd:c e Hl(Q;R3)} , (6.4)

with jo : R3X3 — R the modified stored energy density defined by

sym

jo = sup{z - € —j*(€) £ € R, det(¢) =0} .
Under the assumption (h3) on the load, by applying [7, Proposition 2.8], it can be proved the upper

bound N
¢° (k) < oY (k) . (6.5)

STEP 3: limit of ¢3(k)

The result proved in Step 1 is still valid replacing j by jg, implying that also the functional 53(0)
defined in (6.4) T-converges, in the weak * topology of L>(Q; [0, 1]), to the limit compliance C*"™(6):
the estimate jy < j gives the I'-liminf inequality, and the coercivity, 2-homogeneity and the equality
J = Jjo (cf. Lemma 3.9 in [6]) ensure the I'-limsup inequality. As a consequence the fictitious
problems ¢3(k) defined in (6.3) converge to ¢(k).

STEP 4: limit of ¢°(k)

By combining the estimates (6.2) and (6.5) in Step 2, and the convergence results obtained in Step
1 and Step 3, we infer that also the sequence ¢° (k) converges to ¢(k) as § — 0.

Let w® C @ be a sequence of domains such that ¢°(k) = ¢°(w?) + k|w®| + o(1). Since we know that
the sequences ¢°(k) and ¢°(k) have the same limit as § — 0, we deduce that ¢°(k) = 55(]lw5) +
k fQ 1,5 dr+o(1). In view of Step 1, the sequence 55(0) +k fQ 0 dz, being a continuous perturbation
of 55(-), I-converges to C'"™(0) + k fQ 0 dzx in the the weak * topology L*°(Q;[0,1]); therefore any
cluster point of 1 s is a solution # to problem (4.7). O
Proof of Proposition 4.4

Let us consider problem ¢'™(f). The formulation (4.12) follows by applying Lemma 6.2 to X =
TW(Q)xBN(Q),Y = L*(Q;R?), A(v,u) = (e13(v), e23(v), e33(w)) , ®(v,u) = —(G,v)ps — (F, u)ps ,

and ¥(y) = [, (y) 0 dz.
We remark that the constraints appearing in (4.12) are due to the following equivalence: o €

L?(Q; R?) satisfies
/Q o (e13(v), exs(v), e53(w) = (G vhgo + (Fuudgs ¥ (v,u) € TW(Q) x BN(Q)

if and only if
d101 + ooy = =23, [[v102 — x901]] = =2Py(ma), [[o3]] = =Po(F3), [[za0o3]] = —P(Fa) ,

in the sense of distributions.

Let us now consider problem ¢(k). Recalling the definitions (4.7) of ¢(k) and (4.8) of C"™(#), by a
standarn inf-sup commutation argument (see e.g. [12, Proposition A.8]), we can rewrite ¢(k) as

k)= s {(G,v)ga + (Fu)gs — /Q F(ers(v), eas(v), ess(w)) — K] dz} . (6.6)

(v,u)eTW x BN
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Now, as already done in the ﬁrst part of the proof, by applying Lemma 6.2 with X, Y, A and ®

as above, and U(y fQ + dz, in view of (6.6) one obtains the dual form (4.11).
O
Proof of Theorem 4.8
STEP 1: equivalent formulation of ™
We claim that m agrees with the following supremum:
_ 1
moi=  sup  {(Gohs + (Fudss : [H(ers(v) en() el <5} - (67)

(v,u)eTW x BN

For every t € R*, by the definition (4.13) of ¢"™(u) and a standard inf-sup commutation argument,
we infer:
2
. lim = mg
inf ¢™(p) = sup {(G,v)ps + (F,u)ps — tj(e13(v), e23(v), es3(w) (@)} = 5, -

po [ du<t} veETWNC> 2t
u€BNNC>®

The claim follows by a direct computation, passing to the infimum over ¢ € R* and observing that

m = inf {Chm(,u)—i—% : /d,ugt}.

