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1. Introduction

The main objective of this thesis is the derivation of effective theories for thin elastic
bodies featuring periodic microstructures, starting from nonlinear three-dimensional
elasticity. Our approach is based on the variational point of view and the derivation
is expressed in the language of I'-convergence. A peculiarity of thin elastic objects is
their capability to undergo large deformations at low energy. In this thesis we are par-
ticularly interested in regimes leading to limiting theories featuring this phenomenon!.
Mathematically, this corresponds to a scaling of the energy that leads to a lineariza-

tion? effect in the limiting process.

Our main result is the rigorous, ansatz free derivation of a homogenized Cosserat
theory for inextensible rods® as a I'-limit of nonlinear three-dimensional elasticity.
The starting point of our derivation is an energy functional that describes an elastic
body with a periodic material microstructure with small period, say €. We suppose
that the elastic body is slender and occupies a thin cylindrical domain in R3 with
small diameter h. A special feature of this setting is the presence of the two small
length scales € and h. We prove that the associated energy sequence converges to a
homogenized Cosserat rod theory as both fine-scales h and e simultaneously converge
to zero. The limiting energy is finite only for rod configurations. Generally speak-
ing, a rod configuration is a pair consisting of a one-dimensional deformation (i.e. a
map from the mid line of the cylindrical domain to R®) and an associated frame. In
particular, it has the capability to capture the curvature and torsion associated to a
deformed (infinitesimally thin) rod. For such configurations the energy is quadratic
in the associated curvature and torsion. Interestingly, it turns out that the precise
form of the limiting energy not only depends on the assumed material law, but also
on the limit of the ratio g as both fine-scales converge to zero. In particular, we
show that the effective coefficients appearing in the limiting energy are determined by
a linear variational problem that is different for each of the three fine-scale coupling
regimes
h> e, h~e and h<e.

To our knowledge this is the first rigorous result in this direction.

We would like to emphasize that in this problem effects due to homogenization as well
as dimension reduction and linearization are present. The development of appropriate
mathematical methods for multiscale problems (mainly in the context of elasticity)

Tn the literature these regimes are usually called the bending regime (in the case of elastic plates,
see [FJMO02]) and the bending-torsion regime (in the case of elastic rods, see [MMO03]).

2In the sense of an expansion of the energy.

3See page 172 for a very brief survey of the theory of elastic rods.



1. Introduction

that simultaneously involve homogenization, dimension reduction and linearization is
a further focus and discussed in Part II of this thesis.

Over the last years, in engineering and physics there has been a tendency to pro-
duce smaller and smaller devices and a demand to create new materials with designed
properties. The physical behavior of such materials is often determined by complex
patterns spanning several length scales, and therefore a proper understanding of the
interplay of microscopic and macroscopic properties can have a great impact on the
development of these materials (cf. [CDD"03]). Although the content of this thesis is
theoretical, we believe that the developed methods are also interesting for applications;
for instance in the context of optimal design problems involving periodic elastic plates
and rods.

Before we provide a more complete and detailed outline of the results derived in this
thesis, we briefly comment on the fields of homogenization and dimension reduction
which both are popular research areas of their own importance.

Classically, the theory of homogenization studies the behavior of a model (typically
a partial differential equation or an energy functional) with heterogeneous coefficients
that periodically oscillate on a small scale, say €. The central idea behind homog-
enization is based on the observation that in many cases it is possible to use the
smallness of the fine-scale parameter ¢ to derive a reduced model* that still captures
the behavior of the initial situation in a sufficiently precise manner — at least from
the macroscopic perspective. The theory of homogenization renders a rigorous way
to derive such a limiting model by analyzing the behavior as the fine-scale £ con-
verges to zero. Various methods have been developed in this context, for instance
asymptotic expansion methods (e.g. see A. Bensoussan, J.L. Lions and G. Papan-
icolaou [BLP78], E. Sanchez-Palencia [SP80]) or the H-convergence methods due to
F. Murat and L. Tartar [Tar77, Tar09, FMTO09]. The latter are also suitable for the
more general setting of monotone operators and non-periodic microstructures. In this
thesis we use the method of two-scale convergence [Ngu89, All92], which can be in-
terpreted as an intermediate convergence between weak and strong convergence in L
and has the capability to capture rapid oscillations on a prescribed fine-scale. Re-
cently, under the name periodic unfolding (see [CDG02, Dam05, Vis06, Vis07]) two-
scale convergence has been reinvestigated and related to the dilation technique (see
[AJDH90, BLM96]).

