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Abstract

We carry out the asymptotic analysis of the following shape optimization problem: a given
volume fraction of elastic material must be distributed in a cylindrical design region of infinites-
imal cross section in order to maximize the resistance to a twisting load. We derive a limit rod
model written in different equivalent formulations and for which we are able to give necessary
and sufficient conditions characterizing optimal configurations. Eventually we show that, for a
convex design region and for very small volume fractions, the optimal shape tends to concen-
trate section by section near the boundary of the Cheeger set of the design. These results were
announced in [11].

1 Introduction

Let Q be a given design region in R?, and let G be a given load in H~(Q;R?). When an isotropic
elastic material occupies a region 2 C @, its compliance C(2) is defined by

C(Q) :=sup {<G,U>R3 —/

jle(u)dz : ue Hl(Q;R3)} , (1.1)
Q
where, as usual in linear elasticity, e(u) denotes the symmetric part of Vu and the strain potential j,
assumed to be isotropic, has the form j(z) = (A\/2)(tr(2))? + n|z|? (see [15]). The Lamé coefficients
satisfy the conditions n > 0 and 3\ + 27 > 0, which ensure the strict convexity of j.
Clearly, in order that C(£2) remains finite, G must have support contained into Q, and be a balanced
load, meaning;:

(G,u)gs = 0 whenever e(u) =0 .

Under this condition, an optimal displacement field @ in problem (1.1) exists, and C(€2) = (G, @)ps.
This shows that the compliance is proportional to the work done by G in order to bring the structure
to equilibrium and therefore finding the most robust configurations of a prescribed amount of
material requires minimizing the shape functional C(€2) under a volume constraint on the admissible
domains €2

inf {c(Q) . QCcQ, my:m}. (1.2)

It is well known that this variational problem is in general ill-posed due to homogenization phe-
nomena which prevent the existence of an optimal domain (see [2]), so that relaxed solutions must
be searched under the form of densities with values in [0, 1].



In some recent papers, we have focused our attention on the limiting behaviour of problem (1.2)
when the design region @ is an “asymptotically thin” cylinder Q)5 of the form

Q(;:EX(SI or Q(;:(bef,

where § > 0 is a small parameter, I = [~1/2,1/2] is a bounded interval, and D C R? is an open
bounded connected domain.

The case when Q5 = D x 1 corresponds to perform a 3d-2d dimension reduction in problem (1.2)
and to study the optimal design of less compliant thin plates (see [7, 8, 9, 10]).

The case when Qs = 6D x I, which is quite far from being merely a technical variant of the previous
one, involves a 3d-1d dimension reduction process: the matter is now the optimization of thin elastic
rods. This is the object of the present paper, where we prove the results announced in [11].

If for convenience we enclose the volume constraint in the cost through a Lagrange multiplier k£ € R,
the sequence of variational problems under study takes the form:

#°(k):= inf {Slqle [(G‘S,u>R3 — /Qj(e(u))dm} + 5L€2|Q|} . (1.3)

QCéDxI

Here G is a suitable scaling of G, chosen so that in the limit process the infimum will remain finite.
Moreover, since in this paper we focus our attention on rods in pure torsion regime, G° will be
chosen so that only twist displacement fields will be involved in the limit as 6 — O.

The paper is organized as follows.

In Section 2 we set up all the preliminaries, concerning in particular twist displacement fields and
the class of torsion loads under consideration (see Definition 2.1).

In Section 3, we determine the limit ¢(k) of ¢°(k) as & — 0T, under the form of a convex, well-posed
problem for material densities § € L*°(Q;[0,1]) (see Theorem 3.2). We point out that the dimension
reduction process is performed without making any topological assumption on the set £ occupied
by the material. Therefore, it is not covered by the very extensive literature on 3d-1d analysis which
we give up to quote (we limit ourselves to mention [21, 23, 24, 25, 27] and references therein). The
proof is based on the comparison with the “fictitious counterpart” to (1.3) (see (3.8)). The main
ingredients are some delicate compactness properties derived from variants of the Korn inequality,
and a crucial bound for the relaxed functional of the compliance established in [10, Proposition 2.8].

In Section 4, we give reformulations of ¢(k) as a variational problem for twist displacement fields,
as well as a variational problem for stress tensors (see respectively Theorem 4.1 and Theorem 4.2).
This allows to give explicit necessary and sufficient optimality conditions (see Theorem 4.5). In
particular, by exploiting the optimality system, the question whether the density formulations of
¢(k) admits a classical solution (i.e. a density with values in {0,1}) can be rephrased in a very
simple way. We believe this is an interesting open problem, see Remark 4.6.

Finally in Section 5, we enlighten the role of Cheeger sets in the limiting behaviour of ¢(k) as
k — 400 (see Theorems 5.2 and 5.4). As explained within a different context in [2, Section 4.2.3]
(see also [10, Section 6]), considering large values of k corresponds to considering a small “filling
ratio” ||/|Q|. It turns out that, when the cross section D is convex, as k — +oo the material
tends to concentrate section by section near the boundary of the so-called Cheeger set of D. Such
set is determined by solving a purely geometric problem which in the last years has captured the
attention of many authors (see [3, 12, 13, 14, 16, 17, 18, 19]): in general, if D is an open connected



set in the plane, a Cheeger set of D is a minimizer, if it exists, for the quotient perimeter/area
among all subsets of D having finite perimeter.

To the best of our knowledge, until now there was no rigorous statement and proof for this geometric
characterization of optimal “light” torsion rods. Let us emphasize that such characterization is valid
only in pure torsion. For more general loads, due to the interplay between the bending, twisting
and stretching energies, we foresee a much more complicated rod model, which is beyond the scopes
of this paper.

Let us finally point out that, to make the paper more readable, the proofs of technical or auxiliary
lemmas have been postponed to the Appendix.

2 Preliminaries

2.1 Notation

Throughout the paper we adopt the following conventions.

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

We set Q = D x I, where I = [~1/2,1/2] and D is an open, bounded, connected subset of R? with
a Lipschitz boundary.

We write any z € R? as (2, 73) € R? x R, and we choose the coordinate axes so that Jpxada’ =0.
Derivation of functions depending only on x3 will be denoted by a prime.

The characteristic function of a set A, which equals 1 in A and 0 outside, is denoted by 1 4.

Let us emphasize that in our notations the design @ is a compact subset of R3. We denote by
D'(Q) the subset of distributions on R? whose support is contained in @. These distributions are in
duality with ¢>°(Q), the space of restrictions to Q of functions in C°°(R?), and (T, p)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. It is defined by the identity

(HT]L 90>R = <T7 90>R3 Vo = (p(xg) € CSO(R) :

In the following H'(Q) denotes the space of restrictions to Q of elements of the Sobolev space
H'(R3), equipped wit the usual norm ||u|@11(Q) = fQ(|u\2 + |Vul?). Notice that, by the boundary
regularity assumed on D, it coincides with the usual Sobolev space H*(D x (—1/2,1/2)). The dual
space, denoted by H~1(Q), can be identified to the subspace of distributions 7' € D'(Q) verifying
the inequality [(T, )| < Cl|p| g1(q) for every ¢ € H'(Q), being C a suitable constant. Similar
conventions 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~'(Q). When we add a subscript ,, to a functional space,
we are considering the subspace of its elements which have zero integral mean.

2.2 Displacement fields

As usual, by rigid motion we mean any displacement with null symmetric gradient, hence of the
form a + b A z, with a, b € R3.
We call Bernoulli-Navier field any displacement in the space

BN(Q) = {ue HYQE) : ej(u)=0 V(ij)#(3.3)} .
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It is easy to check that, up to subtracting a rigid motion, any u € BN (Q) admits the representation

ua(z) = Calzs) , us(z) = (3(23) — 20l (z3)  for some (o, (3) € (Hg%(l))2 X H%@(I) ) (2.1)

Further, we introduce the following space of displacements
TW(Q) = {v = (vasvs) € H'(QiE?) x LI H}L (D)) : eap(v) =0 Ve B e {1,2}}
which is the direct sum of BN(Q) and of twist fields, namely displacements of the form
(v1,v2) = c(x3)(—x2,21) for some ¢ € H} (I), w3 € L*(I;H. (D)) . (2.2)

Notice that the third component v3 of a field in TW(Q) is not necessarily in H'(Q); nevertheless,
using the representation (2.2), we see that

1

(e13(v), ea3(v)) = 3 (' (z3)(—x2,21) + Vyvs) € L*(Q; R?) . (2.3)

2.3 Admissible loads

We now fix the type of exterior loads G we consider in this paper.
By saying that G € H~1(Q;R?), we mean that every component of G belongs to H~1(Q).
With any ¥ € L*(Q; R3%?) (that we extend by zero over R?\ Q), we associate the distribution div .