teERT

STEP 2: proof of (i)
o(k)

The second equality in (4.15) shows that the map k +— N is nonincreasing and satisfies the
(

inequality ) > m. In order to show that it converges to m as k — +o00, we exploit the formulation

of ¢(k) glven in (6.6) that, after a change of variables, reads

¢(k) _ = 1
E a (v,u)ESTuVBxBN {<G’U>R3 * <F’ u>R3_m/Q [j (613(1})’ 623(1})’ 633(U)) B §]+ dx} '

Given a maximizing sequence (vy, uy), by using the coercivity of [j(z) — k|4, the inequality ¢(k) >
0, and the assumption that F' and G are admissible loads, we deduce that |leaz(vi)l[z2(g) and
lless(u)l[z2(g) are bounded. With a direct computation, we can prove that such boundedness
properties imply that, up to subsequences, there exists (v,u) € TW(Q)x BN(Q) such that limy, v, =
v weakly in H'(Q;R?) x L*(I; HL,(D)), limy ux = u weakly in HY(Q;R3), limy eq3(vi) = ea3(v),
limy, e33(ug) = esz(u) weakly in L?(Q); moreover the pair is admissible in the definition (6.7) of mq.
Thus we may conclude
o)

k_l)I_;’l:loo E >~ kEI}’:loo (<G7/Uk'>]R3 + <F, uk>]R3) - <G, U>]R3 + <F, U>R3 S moy = m .

STEP 3: proof of (ii)
If 0, is an optimal density for ¢(k), setting ux := V2k 0y dz one has

k) _ i 1 /
—==C""(w) + 5 [ dug -
var €ty [
Since C'"™(uy) > 0 and since by monotomclty < ¢(1), the above equation implies that the

integral [ dpy remains uniformly bounded. Then up to a subsequence there exists  such that
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(1 — 7. By using item (i) already proved, the weak * semicontinuity of the map u +— C'"(p), and
the definition (4.16) of 7, we obtain

— . ¢(k) : lim 1 / lim (— 1 / — =
—_ B —— — > - > .
m = lim ok G { C (k) + 5 duk} > (k) + dp >m

Hence 7 is a solution to problem (4.16). O

Proof of Proposition 4.9
Let X = (TW x BN) N CH@QRS), ¥ i= Co(QiRY), A(v,u) = (e15(v), eas(v), eas(u)), B(v,u) i=
—(G,v)ps — (F,u)gs, and U(y) =0 if ||j(y)||cc < 1/2, and 400 otherwise. By applying Lemma 6.2,

we derive that the dual form of problem mg in (6.7) is given by (4.17). Since, in view of Step 1 in

the proof of Theorem 4.8, mg = T, we conclude that (4.17) agrees also with . O

Proof of Proposition 4.10

Let @ be optimal for the dual problem (4.17), and set 7z := |7|. Then we have o | =1p-a.e. and
/ﬁ:mozm. (6.8)

Moreover, exploiting the optimality of & and the constraints appearing in (4.17), we get

"™ () = sup {(E,x)Rs 21 / z2dia : x = (2y/Teas(v), VY es3(u)), (v,u) € TW x BN}

S

In view of (6.8) and (6.9) we conclude that

hm /dﬂ</ Sm

then 7 is optimal for the problem (4.16) .

7 = / a7 (6.9)

Conversely, assume that 7z is optimal for the problem (4.16), and let & be optimal for the dual form
(4.14) of "™ (%), that is

/Q 7 (©da=c"™m). (6.10)

Set 7 := (5 \/’:_) ) ES—\/g) and notice that it is admissible for problem (4.17). Adopting the same

strategy of [6, Proposition 5.3], we can prove that

R
2/ VY

Thus we conclude that @ is optimal for (4.17), since

fo- |2

<1 p—ae.. (6.11)

du< dp=m.
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