In variational problems (as considered in this thesis) one is interested in the minimizers
of energy functionals. In this case homogenization results can be proved and stated in
a natural way in the language of De Giorgi’s I'-convergence (see [DGF75, DGDMS3,
DM93]). In elasticity the first homogenization results in this direction are due to
P. Marcellini [Mar78] for convex energies and A. Braides [Bra85] and S. Miiller [M{il87]
for non-convex energies.

Another area of research in elasticity with a longstanding history is the derivation of
lower dimensional theories — such as membrane, plate, string and rod models —
from three-dimensional elasticity. The classical approaches are mostly ansatz based and

4In this context reduced means that the limiting model only involves macroscopic quantities.



can be viewed as the attempt to regard the lower-dimensional theories as constrained
versions of three-dimensional elasticity in the situation where the three-dimensional
body is slender and subject to additional constitutive restrictions (see the classical
work of L. Euler, D. Bernoulli, A. Cauchy, G. R. Kirchhoff and of many modern
authors). In contrast, the intention of wvariational dimension reduction is to derive
a lower dimensional elasticity theory by proving I'-convergence (of an appropriately
scaled version) of the pure three-dimensional elastic energy as the geometry of the
slender body becomes singular. In particular, no additional constitutive restrictions
(as in ansatz based approaches) are allowed. For this reason, in the literature such
results are often called rigorous.

The first result in this direction is due to E. Acerbi et al. [ABP91]. They derived an
elastic string theory as I'-limit from three-dimensional elasticity in the so called mem-
brane regime®. Shortly after, H. Le Dret and A. Raoult derived a similar result for
the two-dimensional limiting case, namely a nonlinear membrane theory from three-
dimensional elasticity (see [LDR95]). As typical for the membrane regime, both lim-
iting theories are not resistant to compression and bending. In contrast, G. Friesecke,
R.D. James and S. Miiller derived in their seminal work [FJMO02] the nonlinear plate
theory as I'-limit from three-dimensional elasticity in the bending regimeS. At the
core of this and (a huge number of) related results is the geometric rigidity estimate
(see [FIMO02]) that allows to control the L2-distance of a deformation gradient to an
appropriate constant rotation by the L2-distance of the gradient to the entire group of
rotations. Based on this estimate, a whole hierarchy of plate models has been rigor-
ously derived (see [FJMO06]) and — particularly interesting for the situation considered
in the last part of this thesis — the nonlinear bending-torsion theory for inextensible
rods has been established as I'-limit from three-dimensional elasticity by M.G. Mora
and S. Miiller (see [MMO03]). The geometric rigidity estimate also plays a central role
in many parts of this thesis.

Although the amount of research in the field of homogenization and dimension re-
duction respectively, is quite large, only a small number of rigorous results exist for
the combination of homogenization and variational dimension reduction in nonlinear
elasticity and — as far as we know — only settings related to the membrane regime
have been considered (see A. Braides, I. Fonseca and G. Francfort [BFF00], Y.C.
Shu [Shu00], J.-F. Babadijan and M. Bafa [BB06]). While in the membrane regime
quasiconvexification and relaxation methods are dominant and in most cases abstract
representation theorems of the theory of I'-convergence are needed, the analysis in the
bending regime (as considered here) is very different: In virtue of the energy scaling,
the rigidity properties of the problem dominate the behavior and as a consequence,
linearization effects come into play. We are going to see that this allows us to derive
the limiting theory not only in a more explicit way, but also enables us to gain insight
in the physics of the fine-scale behavior of the initial models by retracing the explicit
construction.

5The terminus membrane regime stems from 3d to 2d dimension reduction problems and refers to
the energy scaling which corresponds to energy per volume.

SFor a slender domain Qj, C R® with a volume that scales like h% with d = 1 (for plates) and d = 2
(for rods), the bending regime corresponds to the energy scaled by R~ (D),



1. Introduction

In the following we give a more detailed and complete outline of this thesis. We mainly
focus on the main result of Part I1T and its relation to the analysis of Part II.