As an element of H~!(Q;R?), it is characterized by
<div2,u):—/E-Vu:—/E-e(u) Yue HY(Q;R?) .
Q Q

Definition 2.1 We say that G € H~1(Q;R?) is an admissible torsion load if

G =divX for some X € L%Q;Rg’;ﬁ) with ¥33 =0 (2.4)
{r € Q : dist(z,spt(G)) < ¢} has vanishing Lebesgue measure as § — 0 . (2.5)

Lemma 2.2 and Remark 2.3 concern respectively assumptions (2.4) and (2.5). Subsequently, we
give some typical examples of admissible torsion loads.

Lemma 2.2 The loads G which fulfill assumption (2.4) form a vector subspace of H1(Q;R?) x
L*(I; H-Y(D)). Such loads do not act on rigid motions, nor on Bernoulli-Navier displacements,
whereas their action on any v € TW(Q) represented as in (2.2) is given by

(G,v)ps = (mg, c)r + (G3,v3)ps (2.6)

where mg € H=(I) denotes average momentum of (G1,G2), defined by

mq = [[t1G2 — x2G1]] . (2.7)
PROOF. Assumption (2.4) means that there exists ¥ € LQ(Q;RSYXH?{) with X33 = 0 such that the
following system is satisfied in D’(R?):
0¥ = Gy
0; %0 = Gy (2.8)
O0aX3a = G3 )



or equivalently
(Gou)gs = —(S,e(w))gs  Vue HYQiRY) . (2.9)

By (2.9), it is clear that G is balanced, namely it vanishes on rigid displacements. More generally,
since Y33 = 0, GG vanishes on Bernoulli-Navier displacements.
On the other hand, the action of G on twist displacements is well-defined through the equality

<G, U>R3 = -2 <Ea3, 6&3(7})>R3 Yov € TW(Q) s (210)

where the right hand side 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, representing twist fields v
as in (2.2), equality (2.10) can be rewritten under the form (2.6). O

Remark 2.3 Assumption (2.5) is needed to ensure that the load can be supported by a small
amount of material. From a technical point of view, (2.5) enables us to apply Proposition 2.8
in [10]. This condition on the topological support of G is satisfied for instance when spt(G) is a
2-rectifiable set, and in particular in the standard case when G is applied at the boundary of Q.

Remark 2.4 Notice that, from the definition (2.7) of m¢ and the assumption (2.4) on G, it follows
that (mq, 1)r = 0. Indeed,

(ma, 1)r = ([[11G2 — 22G1]], 1)r = (21G2 — 22G1, 1)gs = (01221, T1)gs — (F2X12,T2)ps =0,
where the last equality holds since ¥ is symmetric.

Example 2.5 (Horizontal load concentrated on the “top and bottom faces” D x {—1/2,1/2})
For p € BV (I) and ¢ € H}(D), consider the horizontal load

(G1,G2) = p'(x3) (=0 (a"), O11p(2')) , G3=0.

Assumption (2.4) is readily satisfied by taking

Yo =0 and (Xi3,303) = p(x3)(—02tp(z'), O1ep(2'))

Hence G is an admissible load provided (2.5) holds, which happens as soon as p is piecewise constant.
In particular, the choice p(z3) = 1j(x3) corresponds to applying a surface force on the top and
bottom faces of the cylinder Q. If in addition D is a circular disk of radius R and we take 1(2') =

2 a2
%, we obtain the classical boundary load in torsion problem, that is

(G1,G2) = (51/2 - 571/2)(333)(—@,951) )

being §, the Dirac mass at x = a. In this case the average momentum of (G1, G2) is given by

TR*
mag = 9 (51/2 - 571/2)(953) .

Example 2.6 (Horizontal load concentrated on the “lateral surface” 0D x I)
Denote by Tpp the unit tangent vector at dD. For any p € L2 (I), the following horizontal load
supported on 0D x I is admissible:

(Gl,GQ) = p(l’g)(—@g]lp(zvl),alﬂD(xl)) = p(l‘g)TaD(l’,)HlLaD s Gg =0.



In order to check assumption (2.4), we choose ¢ € H} (D) such that [, 1 = |D|, and we decompose
G as G' + G”, being

(G1,GY) = p(zs)(=02¢(a"), 01 (a’) , G5 =0,
and G” := G — G’. Since the class of loads satisfying (2.4) form a linear space, it is enough to show
that system (2.8) is solvable separately for G’ and G”.
For G, this is true as already shown in Example 2.5. Concerning G”, we may rewrite it as

(GY,G3) = plxs)(Fu(z), (), G3=0,

where (Fi, Fy) := (—02(1lp — ), 01(1p — v)). Since by construction (Fy, Fy) is a balanced load in
H~Y(D;R?), there exists a solution o € L?(D; ngxrg) to the equation dive = (F1, F2). Then system
(2.8) is satisfied by taking

Yop = p(x3)oap(z’) and a3 =0.

We notice that in this example the average momentum is absolutely continuous with respect to the
Lebesgue measure, more precisely
meg = —2|Dlp(xs) .

Example 2.7 (Load concentrated on the whole boundary of Q)
Let h € L2,(0D), and let v € H'(D) be the solution of the two-dimensional Neumann problem

AYp=0 in D,
2 =h ondD.

The following load (which is supported on the whole boundary of @ and in particular is purely
vertical on its lateral surface) is admissible:

(Gl,Gg) = ((5_1/2 - (51/2)(1}3) Vx/¢($,) s Gg = —hHlLaD .
Indeed, the system (2.8) is satisfied by taking
Yop=0 and a3 =1Lg(z)0y(') .

The average momentum of (G1,G2) is given by

me = (/D Vo (—:rg,xl)dx’> (610 — 6170 (x3)

3 The small cross section limit

In this section, for a fixed k € R, we are going to establish the asymptotics of the sequence ¢? (k) in
(1.3) as 6 — 0. To this aim, it is convenient to reformulate (1.3) as a shape optimization problem
on the fixed domain @ in place of the thin cylinder Q5 = 6§D x I. In this respect let us precise that,
throughout the paper, the scaling of the load is chosen as follows:

Go(x) = (07 Ga(67 0 23), 072G (6710, 23))
Further, let us introduce the operator €’ : H'(Q;R?) — L*(Q;R3X3) defined by

sym
eop(u) =0 Peap(u) ,  eda(u) i=0""eas(u) ,  es(u) = egs(u)

as it is usual in the literature on 3d-1d dimension reduction.



Lemma 3.1 Problem (1.3) can be reformulated as
¢°(k) = inf { C®(w) + k|w| : w CQ}, (3.1)

where

% (w) := sup {5—1<G, W)z /j(eé(u))dx L ue HI(Q;R3)} . (3.2)

w

PROOF. See Appendix.

Now, in order to write down the limit problem of the sequence ¢°(k) in (3.1), we need to introduce
the reduced potential according to the formula

- U ISR ST 5
Jj(y) == Ei?él%] €12 € Yo Yy € R . (3.3)
Y Y2 Y3

Recalling that j(2) = (\/2)(tr(2))? + n|z|?, some explicit computations give

i) =20 lyal* + (Y/2)lys]* , (3-4)

3A+2n
A+

ular, in the limit problem, we shall need to compute j just at vectors of the form (y1,ys2,0), which
gives simply 27|y|?.

where Y =n is the Young modulus, written in terms of the Lamé coefficients A, 7. In partic-

The behaviour of the optimal design problem (3.1) in the dimension reduction process is described
by the following result.

Theorem 3.2 Let G € H 1(Q;R3) be an admissible torsion load according to Definition 2.1. For
every fized k € R, as § — 0, the sequence ¢°(k) in (3.1) converges to the limit ¢(k) defined by

o (k) ::inf{c“m(e)Jrk/Qedx L 0 LoQ; [0, 1})} , (3.5)

sz‘m(e) := sup {(G,v}Rs — /Qj(elg(v), e93(v), 0) Odr : ve TW(Q)} (3.6)

n ’ 2 .

= sup {(mg, c)r + (G3,w)gs — 2/Q ‘c (z3)(—m2, 1) + Vx/w‘ Odx : )
ce HL (I),we LA(I; H}n(D))}.

Moreover, if w® C Q is a sequence of domains such that ¢° (k) = C5£w5) + k|w?| + o(1), then, up to
subsequences, 15 converges weakly * in L*°(Q;[0,1]) to a solution 6 of problem (3.5).

The remaining of Section 3 is entirely devoted to the proof of Theorem 3.2. It is based on the idea
of considering the “fictitious counterpart” of problem (3.1), namely

5 (k) = inf {5%9)%/@9@ 0 Lo(Q;[0,1) | (3.9)
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where & (6) denotes the natural extension of the compliance ¢?(w) to L>®(Q; [0, 1]):

&(0) = sup {57 (G ) —/Qj(e‘s(u))de Cwe H'(Q) (3.9)

For the sake of clearness, we divide the proof in three parts. In Part I we establish some delicate
compactness properties which are preliminary to Part II, where we show that the sequence ¢5(k)
converges to the limit problem ¢(k) given by (3.5). We conclude by showing in Part III that the
sequences ¢’ (k) and ¢°(k) have the same asymptotics.

3.1 Part I: compactness

We start with a key lemma: it enlightens the role of condition (2.4) appearing in the definition of
admissible torsion load.