As already mentioned, our primary result is the derivation of an elastic rod theory from
three-dimensional elasticity, that is presented in Chapter 8 of this thesis. In Chapter
7 we study a simplification of this problem already showing most of the interesting
behavior. For simplicity we stick to this setting in the remainder of this introduction:
Namely, we study the functional

(1.1) Wl’Z(Qh;R2)9Ur—>% i W(z1/e, Vo(z))dz,  Qp := (0, L)x(=h/2,h/2),

which is the stored energy of an elastic body, deformed by the map v : €, — R? and
occupying the thin, two-dimensional domain Q. The potential W (y, F) is assumed
to be a frame indifferent, non-negative integrand that is zero for F' € SO(2) and
non-degenerate in the sense that

essinf W(y, F) > ¢ dist?(F, SO(2))  for all F € M(2).
Yy

We assume that W is [0, 1)-periodic in its first component and suppose that it admits
a quadratic Taylor expansion at the identity, i.e.

W(y,Id+ F) = Q(y,F) + o(|F|*)

where Q(y, F') is a suitable integrand, quadratic in F'. These quite generic assump-
tions correspond to a laterally (i.e. in the “length”-direction x) periodic, hyperelastic
material with period € and a stress free reference state. The non-degeneracy condi-
tion combined with the quadratic expansion can be interpreted as a generalization of
Hooke’s law to the geometrically nonlinear setting — in the sense that for infinitesimal
small strains a linear stress-strain relation holds. In Chapter 7 we show that as h and
e converge to zero, the elastic energy in (1.1) I'-converges to a limiting functional that
is finite only for bending deformations v € W:2((0, L); R?) and in this case takes the

iso
form
L
el
12
0

n%u)(:nl) dzq

where K, is the curvature of u and ¢, an effective stiffness coefficient that is derived
from the quadratic form ) by a subtle relaxation procedure depending on the limiting
ratio v € [0, co] with g — 7. The derived energy can be interpreted as a planar theory
for inextensible rods, since on the one hand deformations that stretch or compress
the infinitesimal thin rod are penalized by infinite energy, and on the other hand for
bending deformations the energy is quadratic in curvature.

For the analysis it is convenient to study the scaled but equivalent formulation

T2k () = % /Q W (o1, Vyu(z)) da



where Q denotes the fized domain (0, L)x(—1/2,1/2) and v € W2(Q;R?) is related to
the initial deformation via the scaling u(z1,x2) = v(z1, hxs) and has the meaning of a
scaled deformation. Thereby, we have

(Vv)(x1, has) = (Vau) (21, x2)

where Viyu := (81u|+02u) is a scaled deformation gradient.

We are going to see that the frame indifference of the elastic potential allows us to
express the overall behavior of the energy Z°"(u) by means of the nonlinear strain

E, =h"t ( VT Vyu — Id) via the integral

1
— / W(Jfl/s, Id + hEh(.T)) dz.
w2 Jq

The property, that W admits a quadratic expansion at Id, suggests that we can lin-
earize the expression above and (at least formally and modulus terms of higher order)
we can replace the previous integral by [, Q(#1/e, Ej(x)) d. Indeed, in Section 5.2 we
present a result concerning the simultaneous homogenization and linearization
of integral functionals (also covering more general settings) that makes this observation
rigorous. More specifically, we prove that whenever (E}) two-scale converges to a map
FE the inequality

1
hminf/W(xl/s,fd+hEh($))d$2 // Q(y, E(z,y))dx dy
h=0 h2 Q
Qx(0,1)

is valid, and the stronger statement

lim1/9W(Il/g,[d+hEh(x))dx— // Q(y, E(x,y))dxdy

h—0 h2
Qx(0,1)

holds, whenever F is the strong two-scale limit of (FE}), provided the sequence’s
L*>®-norm grows with a sufficiently slow rate. It is important to note that the ex-
pression on the right hand sides captures oscillations on scale € along the sequence
(En).

In view of this preliminary analysis the general strategy of the I'-convergence proof is
quite natural:

In a first part we provide a compactness result (adapted from [FJMO02]) which con-
siders sequences (uy,) with equibounded energy and guarantees that for suitable subse-
quences (up) and (Ejp) converge (two-scale converge, resp.) to a bending deformation
U € VVii’OQ(Q; R?) and a limiting strain E, respectively.