Lemma 3.3 Let§ € L>(Q;[0,1]) with infg 6 > 0, and let G € H-1(Q;R3) be an admissible torsion
load, with G = divY as in (2.4). If u® € C®(Q;R>) is a sequence such that

inf {57 (G ) — /Qj(e5(u5))9 dr} > —oo . (3.10)

then the sequence € (u®) is bounded in L*(Q; Rg’;n?;) Moreover, if we pass to a subsequence such that
limg €5(u?) = xa weakly in L*(Q), it holds

lim 5 HG, u)gs = =2 (Za3, Xa)ps - (3.11)
PROOF. See Appendix.

In view of Lemma 3.3, we are led to establish compactness properties for sequences u® such that
the L%-norm of €®(u?) is uniformly bounded.

Before stating these compactness properties, which are summarized in the next proposition, we need
to introduce a shape potential 1, associated to the section D, defined as the unique solution of

~AyY, =2 , 1, € Hj(D).
Some properties of this function, well known in classical torsion theory, are recalled in Lemma 3.5.

Proposition 3.4 Let u’ € C®(Q;R?) be a sequence with
/ u‘sdx:/ Y, curlu® de = 0 Yo . (3.12)
Q Q

Assume that e®(u®) is bounded in L*(Q;R3X3) and %irr(l) el (u) = xi weakly in L*(Q). Then, up to

sym

subsequences,

(i) there exists uw € BN(Q) such that }iH(l) u® =1 weakly in L*(Q;R?);



(ii) setting

v =6 — W) — DT W0 —T]a

of i= 57 — @) — 07D ([ — wls — walle® ~ Tl ) |
there exist c € HY (I) and w € L*(I; H (D)) such that
;in%(vf,vg) = c(x3)(—w2, 21) weakly in L*(Q;R?)

(%m% v] = w weakly in H='(I; L*(D)) ;

(iii) (x1,x2) = 5 ((23)(—22,21) + Vyw) in L2(Q;R?) and x3 = es3(w) in L*(Q).

For the proof of Proposition 3.4 we need some preliminary lemmas.

Lemma 3.5 The potential v, is positive in D. Moreover, setting

7::/ \V¢D|2dx’=2/ Y, da’ | (3.13)
D D
there hold
1nf /|v¢|2d:c Y eC&(D /wdx _1 (3.14)
and
inf{/D|(z2,$1)+Vw|2d:pl : wEHl(D)} =. (3.15)

PROOF. See Appendix.

Lemma 3.6 There exists positive constants C = C(D) such that, for everyv € H} (D;R?), it holds

||UHL2(D;R2) S C(He(v)HLQ(D;]RE;ﬁ + ’ /;(VIZJD A U) dml ) (316)

(3.17)

5 sym)

| /D(va Av)dz' — curlv| p2(py < Clle()ll 2 pr2xz) -
PROOF. See Appendix.

Lemma 3.7 Let u’ be a sequence in C°(Q;R?) with e®(u®) bounded in L?(Q; Rg’;rg) and such that,
for every 9, it holds:

/Q@Z)D curly (uf, u) de = 0 . (3.18)
Then the sequence
Hlos) = 55 [ (Vo A () da’ (3.19)

turns out to be bounded in H'(I).



PROOF. See Appendix.
We can now give the

PROOF OF PROPOSITION 3.4

For convenience, the proof is divided into several steps.

Step 1. The sequence fQ curl w® dz is bounded in R3.
A version of the Korn inequality (see (28) in [25]) states that the skew symmetric part V%u of the
gradient satisfies

ay— (L e, |? 2 L. w3
Vo Viu )| de <C [ |e(u)|”dx Yu e H (Q;R?) . (3.20)
Q Q) Q
We apply such inequality to

1 1
@’ ::u‘;—fb(s/\a:, with b° :z/curlu‘sdx.
2 Ql Jo

By definition fQ curl @ dz = 0 and e(@%) = e(u®), moreover by assumption e(u’) is bounded in
L?(Q;R3%3), then by (3.20) we deduce that

sym
| curl @ || 2(gpsy < C'. (3.21)

We now exploit the hypothesis (3.12): since curl ud = curl @ 4 b°, for every § we have
/ Y, curl @’ dx + b5/ Y, dr’ =0,
Q D
that is, recalling the definition (3.13) of ~,
T = —/ Y, curl @ de .
2 Q

Thanks to (3.21) the right hand side is bounded , then we conclude that b’ is bounded in R3.

Step 2. The sequence u’ is bounded in H'(Q;R3) and any weak limit belongs to BN(Q).
Applying the Korn inequality (3.20) to the sequence 1 and taking into account that fQ curlu’ dx

is bounded as shown in Step 1, we deduce that the L?-norm of Vu® remains bounded. Since we also
know that |, 0 u® dz = 0, the Poincaré-Wirtinger inequality ensures that the sequence u’ is bounded,

and hence weakly precompact, in H'(Q;R?). Again by the L?-boundedness of e’(u?), any weak
L2-limit @ of u’ satisfies e;;(u) = 0 for all (i, §) # (3, 3), and hence it belongs to BN (Q). Moreover,
we observe that the two integral conditions (3.12) hold also for the limit %, then one can easily
deduce that the Bernoulli-Navier field w is of the form (2.1).

Finally, taking the weak L2-limit of the sequence 633(’11,6), one obtains immediately that ys agrees
with es3 (ﬂ)

Step 3. The sequence v0, is bounded in L*(Q;R?).
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Let us apply Lemma 3.6 to the sequence vJ (-, x3) for fixed 3 (notice that vJ(-,z3) is indeed in
H} (D;R?)). By taking into account that eqg(u) =0 and [, (Vi A (U1, T2)) da’ = 0 (since @ is of
the form (2.1)), we deduce

} for a.e. xz3 €1 .

1 1
[t P a <5 [ eI+ 5 [ (Y, A ] 0d)

Then, integrating with respect to x3 over I, we get

/wmwﬁx<cﬁ/w wdo+ [ (26wl doa]
I

where the sequence ¢ is associated to the sequence u’ according to formula (3.19). Since the

sequence u’ satisfies e’ (u®) bounded in L*(Q;R3%3) and condition (3.18), Lemma 3.7 allows to
conclude that v? is bounded in L?(Q;R?).

Step 4. Any weak limit of (v, v3) is of the form c(x3)(—wx2,x1), for some ¢ € L2,(I).

Since €®(u?) is bounded in L?(Q; R3%%), there exists a positive constant C such that
Hea,@(vé)”m(Q;ngﬁg) < C9. Therefore any weak limit 7 = (71, 72) satisfies e,3(v) = 0, and hence it
is of the form (D1, 2) = c(x3)(—xa, x1) + (d1(23), d2(x3)) for some ¢ and d,, in L*(I). Since by their
definition v9 satisfy [[v)]] = 0, we have also [[Ua]] = 0, so that d, = 0. It remains to prove that c
has zero integral mean. Set

1 1
2—5(8lug — (92u‘f) = 5((911)(2S — (921)(15) .

We observe that, since by assumption [, 0 Y, curl u® dz = 0, the functions w® satisfy

/ You’dr=0 V6. (3.22)
Q

Since limgs_ow® = c(x3) in D'(Q), and since by definition the sequence w® remains bounded in

L?(I; HY(D)), we have also lims_gw® = ¢ weakly in L?>(I; H~'(D)). In particular, taking as a test
funcion 1,,, passing to the limit as § — 0 in (3.22), we obtain [, ¢(x3) dxz = 0.

Step 5. The distributional derivative of ¢ is given by ¢ (x3) = d1x2 — dax1-
Since (v¢,v3) converges to (Ty,7s) weakly in L?(Q;R?), it holds

1
(%gr(l] 83(.0 =03 [2 (81@2 — (92@1)] = Cl(x3> in D/(Q) .

On the other hand, since

1
— (0102uf — 0201uf) = D1€33(u’) — Baefs(u) |

1[(91623(716) — hers(u®)] — 25

o _
(93w—6

it also holds
%in(l) 83&)6 = 81)(2 — 82X1 in D/(Q) .

It follows that 9y x2 — dax1 = ¢ (z3) in D/ (Q).
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Step 6. The function c belongs to H},(I).
Let us fix ¢ € ¢3°(I), and ¢ € C3°(D) with [, dz’ = 1. We have

012 = 000, om0 s = | (it oo < g ([ et [ vur it [ dey)

(3.23)
By Step 5, we know that

(B1x2 — Dax1, o(x3)Y(2))gs = /IC/($3)<P($3)dflf3 ) (3.24)

Combining (3.23) and (3.24), we obtain

/I d(z3)p ($3)d933/ |Vep|? da’ /@ drs < /XPdm.

By the Fenchel inequality, this implies

S dns < ([ (wora)ar)( [ i)

Passing to the infimum over all the functions ¢ in C§°(D) with [, ¢ dz’ = 1, and applying (3.14)

in Lemma 3.5, we obtain
[1apar <o [ Pae,
I Q

where ~ is the positive constant defined in (3.13).

Step 7. The sequence v§ converges weakly in H=(I; L*(D)) to some limit w.

A partial Korn’s inequality proved in [22] states that, for any z € H(Q;R?), it holds

5 = D17 ([les1) — 2 ()| s 2 ))sc (leas(2)l 2 quzz) + leas(lzza ) -

iym

Applying this inequality to the sequence z° := §~ (u — 1), since by assumption €®(u?) is bounded
in LQ(Q,RE},XIE) and uw € BN(Q), we deduce that v3 is bounded in H~1(I; L?(D)). Therefore there
exists w such that %m% v] = w weakly in H~'(I; L?(D)). Notice that, since D(Q) C H{(I; L*(D)),
the convergence holds also in D'(Q).

Step 8. It holds (x1,x2) = 3 (c/(z3)(—2,21) + Vyw) in L*(Q;R?) and w € L*(I; H,(D)).

Since

w =, + 502 + |D]*1[[u5 —1l]a

«

u§ =13 + 00§ + | D~ ([l — alls — zallu® —als) ,

we have €4(u®) = eqa3(v®). We know by assumption that lims . els(u®) = xo weakly in L2(Q),

and by Steps 4 and 7 that lims_o(e13(¢°), e23(v?)) = 3(¢/(23) (=22, 21) + Vyw) in D'(Q;R?). We
infer that the equality (x1,x2) = 5(c/(z3)(—22,21) + Vyw) holds in D'(Q;R?). This implies that
Vew € L?(Q;R?) (because xo € L?(Q) and by Step 6 ¢ € L?(I)), and that the same equality
remains true in L?(Q;R?).

Finally we notice that by construction [[v]] = 0 for each §, so that also [[w]] = 0. Therefore,
applying Poincaré-Wirtinger inequality section by section we infer that w € L?(I; H},(D)). O
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3.2 Part II: asymptotics of fictitious problems

Proposition 3.8 As § — 0, the sequence 56(0) in (3.9) I'-converges, in the weak * topology of
L>®(Q;10,1]), to the limit compliance C""™(0) defined by (3.6). Hence the sequence ¢°(k) in (3.8)
converges to the limit ¢p(k) defined by (3.5).

PROOF. By definition of I'-convergence, the statement means that the so-called T'-liminf and T'-
limsup inequalities hold:

inf { liminf ¢°(69) : 6° i\e} > clim (g) (3.25)
inf { lim sup 56(95) 00 30} <cl™(9) . (3.26)

Proof of (3.25). Consider an arbitrary sequence #° 0. We claim that, for every v € TW(Q), it
holds

lim [ j(e(50)) 0 d = / F(ers(v), eas(v), 0) 0 dz (3.27)

0—0
Q Q
Once proved this claim, (3.25) follows immediately. Indeed, it is enough to take a sequence vy €
TW(Q) such that

¢ (6) = tim {(Gv)es — [ Tera(on). eanlon),0)0da}
k Q
Applying (3.27) to each v, and setting v,‘z = dug, we get
Clm(g) = lim lim {5*1<G,v;§>m3 - / (e () 6° dx} < liminf & (67) .
k9 Q 6
To prove (3.27), we notice that, for every v € TW(Q),
0 €a3('U)

e (dv) — a.e. on @ .
6a3('U) 0

Moreover, an easy algebraic calculation shows that

_ 0 eas(v)

j(e13(v), e23(v),0) = j
ea3(v) 0

Then, by dominated convergence, we have j(e(6v)) — j(e13(v), ea3(v),0) strongly in L'(Q). There-
fore, recalling that by assumption #° = 6, the integrand in the left hand side of (3.27) is the product
between a strongly and a weakly convergent sequence, and we deduce that (3.27) holds.

Proof of (3.26). We have to find a recovery sequence #° =6 such that lim sup; 55(05) < clim(g).
Let us first show that, under the assumption infg 6 > 0, we are done simply by taking 90 =0. Let
u® be a sequence of functions satisfying

. ~0 . _ .
hmasupC (0) = hm(ssup{é G, ud)gs — /Q](e‘s(u‘s))ﬁdx} . (3.28)
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Since we may assume with no loss of generality that lim sup; 56 (6%) > —o0, and since by assumption
# is bounded from below, we are in a position to apply Lemma 3.3. Then, the sequence 66(11,6) is
bounded in L2(Q;R3%3). Denoting by x, the weak L2-limit of e4(u’), Lemma 3.3 also gives

sym

lim 5 HG, U )gs = —2(Za3, Xa)gs - (3.29)

Next we notice that the sequence u® satisfies also the assumptions of Proposition 3.4. Indeed, the
conditions in (3.12) hold up to subtracting from u’ the rigid motion a’ + b° A z, with

il al

é 1

a’ = — | u’dx, by = P curl v’ dz .
QI Jo 21Q1 Jo "

Thus, if ¢ and w are associated to the sequence u® as in Proposition 3.4 (ii), we may write Yo =

eas3(v), with v := (—c(z3)ze, c(z3)x1,w) € TW(Q). Combining this equality with (3.29) we obtain
lim SHG, U )ps = =2 (Das, €a3(v))ps = — (2, e(v))gs = (G, v)gs . (3.30)

We now turn attention to estimate from below [, 0 j(e®(u%)) @ dz. We claim that

liminf/j(e‘s(u‘s))edx>/j(x1,X2,X3)«9d:c (3.31)
6—0 Q Q

(where y; is the weak L2-limit of % (u?)).
Indeed, for every ¢ € R3, let us denote by Fpé the symmetric matrix

3
1
Ey¢ = 5 z;&(ez ®Ke3+e3R ei) . (332)

The Fenchel inequality and the weak L?-convergence of efg (u‘s) to x; yield

hmmf/ )0 dx >hm61nf{/Q (u5).Eo§9dx—/cgj*(E0§)0da:}
—/(X17X2,X3)'§9dx—/j*(Eoﬁ)edx
Q Q

for every ¢ € L?(Q;R3).
By using the definition of j, one can easily check that

J5(&) =" (Eof)  VEER®. (3.33)

Such identity and the arbitrariness of ¢ € L?(Q;R?) in the previous inequality yield

. . V) ) R
11H161Hf/QJ(€ (u ))edxzsgp{/Qul,xQ,x?,)-wdx—/Qj ()0}

By passing to the supremum over ¢ € L?*(Q;R?) under the sign of integral (see e.g. [6, Lemma
A.2]), and taking into account that j = j** we get the required inequality (3.31). Finally, by the
definition of v, we have

/ 7(x1, x2,x3) 0 dw = / j(ea1(v), €az(v), x3) 0 da > / 7(ea1(v), ea(v),0) O dz . (3.34)
Q Q Q
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From (3.28), (3.30), (3.31) and (3.34), recalling the expression (3.6) of C""™(6), it follows that
lim supg 56(05) < ¢l (). It remains to get rid of the additional assumption infg @ > 0. This can be
done via a standard density argument. Indeed, for any 6 we may find a sequence 8" with infg 6" >0

such that #* > . Then, since the left hand side of (3.26) (usually called I —lim sup 56(0)), is weakly
* lower semicontinuous, and ¢ (6) is weakly * continuous, we obtain

(T — limsup 55)(0) < limhinf(F — lim sup (NZé)(Gh) < li}En climghy = clm(9) .
é §

The convergence of ¢? (k) to ¢(k) follows immediately by well-known properties of I'-convergence.
O

3.3 Part III: back to the initial problems

In order to obtain the asymptotics of the original problems ¢°(k) defined in (3.1), we will bound
them both from above and from below in terms of fictitious problems which admit the same limit.
We first remark that, for every k, it holds

¢5(k):inf{c5(9)+k/9dx 1 e L=(Q;[0,1])},
Q

being @5(9) the lower semicontinuous envelope, in the weak * topology of L*°(Q;[0,1]), of the
functional which is defined as in (3.2) if 0 is the characteristic function of a set w, and +oo oth-
erwise. Then, by the weak * lower semicontinuity of the fictitious compliance defined in (3.9), we
immediately obtain the inequality

c’(0) <C’(0) Vo e Lx(Q;0,1),

and hence the following lower bound for ¢°(k):
O (k) < ¢ (k). (3.35)

On the other hand, finding an upper bound for <Z>5(k) is a quite delicate problem, which has been
treated in [10, Section 2.3]. For the benefit of the reader, let us briefly sketch an outline of such

upper bound. Let jg : Rfyxn?} — R denote the modified stored energy density defined by
jo(z) i=sup {z- € = j*(€) : £ €RYY, det(€) =0} . (3.36)

The potential jg plays an important role in the problem of minimizing the compliance for small
volume fractions: heuristically, the condition det{ = 0 appearing in (3.36) corresponds to the
degeneracy of stress tensors occurring when the material concentrates on low-dimensional sets (see
[4, 8, 10] for more details, and also [2] for the explicit computation of jj).

The main properties of jg are summarized in the next lemma, where jy denotes the 2d reduced
counterpart of jo, defined as in (3.3) with j replaced by jo.