Now the main challenge in the proof of the I'-convergence result is to establish a
precise link between the limiting strain E and the limiting deformation u. This is done
in Section 7.4.2, where we prove a two-scale characterization of the nonlinear
limiting strain for arbitrary sequences of deformations with finite bending energy. In
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particular, the characterization is sensitive to the limit of the ratio % and sharp in the
sense that any limit that obeys the characterization can be recovered by an appropriate
sequence of deformations. In Section 7.7.1 we elaborate on this property and explicitly
construct such sequences. The proof of this characterization result is based on two
insights: First, a careful approximation of Vjuy, in W12 by maps Ry, : (0, L) — SO(2)
shows that “curvature oscillations” only play a role if € > h. Secondly, we establish a
decomposition of the deformation that has the overall form u; = vy, + hw; where vy,
is a deformation obtained by extending a one-dimensional bending deformation via a
standard Cosserat ansatz and wy, is a corrector of higher order. Since the construction
of vy, is quite explicit, we can easily characterize its contribution the limiting strain
E. On the other hand, we can identify the contribution of the corrector term wy, by
means of a two-scale characterization of scaled gradients which we establish in
Chapter 6. In view of this, the I'-convergence statement mainly follows by combining
the simultaneous homogenization and linearization result with the sharp two-scale
characterization of the limiting strain.

We complete the result in Chapter 7 by taking one-sided boundary conditions and
forces into account. Moreover, in Section 7.5 we prove that for low energy sequences
the associated nonlinear strain strongly two-scale converges. In Section 7.6 we justify
the claim that the effective coefficient in the fine-scale coupling regimes € > h and
€ < h can equivalently be computed by firstly reducing the dimension and secondly
homogenizing the reduced energy and vice versa. We proof this by applying the result
that homogenization and linearization commute in finite elasticity, which is
the main content of Chapter 5. There, we review and extend related results from
joint work with S. Miiller (see [MN10]). In the last part of Chapter 7 we demonstrate
that the developed strategy can be applied to more advanced settings, including
layered and prestressed rods. This extends results in [Sch07] to rapidly oscillating
materials.

In Chapter 8 we show that a homogenized Cosserat theory for elastic rods
emerges as a [-limit from three-dimensional elasticity. This is the analogon to the
main result of Chapter 7; for brevity, we only prove the pure I'-convergence state-
ment. FEventually, in Chapter 9 we present partial results for the derivation of a
homogenized bending theory for elastic plates from three-dimensional elastic-
ity.

The first and second part of the thesis are structured as follows: In Part I we mainly
introduce the notions of two-scale convergence and I'-convergence and present some
known lower semicontinuity results for integral functionals. The aim of this part is to
permit easy reference throughout the thesis. Except for the content of Section 2.2 and
2.3, where we provide some new results related to two-scale convergence, the content
of this part might be considered to be standard.

Part II elaborates on the interplay between homogenization, linearization and dimen-
sion reduction in general settings. As already mentioned, in Chapter 5 we prove
that linearization and homogenization commute in the sense of I'-convergence
for a large class of elastic potentials. Moreover, we study the asymptotic behav-
ior of elastic energies for simultaneous linearization and homogenization. As a by-



product we prove that homogenized, linearized elasticity can be obtained as I'-limit
from nonlinear three-dimensional elasticity with cellular periodic materials. This com-
bines recent results from G. Dal Maso et al. [DMNPO02] with homogenization meth-
ods.

In Chapter 6 we develop new two-scale methods suited for dimension reduction prob-
lems. As a main result we prove a sharp characterization of two-scale limits of
sequences of scaled gradients which naturally emerge in the context of gradient in-
tegral functionals on thin domains with a small thickness, say h. It turns out that the
general structure of such a limit is sensitive to the ratio between the fine-scale asso-
ciated to two-scale convergence and the fine-scale h associated to the scaling of the
gradient. As mentioned before, this plays a key role in the two-scale characterization
of the limiting strain of Part III.

Because of the inconvenient length of this thesis we would like to conclude this intro-
duction by suggesting a quick tour leading the hounded reader to the main results of
this thesis in Part III:

1. For readers unfamiliar with periodic unfolding we recommend to start with the
brief motivation of two-scale convergence and its link to periodic unfolding (see
page 13).

2. In Section 3.3 we consider convex integral functionals and demonstrate the gen-
eral strategy for the homogenization of variational problems with two-scale con-
vergence methods. We believe that this is also instructive for the understanding
of the more elaborated results in Part III.

3. In Section 5.2 we prove the simultaneous homogenization and linearization result
which is an important ingredient for the analysis in Part III.