Lemma 3.9 The function jo satisfies jo < j, is coercive and homogeneous of degree 2. Moreover,
the following algebraic identity holds

joy)=jly) VyeRr’. (3.37)

15



PROOF. See Appendix.

Let us consider on L*°(Q); [0, 1]) the compliance functional associated with jo

3(6) i=sup {5 1(G. o~ |

Jo(e®(w)) Odz : ue Hl(Q;R3)} , (3.38)
Q

and the corresponding fictitious problems

$)(k) := inf {Eg(e)Jrk/Qde 0 e L(Q;[0,1])}) (3.39)

Under the assumption (2.5) on the load, by applying [10, Proposition 2.8], we deduce the following
crucial estimate:

) <) Vo e L¥(Q;0,1]).

Consequently, as a counterpart to (3.35), one obtains the upper bound

& (k) < d)(k). (3.40)

We can now give the

PROOF OF THEOREM 3.2

We first prove that the sequence 58(9) defined in (3.38) I'-converges, in the weak * topology of
L>(Q;[0,1]), to the limit compliance C'™(6) defined by (3.6). Indeed, exploiting the coercivity and
homogeneity of jo (¢f. Lemma 3.9), the same proof used for Proposition 3.8 is valid, and gives the

I-convergence of 52 (#) toward the functional
sup {(G,v)Rs - / jo(e13(v), e23(v),0) fdz : v e TW(Q)} .
Q

Since by Lemma 3.9 jo = j, the T-limit above agrees with '™ (). As a consequence the fictitious
problems gg(k) defined in (3.39) converge to ¢(k).
Combining this result with the one obtained in Proposition 3.8, thanks to the estimates (3.35) and
(3.40), we infer that also the sequence ¢%(k) converges to ¢(k).
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(]1w5) +
k [ Los dz +o(1). Since by Proposition 3.8 the sequence 56(9) +k [ 0 dz P-converges to clm(9) +
k fQ 6 dx in the the weak * topology L*(Q; [0, 1]), any cluster point of 1 s is a solution § to problem
(3.5).
It remains to show that the limit compliance C*™(6) defined in (3.6) may be also rewritten as in
(3.7). To this end, it is enough to write any v € TW((Q) under the form (2.2), and exploit the
identities (2.6) and (3.4).

(]
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4 Equivalent formulations of ¢(k) and optimality conditions

In view of Theorem 3.2, the limit problem (3.5) we have to solve is a 3d variational problem for
material densities 6 in L*>(Q;[0,1]). We are now going to show that equivalent formulations for
¢(k) can be obtained dealing either with displacement fields v € TW(Q) (see Theorem 4.1) or
with shear stress components o € L?(Q;R?) (see Theorem 4.2). These different formulations will
allow us to write down necessary and sufficient optimality conditions in term of optimal triples
(0,v,5) € L>®(Q;[0,1]) x TW(Q) x L*(Q;R?) (see Theorem 4.5).

Theorem 4.1 For every k € R, it holds

¢(k) = sup {(G,v)Rs—/Q 5(613(’0),623(11),0) - /{:]+dx Ve TW(Q)} (4.1)

= sup { (g ) + (G, wy — [

[ (31 m) + Vo o] aa

ce H(I),w e LX(I; H}n(D))}.

PROOF. Let X = L*(Q;0,1]) endowed with the weak * topology, and Y = H(Q;R3) endowed
with the weak topology. On the product space X x Y we consider, for a fixed k € R, the Lagrangian

Lu(0,0) = (G, v)ps /Q [j (e13(v), e23(v),0) — k|0 dx if v € TW(Q)
> otherwise .

Since L(6,v) is convex in € on the compact space X and concave in v on Y, the equality
inf x supy £ = supy infx £ holds by a standard commutation argument, see for instance [26, Propo-
sition A.8]. O

We now give the dual form of the displacement problem (4.1). We complement it with the dual
form of the limit compliance ¢"™(6) in (3.6), since this will be useful in writing the optimality
conditions.
Below, we denote by Mg the distribution which has support contained into I and is a primitive of
mg, namely,

(Mg, ¢') = —(mg. ) Ve €C3°(R)
(notice that Mg is well-defined and uniquely determined since (mg, 1)g = 0, ¢f. Remark 2.4).
Moreover, we denote by ¢, the function of one real variable given by

%SQ +k if |s| > 8k
%|s| if |s] < \/8nk.

We point out that, for any { = (£1,£2,0), oi(]€]) is the Fenchel conjugate of [j(y) —k]+ . Indeed, by

[10, Lemma 4.4], [j(y) — k]% coincides with the convex envelope of the function g : R> — R defined
as

oK(s) ==

(4.2)

THE 4k HE£O
gk(f)—{J (&) + E#

0. otherwise

The explicit computation of such convex envelope at vectors £ € R? of the kind (&1, &,0), gives
precisely ¢y (|€]).
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Theorem 4.2 For every 0 € L*°(Q;[0,1]) and every k € R, problems (3.6) and (4.1) admit respec-
tively the dual formulations

lim _ : =17 . d; - _ _ E——
c'm(0) = U€L121(1£2;R2){/Qc9 Jj*(o1,02,0)dx : divyy 0 = —2G3, [[x102 — 2201]] = 2Mg} (4.3)
and
o) = it { /Q prllo)do : divy o = —2Gs, [[]os — weon]] = =2Mg | . (44)

Remark 4.3 (link with the classical torsion problem). Formulation (4.4) reveals that the limit
optimization problem ¢(k) can be solved section by section. Indeed, ¢(k) = [; Ax(G3, M) dxs,
where, for any ¢ € H-1(D), r € R,

Mar)= it /D er(lol) da’ - divy o = ~2q, (1102 — w200 = ~2r}

This way of computing ¢(k) enlightens the link with the classical torsion problem. Actually, the
compliance of a cylindrical rod of section £ C D under a torque r is classically written as

. Lo, . _ _ =
oeLér(llf);W) {/D %‘0" dz' : divy o =0, [[z109 — 2901]] = =27, spt(o) C E} . (4.5)
The optimization of such compliance with respect to the domain E under the volume constraint
|E| = m reads

1
UGLi21(1£;R2) {/D %|a|2 da' : divy o =0, [[x109 — 2001]] = =27, |spt(0)| < m} )

Introducing a Lagrange multiplier k, one is reduced to solve

1
aeLi?I(lg;]RQ){/D %|0'|2 dx' + k|spt(o)| : divy o =0, [[z102 — x201]] = —21“}

— f {/ , 70d/:d.x/ :()7 — :_2}’
UELg(lD;]RQ) ng(al 02,0) dx ivy o [[z102 — z201]] r

being g the function defined in (4.2). The relaxed formulation of the latter problem is nothing
else than Ay (0,7). This concordance is somehow surprising, since formulation (4.5) is valid only
for cylindrical rods (or rods with slowly varying section) whereas, in the formulation (1.3) of our
initial optimization problems ¢5(k), no topological constraint is imposed on the admissible domains
Q C 6D x I. What can be inferred from this comparison is that optimal thin torsion rods searched
in a very large class without imposing any geometrical restriction are in fact not sensibly different
from the nearly cylindrical ones treated in the classical theory.

The proof of Theorem 4.2 is based on a standard convex duality lemma (see e.g. [5, Proposition
14]), that we recall for the benefit of the reader.
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Lemma 4.4 Let X,Y be Banach spaces. Let A: X — Y be a linear operator with dense domain
D(A). Let ®: X — RU{+o0} be conver, and ¥ : Y — RU{+00} be convezr lower semicontinuous.
Assume there exists ug € D(A) such that ®(up) < +oo and ¥ is continuous at A(up). Let Y*
denote the dual space of Y, A* the adjoint operator of A, and ®*, U* the Fenchel conjugates of ®,

U. Then
—inf {0(4) + @)} = i {0(0) + 3°(~4%0) )

ueX oeY *

where the infimum on the right hand side is achieved.

PROOF OF THEOREM 4.2
The dual form (4.3) of ¢"™ () is obtained by applying Lemma 44 with X = TW(Q),Y = L*(Q;R?),

A(w) = (e13(v),ea3(v)), ®(v) = —(G,v)gs, and U(y fQj (y1,y2,0)0 dz. By the same lemma
applied with X, Y, A, and ® as above, and ¥(y fQ (y1,v2,0) — k]+ dx, one obtains
_ : _ LA 1
o(k) = UELg(laR2){ / G~ K} (01.02,0) dr : div(Ep(o1,02,0)) + G € TW(Q)*} .

where TW (Q)* denotes the space of elements in the dual of H'(Q;R?) x L?(I; H},(I)) which vanish
on TW(Q). Then equality (4.4) follows by taking into account that, at & = (§1,&2,0), the Fenchel
conjugate of [j(y) —k]+ agrees with ¢ (|€]), and that the constraint div(Ey(coy,02,0))+GeTW(Q)*
is equivalent to the two conditions div,s o0 = —2 G5 and [[z102 — 2201]] = —2M. O

Now, by using the equivalence between the different expressions for ¢(k) given in Theorems 3.2,
4.1, and 4.2, we are able to provide necessary and sufficient optimality conditions. We say that
(0,9,7) € L=®(Q;[0,1]) x TW(Q) x L*(Q;R?) is an optimal triple for ¢(k) if

(+) 0 solves problem (3.5);

(-)  solves problem (4.1) and is optimal for ¢! () in its primal form (3.6);

(-) & solves problem (4.4) and is optimal for '™ (#) in its dual form (4.3).

Theorem 4.5 A triple (0,7,5) € L¥(Q;[0,1]) x TW(Q) x L?*(Q;R?) is optimal for ¢(k) if and
only if it satisfies the following system.:

divyy g = —2G3 [[ X109 — xgdl]] —2Ma
(0'1,0'2, ( 623 U),O)
(71,75,0) € ([ (e13(0), e23< ).0) K] )
0 (7(e13(0), e23(v),0) — k) = [j(e13(v), e23(0), 0) — Kl

PROOF. Firstly note that, for every v € TW(Q), and any field o admissible in any of the dual
problems (4.3) and (4.4), there holds:

(4.6)
(4.7)
(4.8)
(4.9)

<G, U>]R3 = —<diV(E0(O’1, g9, O)), U)Rs
(4.10)

:/ E()(Ul,JQ,O) . 6(1]) dr = / (01,02) . (613(1)),623<’l))) dx .
Q Q
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Assume now that (0,7,7) is an optimal triple for ¢(k). Then clearly (4.6) holds since & must
be admissible for problem (4.4). Moreover, since & is optimal for the dual form (4.3) of c'™(6),
necessarily it must vanish on the set {# = 0}. Then, using the equivalence between the primal and
the dual forms (3.6) and (4.3) of C!"™ (@), we obtain:

0 :/ {(51,52)-(elg(@),e%(@))—ej(elg(@),egg(@),m—5*1;*(51,52,0)}@
Q

_/ ) {5—1(51,52)-(elg(@),egg(@»—3(613(@),623(@),0)—j*(é—l(a@,o»}édx,
QN{F>0}

which yields (4.7) thanks to the Fenchel inequality.
Similarly, again using (4.10), the equivalence between (4.1) and (4.4) implies:

/Q {(51752) ~(e13(0), e23(v)) — [ — K+ (€13(v), €23(v),0) — [j — k]’i(ﬁlﬁzao)} dx =0,

which yields (4.8) thanks to the Fenchel inequality.
Finally, the equivalence between (3.5) and (4.1) implies:

/Q {Gle1s(®). 2s().0) k) B~ [7 — K] (exs(F). e2a(7).0) } dar = 0.
which yields (4.9) since the integrand is nonpositive.

Viceversa, assume that (6,7,7) satisfy the optimality conditions (4.6)-(4.7)-(4.8)-(4.9).
By (4.6), & is admissible for ¢! (@) in its dual form (4.3). Hence,

(Gt~ [ Tlera(o) ex(),0) s
Q

< sup {<Ga )3 / jlers(v), e23(v),0)0dz : v e TW(Q)} = Clim@)

Q
= inf{/ 07 Y% (01,00,0)dz : o € L*(Q;R?) , divy 0 = —2G3 , [[z109 — 2201]] = —2Mg}
Q
< | 07Y5%(51,52,0)dz .
_/Q j*(01,02,0) dx

Using (4.10) one sees that, thanks to (4.7), the first and the last term in the above chain of inequal-
ities agree. Hence v and @ are optimal respectively for the primal and the dual forms (3.6) and
(4.3) of ¢ (8).

Similarly, by (4.6), & is admissible also for problem (4.4). Hence,

<awm—éb—ﬂgm@mmmex
< sup {<G,U>R3 - /Q[j(elg(v), e23(v),0) — k] dz : ve TW(Q)} = o(k)
= inf{/cj)(pkﬂ(f‘)dx S LZ(Q;Rz) , divyy o = —2Gg3 , [[.%'10’2 — .%'20’1]] = —QMg}

g/Qgpk(|a|)d:c:/Q[j—k]j(al,ag,())dm.
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Using (4.10) one sees that, thanks to (4.8), the first and the last term in the above chain of inequal-
ities agree. Hence v and & are optimal respectively for problems (4.1) and (4.4).
It remains to check that 6 is optimal for problem (3.5). Indeed we have

C“m(g) + k/ Odx = (G,V)ps —/ (3(613(5),623(6),0) - k:) 0 dx

Q Q
= <G,@>R3 — /Q[]— k]+(613@),623@),0) dr = (b(k) ,

where in the first equality we have used the already proved optimality of v for the primal form (3.6)
of ¢""™(#), in the second equality the optimality condition (4.9), and finally in the third equality
the already proved optimality of T for problem (4.1). O

Remark 4.6 It is interesting to ask whether, via the optimality system, it is possible to establish
that problem (3.5) admits a classical solution (namely, an optimal density with values into {0,1}).
If (0,7,5) € L®(Q;[0,1]) x TW(Q) x L*(Q;R?) is an optimal triple, the optimality condition
(4.9) reveals that 0 is a characteristic function provided the level set {j(e13(7), e23(v),0) = k} (or
equivalently the set where pi(|7]) = 4 /%|E|) has zero Lebesgue measure. Looking at problem (4.4),

in the case where G3 = 0, one sees that & is optimal if and only if & (-, z3) solves for a.e. x3 the
following section problem for ¢t = M¢g(z3):

ag(t) == inf{/Dgok(|a|)dx' . o€ L3(D;R?) , dive =0, [[z102 — z001]] = —Qt} :

Writing any admissible o as a rotated gradient, and noticing that ax(t) = kay (ﬁ), one is led to

set s := ﬁ and to study the solutions @ of the following minimization problem

inf{/Dcpl(|Vu|)dm' - ue HY(D) ,/Dud:n':s}.

The homogenization region corresponds then to the set {0 < |[Vu| < +/8n}, where the integrand
1 is not strictly convex. Does it exist a solution @ for which this set Lebesgue negligible? So far,
this is an open question which deserves in our opinion further investigation. We point out that,
for a very similar problem, when D is a square, some numerical experiments seem to predict the
existence of a homogenization region of nonzero measure [20]. On the other hand, when D is a disk,
it can be shown that the solution % is unique and no homogenization region appears [1].

5 The small volume fraction limit

In this section, we investigate the behaviour of optimal configurations when the total amount of
material becomes infinitesimal. We will be led to the following conclusion: for small filling ratios
and under the action of a horizontal torsion load, the material distribution in an optimal thin rod
with convex section tends to concentrate, section by section, near the boundary of its Cheeger set.
Let us recall that, under the assumption that D is convex, its Cheeger set is the unique solution to
the problem

inf 7"[[&2 V|

(5.1)
ECD,15eBV(R?) ||
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(see for instance [13, 17, 19]).

As said in the Introduction, optimal configurations for small volume fractions can be deduced from
the solutions of problem ¢(k) for large values of k. Hence, in order to prove the afore mentioned
concentration phenomenon, we are going to proceed along the following line. We first study the
variational convergence, as k — +o0, of problems ¢(k) suitably rescaled (see Theorem 5.2). Their
limit takes the form of a minimization problem over the class of positive measures on (). The
optimal measures, namely the limit of optimal density distributions for ¢(k), can be characterized
through Proposition 5.3. In particular, when the load has no vertical component and D is convex,
the solution turns out to be unique and can be explicitly determined as a measure concentrated
section by section on the boundary of the Cheeger set of D (see Theorem 5.4).

Let us begin by extending the limit compliance ¢'"™(6) given by (3.6) to the class M™*(Q) of positive
measures i on R? compactly supported in @ by setting

€™ (1) 1= sup {(G, v)go - /Q Jlers(v) e25(0),0) dp v e TW(QNC(QR)} . (52)
We point out that in dual form "™ (u) reads

clm(p) = {eL%r(leQ;RQ){ /Qj*(&,&,o) dp : divy (§p) = =2 G3, [[x1(Sep) — z2(&ap)]]) = —QMG}
(5.3)

(this follows by applying Lemma 4.4 in a similar way as repeatedly done in the previous section).
Using definition (5.2), the limit problem ¢(k) in (3.5) can be rewritten as

o) =int {0+ [du s p=ods, 0 € 1%(Q:[0.1)] -
=2k inf{C”m(u)—i—;/d,u cpu=0dx, € L™(Q; [0,\/%])},

where the second equality is obtained multiplying p by v2k (for k > 0).
One is thus led to introduce the following minimization problem on M*(Q), as a natural candidate

to be the limit problem of % as k — +oo:
— : lim 1 +
m := inf { c"™ () + 5 dp @ peM (Q)} . (5.5)

In the next proposition, we give a useful reformulation of 77 as a maximization problem for a linear
form under constraint, which in turn admits a pretty tractable dual form. Recall that n > 0 is the
second Lamé parameter in our elastic potential (j(z) = (A\/2)(trz)? + n|2|?).

Proposition 5.1 Any optimal measure [ in (5.5) satisfies

me=;/@=2, (5.6)
and m agrees with the following supremum.:
sip (G, 0)ea < ers0), e250) | gy < 57 b (5.7)
veTW(Q) v
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or alternatively with the minimum of the dual problem

. . 1 1
mln{/\ol . o€ M(Q;R?) , divy o = —\ﬁ Gs , [[r102 — x201]] = —% MG} . (5.8)

PROOF. Let mg denote the supremum in (5.7). For every ¢t € Rt by the definition of ¢"™ () and
the same inf-sup commutation argument already used in the proof of Theorem 4.1, we infer:

wt {0 < t) =swpint {(Go)ss =20 [ Jent) ent)Fdn - [duse]

2 m(z)
= sup {(G v)s2 — 20t (e13(v). e ()< ey } = 1 -

where the last equality follows by writing v = svg, with s € R and vy admissible for problem (5.7),
and optimizing in the real variable s.
Then, since by the definition (5.5) of @ we have

m = inf {c“m( )+E : /d <t}— inf (m(z’th)
" tert R p=ty= 8 T2

2
and since the function t +— (T;—f + %) attains its minimum on R™ at t = mg, we deduce that the

equality m = my holds and that any optimal measure [ satisfies (5.6).

The dual form (5.8) of problem (5.7) follows from Lemma 4.4, applied with X := TW (Q)NCo(Q; R?),
Y = Co(@5 B), A(v) i= (ers(v), e23(v)), D(v) i= —(G, v)gs, and U(y) = 0 iff [y]loc < 1/(2/7) (and
+o00 otherwise).

(]

We are now ready to establish that, as expected, 7 is the limit problem of % as k — +o0o. Actually

Theorem 5.2 below shows that such convergence holds true in the variational sense, namely not only
for the values of the infima, but also for the corresponding solutions.

Theorem 5.2 (i) For k > 0, the map k — % s monincreasing and, as k — 400, it converges

decreasingly to m.

(i) if Ok is a solution to the density formulation (3.5) of ¢(k), up to subsequences 6y converges
weakly * in L*>(Q;[0,1]) to a solution @ of problem (5.5).

PROOF. The second equality in (5.4) shows that the map k — Q\S/(—Qk—; is nonincreasing and satisfies

the inequality ?}(—21% > m. In order to show that it converges to m as k — +oo, we exploit the

formulation of ¢(k) given in Theorem 4.1, in which we insert the change of variable v = v/v/2k. We

obtain
(k) o — 1
NoT Ueqsvunp(cz) {<G= V)g3 \/ﬂ/Q i (e13(v), e23(v), 0) zh d‘T} '

Let vy = (c(x3)(—z2, 21), wi(z)) be fields in TW(Q) N C™(Q; R?) such that

. o(k) . - 1
lﬁiﬁ \;ﬁ = lim {(G, Uk>R3_\/%/Q [ (e1s(vr), e23(v), 0) = 5], dfc} :
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By using the coercivity of [j(z) — k|4, the inequality ¢(k) > 0, and the assumption that G is an
admissible load, we may find positive constants C7 and C5 such that

1

I(e13(vr), e23(vi)) 72 gupzy < Clm/Q [7(exs(vr), e2s(vk), 0) = 5], do

< C1{G,vg)gs < Coll(e1s(vk), e2s(vi)) |l 22(Qm2) -

We deduce that (e13(vy), e23(vy)) is bounded in L?(Q;R?). Hence there exists a positive constant
C such that

C Z/ |C§€($3)(fx2,x1)+Vx/wk]2dx
Q
zinf{/ |(—z9,21) + Vw|? dz’ weHl(D)}./|c§€(a:3)2d:c3
D I

- / (32 des |
I

where the last equality follows from (3.15) in Lemma 3.5. Applying the Poincaré-Wirtinger inequal-
ity, we obtain that ¢, is uniformly bounded in H} (I).

By difference, it is also clear that V wy, is uniformly bounded in L?(Q;R?), hence wy, is uniformly
bounded in L?(I; H} (D)).

Let ¢ and w be the weak limits of ¢, and wy in H} (I) and L?(I; H} (D)) respectively, and set
v = (—c(x3)xe, c(x3)r1,w). Then v € TW(Q) and limy, e43(vr) = ea3(v) weakly in L?(Q) . There-
fore

/ [j(eas(v),0) — 1/2]4 dx < limkinf/ [j(eas(vk),0) —1/2]4 dx =0.
Q Q

Hence .
o(OR2) X ——
J(exs) exs(eDllmare) < 5
that is v is admissible in the definition (5.7) of my.
We conclude that
k
lim M < lim (G,vg)gs = (G, v)ps < mo =T .

k—+4o00 \/2k =~ k—+oo

(ii) If Oy is an optimal density for ¢(k), setting py := v2k 0, dxz one has

¢(k)
V2k
o)

Since "™ (1) > 0 and since by monotonicity Var S ¢(1), the above equation implies that the

, 1
= Chm(,uk) + 2/ dug

integral [ duy remains uniformly bounded. Then up to a subsequence there exists 7z such that

ik — 7. By using item (i) already proved, the weak * semicontinuity of the map u +— C"*™(u), and
the definition (5.5) of 72, we obtain

— . ¢(k) : lim 1 / lim (— 1 / =~
m= Jim o= tim () [ duf 2 )+ [ dizm
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Hence 1 is a solution to problem (5.5).
(]

By the convergence statement (ii) in Theorem 5.2, in order to understand which kind of concentra-
tion phenomenon occurs for small amounts of material, one needs to answer the following question:
what can be said about solutions fi to problem (5.5)7 In this direction, let us first show that optimal
measures [ are strictly related to solutions @ to the dual problem (5.8). More precisely, we have:

Proposition 5.3 If @ is optimal for problem (5.8), then i := |&| is optimal for problem (5.5).
Conversely, if i is optimal for problem (5.5), and € is optimal for the dual form (5.3) of C'"™ (1),
then |¢| = 2,/ f-a.e., and 7 : 2\f“ is optimal for problem (5.8).

PROOF. Let 7 be optimal for the dual problem (5.8), and set & := |[|. Then we have

1
p-a.e. and [ dpg = m. Moreover, since @ is admissible in (5.8), it holds div (2,/7Eo(c1,72,0)) +G €
TW(Q)*, namely

(G, v)ps = 2¢/1((T1,52), (e13(v), e23(v)))gs Vv € TW(Q) NCP(Q;R?) . (5.9)

By (5.2), (5.9), the Fenchel inequality and the identity

25

j*<£1,52,0>=8177|§\2 VE = (61,6.0)

we get

((71,72), (e13(v), e23(v)))gs —277/ |(e13(v), ea3(v ))}2@}

™
2

)

lzm - /
2

Conversely, assume that 7 is optimal for problem (5.5), and let £ be optimal for the dual form (5.3)
of "™ (%), that is

=sup {207
5/

and hence

/Q 7 (€1, 8. 0) d = ¢ (1) (5.10)

Set 7 := % @i, and notice that it is admissible for problem (5.8). If we prove that

€| <2y pae. (5.11)

we are done: indeed in this case 7 is optimal for problem (5.8) because

=[5 an< [an=m.

where in the last equality we have applied (5.6).
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Let us prove (5.11). By (5.10), if vp € TW(Q) is a minimizing sequence for "™ (jz), one has

/Qj*(gl’@,()) di = "™ (n) = lim {(G,vk>R3 - /Qj(613(vk),€23(vk),0) dﬁ} : (5.12)
For every k, by (5.9) and since 7 = %ﬁ , it holds
(G, vk)ps = /Q [€re13(vr) + Egeas(vr)] dii - (5.13)

Now, by arguing in a similar way as in the proof of Proposition 5.1 (see also [7, Corollary 2.4]),
we observe that the minimizing sequence v; can be chosen so that ‘(613(Uk), 623(%)){ < ﬁ on Q.

Denote by (x1,x2) a cluster point of (e13(vg), 623(’Uk)) in L%(Q; R?). Then we have

1
X1, X2)| < —— [-a.e. 5.14
o] < 5 (5.14)
and
limkinf/j(elg(vk),egg(vk),O)dﬁZ/j(Xl,Xg,O) dpm . (5.15)
Q Q

By (5.12), (5.13) and (5.15), we obtain the following converse Fenchel inequality

/ 7 (€1 E,0) dpi < / Eixa + Eaxo] di — / 7 (xt, X2, 0) i
Q Q Q

Hence
_ —
(517&270) =] (XlaX?)O) = 477(X17X270) ) (516)

where the second equality follows by recalling the explicit form (3.4) of j.
In turn, (5.16) gives (5.11) in view of (5.14).
U

Thanks to Proposition 5.3, in order to determine optimal measures for problem (5.5), one is reduced
to study the solutions to the dual problem (5.8). When the applied torsion load has null vertical
component, and the cross section D of the rod is a convex set, problem (5.8) turns out to have a
unique solution, which brings into play the Cheeger set of D.

Theorem 5.4 Assume that G = 0 and that D is convex. Denote by C the Cheeger set of D. Then
the unique solution to problem (5.8) is

1 1
7= ——Ma(z3) ® —T150 (2’ H'LAC , 5.17
and hence the unique solution [t to problem (5.5) is
=L |Ma(x3)| ® Lyt ac (5.18)
a=——=|Mg(z — . .
2]
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PROOF. We notice that the constraints imposed on the admissible measures ¢ in the minimization
problem (5.8) only involve the behaviour of o (-, z3) for each fixed x3 € I. Therefore, solutions can
be searched under the form

o(z) = y(z3) @v(z))  with v € M(I;R) and v € M(D;R?) .

In terms of v and v, the problem is rewritten as

1
win{ [ [ 01+ dive =0, ([ a1dine) - s dn@))ag) = ~—Mo(am)}
1 Jp D Vv
Hence, up to constant multiples, the optimal measures (7,7) are uniquely determined respectively
as

¥(zs) :== 2\7MG@3)

and an optimal measure 7 for the following section problem:
min { / lv| : ve M(D;R?), dive =0, / (:1:1 dvo(z') — o dl/l({E/)) = —2} .
D

Since D is assumed to be simply connected, we may write any admissible v as (—Dsu, Diu), for
some u in the space BVy(D) of bounded variation functions which vanish identically outside D. So
that we arrive at problem

min{/\Du| : u e BVy(D), /Duzl}. (5.19)

This is precisely the relaxed formulation of problem (5.1) on D. When D is convez, it is known that
problem (5.19) admits a unique solution, which is of the form u = |C|~!1¢, where C is the Cheeger
set of D. Hence, for bars with convex cross section, the unique solution to problem (5.8) is given
by (5.17). By Proposition 5.3, it follows that the unique solution & to (5.5) is given by (5.18). O

6 Appendix

Proof of Lemma 3.1.

Write any 2 C Qs as Q:{(éx’,xg) (2 xg) € w}, so that w C Q. Then, calling & € H'(Qs;R?) an
admissible displacement in the definition of C(Q), set @(z) := (6 2uqa (0712’ 3), 6 tug(6~ta’, 3)),
so that u € H'(Q;R3). Thanks to the scaling chosen for the load, it holds (G?, ii)gs = 6~ G, u)gs.
Moreover, via change of variables, one gets fQ jle(a))dx = f ]( ) dx. O

Proof of Lemma 3.3.
The assumption (2.4) on the load implies

5_1<G,u5)R3 = 5_1(div Z,u6>R3 = —5_1<E,e(u5)>R3 = —5(Za5,eiﬂ(u5)>R3 -2 (Eag,egg(u6)>R3 .

Therefore, the convergence in (3.11) is immediate once we have proved that the L?-norm of €’ (u%)
remains bounded. Since by assumption ¥ € LQ(Q,Rg’meE}) there exists a positive constant Cy such
that
-1 é 6(,,0
574G, w ) < Culle? () gz -
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On the other hand, since j is coercive and by assumption infg 6 > 0, we may find a positive constant
(5 such that

/Qj<e6<u5>>e dr > Colle () 12 g

Hence, exploiting also the assumption that the infimum in (3.10) is a finite constant C5, we obtain

sym

Colle® ()22 sty < /Q HE W) da < 571G u)gs — Cs < Culle’ (W) | agguat) — Cs -

R3X3

Hence € (u%) remains bounded in L?(Q; sym) as required. O

Proof of Lemma 3.5.

The positivity of 1, is a consequence of the maximum principle.

A minimizing sequence v, for the variational problem in (3.14) converges weakly in HJ(D) to a
function ¥ € H}(D) which solves the Euler equation —Avy = 2)\ in D, for some A € R. Thus

P = M), and
/\vw T —2/\/ W) da’ —2)\—2 /z/dex 1:47*1.

If w is a solution to (3.15), the Euler equation gives
div (((—IL‘Q,.Tl) + V@)HD) =0 in D/(RQ) .

Hence there exists a function ¢ € H(R?) such that ((—x2,21) + V)l p = (021, —01%) in R? and
¢ = 0in R?\ D. This implies that 1 solves —A = 2 in D and vanishes on 9D, so that ¥L_D = .
O

Proof of Lemma 3.6.
To prove (3.16), we argue by contradiction: assume there exists a sequence v, € H} (D;R?), with

/ v, |2 dx’ =1 Vn lim/ le(vp)?da’ =0, lim/ (Vo Avy)da' =0 .
D " JD " JD

By the first two conditions above and the Korn inequality on D, possibly passing to a subsequence,
we deduce that v, converges strongly in L?(D;R?). Its limit ¥ is a rigid motion with zero integral
mean, hence it is of the form v = \(—x2, 1) for some constant A € R. Then

O—Iim/(VwD/\Un)d:r’—/\/
" JD

D

Vi, da' = —2)\/ Y, dz’
D

where the last equality follows integrating by parts and recalling that v, € HE(D). Thus, since
Jp ¥, da’ # 0, it must be A = 0. This implies ¥ = 0, that is v, — 0 strongly in L?(D;R?), against
the assumption [|vp || r2(pgre2y = 1 for every n.

In order to show (3.17), up to replacing v by

fD(VwD Av)dx’
2 [, dr’

—I2, 5[71) 3
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it is not restrictive to assume that [, (Ve Av)da’ = 0. Again by contradiction, let v,, € H,(D;R?)
be a sequence such that

/ |curl v, |2 da’ =1 Vn | lim/ le(vp)?da’ =0, / (Vo Avy)da' =0 Vn .
D " JD D

By (3.16) and Korn inequality, we infer that v,, converges strongly to 0 in H} (D;R?), which implies
in particular that curl v, converges strongly to 0 in L?(D), against the assumption || curlv,,| 2(D) =
1 for every n.

O

Proof of Lemma 3.7.
Let us first estimate the integral mean of ¢® defined in (3.19). Exploiting the hypothesis (3.18) and
recalling that [, ¢, (z') dz’ = ~/2 (see (3.13)), we have:

‘/166(m3)dm3‘2 :‘j’/Qy)D(x’)c x3 dg;—/wD ) curl, (ul,ug)dx‘

= ’;12‘ /Q¢D(x') [c (z3) — 2—16(:ur1 (ul,u2)} dx‘

< C/ ‘c x3) — —curl (uf,ug)‘zdl‘, (6.1)
where, in the last line, we have applied the Cauchy-Schwartz inequality. In order to estimate the
integral (6.1), we now apply (3.17) in Lemma 3.6 to the field v = ud (-, z3) — [[uS]](z3) (which

belongs to H}, (D;R?)). Since subtracting from S, its mean [[ul]] does not affect the expressions of
the functions ¢ (z3), curly (ug,ud) and eys(u’), we obtain

C 2
/ }c x3) — —curl r(ud, ud) ‘ dx < 52 / |ea5(u‘{,ug)‘ dx . (6.2)
Combining (6.1) and (6.2), thanks to the L2-boundedness of e’ (u®), we conclude
5 2 2
‘/c (xg)dl'g‘ < 0. (6.3)
I
We now turn to estimate the derivative of ¢®. We have:
1
(@) = [ (T0, neafud)) il = 55 [ (T, 0 Vo)
D

Now we notice that the second integral vanishes: indeed, integrating by parts and taking into
account that 1, vanishes on 0D, we get

/ (Vap,, AVpud)dz' =0 .
D

Therefore

() (x3) = /D (Vib,, A €ds(u®)) da’ .
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So we obtain the inequality
2
(@Y @) < [ Vo, P [ Jebaul)P i’
D D
and, integrating over I,

5\/ 2 2 ’ ) )
Sy @l das < [ 190, da /Q €8y (u) 2 (6.4)

Combining (6.3) and (6.4), we conclude that ¢® is bounded in H'(I).

Proof of Lemma 3.9.

Definition (3.36) implies immediately the inequality jo < j and also the 2-homogeneity of jp, since
J, and hence j*, are 2-homogeneous.

We now prove the coercivity of jo: for a fixed z € R3%?, we consider £ := a)i(z)(e. ® e.), where
A1(z) is the largest (in modulus) eigenvalue of z, e, is a corresponding eigenvector of norm 1 and «

is an arbitrary constant. Since the tensor £ is degenerate, by definition of jg it holds
Jo(2) > sup {ads(2)2 - (62 ® e2) — (@M (2)es @ e)} -
[0

Thanks to the 2-homogeneity of j*, we obtain

: , M) =P
> A\ (2)]2 o2 * _ -
Jo(2) > [M(2)] Sl;p{a o] Hsehlflj (e®e)} e 2 oo’

where the constant ¢ := sup.|=1{j"(e ® e)} is clearly strictly positive and finite.
We finally prove (3.37). Applying the identity (3.33) to j and to jo we infer, for every y € R3:

Jo(y) =sup{y- & —j5(Eo€) = €€R’} . jly) =sup{y & —j*(Eo€) : € € R’}

(cf. (3.32) for the definition of Ep€). Then (3.37) follows since j5(Eo€) = j*(Eo€) for all £ € R3.
Actually, j5 and j* agree on the class of degenerated tensors, see [4, Lemma 3.1]. (]
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