4. We recommend to register Definition 6.2.3 which entails a slight variant of two-
scale convergence suited for in-plane oscillations. Section 6.3 contains the two-
scale characterization result for scaled gradients and explains the dependency of
the limiting theories derived in Part III on the ratio %

5. The main I'-convergence results in Part III are contained in Section 7.1, 7.2, 7.4
and Chapter 8.
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2. Two-scale convergence

The notion of two-scale convergence was introduced by G. Nguetseng in [Ngu89] and
employed in the theory of homogenization by many researcher, in particular G. Allaire
e.g. in [All92]. Loosely speaking, it can be interpreted as an intermediate convergence
between weak and strong convergence in LP and has the capability to capture fine oscil-
lation properties of sequences. Recently, a reinvestigation of this notion, motivated by
the dilation technique (see [AJDH90, BLM96]), led to the periodic unfolding method
(cf. [CDGO2, Vis06, Vis07]) and revealed that two-scale convergence can be equiva-
lently defined as weak convergence in an appropriate space.

In the first part of this chapter we motivate and recall the basic notion of two-scale
convergence from the point of view of the dilation technique following [DamO05, Vis07,
MTO07]. In Section 2.2 we consider piecewise constant functions that are coherent to
a fine lattice. In particular we develop some criteria when a two-scale limit of such
a sequence is equal to the weak limit — which means that the sequence “does not
carry oscillations” on the tested scale. Furthermore, we present an analog result for
the associated piecewise affine interpolations. Eventually, in Section 2.3 we study
the interplay between two-scale convergence and linearization. The analytical tools
developed in the subsequent sections are frequently used throughout this contribu-
tion.

Motivation. A basic problem in homogenization is the identification of limits that
emerge from weakly converging sequences where the loss of mass (and therefore the
loss of strong convergence) is caused by fine oscillations. As a prototypical example,
we consider the product

(2.1) /ua(a:)w(:z:,m/a) dz

R

where (u.). is a weakly convergent sequence in L?(R") and ¢ € L*(R™; Cper(Y)) with
Y :=[0,1)". For instance, one may think of u. as the solution of a variational problem
or partial differential equation with oscillating coefficients given by (x,z/e). The
understanding of the limiting behavior of (2.1) as € — 0 is essential in the context of
homogenization.

For small ¢ the function . (z) := ¢ (x,*/c) is rapidly oscillating. As a consequence,
the sequence (1)) is not strongly convergent in general, but converges only weakly
in L*(R™) (to the map = — [, ¥ (x,y)dy). Thereby, (2.1) is a product of weakly

13
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convergent sequences, and therefore we cannot pass to the limit by elementary meth-
ods. The heart of two-scale convergence is the following observation: There exist a map
u € L?(R"xY) and a subsequence (that we do not relabel) such that

@i de > [ [ u i) dyds
(2‘2) R R xY
as ¢ — 0 for all ¢ € L*(R"; Cper(Y)).

This result (refered to as two-scale compactness) was first proved by G. Nguetseng in
[Ngu89]. Shortly afterwards G. Allaire in [Al192] followed this idea and developed the
theory of “two-scale convergence”, which revealed itself to be a powerful, but simple
method in the homogenization of periodic problems.

In the following we give a brief proof of (2.2) with methods related to periodic un-
folding. We follow ideas in [Dam05, Vis06] with the aim to motivate the main idea
behind two-scale convergence and to illustrate its relation to periodic unfolding. We
start with the observation that for each positive £ the union

R"= | ] e(¢+Y)

cezn

is a tessellation of R™. Since this is particularly true for ¢ = 1, we can assign to
any point 2 € R? a unique translation point || € Z" such that x belongs to the
translated cell |z] + Y. Because of Y = [0,1)", the translation point |x] is obviously
the (vectorial) integer part of z, i.e.

|z] =max{& €Z"; £ <z (componentwise) }.
For each ¢ € L'(R™) we have
23) [ewa=Y [ e@d=Y e [oetrady
R~ ST (1Y) §EL™ y

_ // o(elo/e] + ey) dy da

R xY

where the second equality is derived by the change of coordinates y = #/e. Moreover,
the last identity is valid, because |#/c| = £ forall ¢ € Z% and z € (£ +Y).

Although being elementary, equation (2.3) already comprises the central idea of the
periodic unfolding method. In order to carve out the implications of (2.3), let us
introduce the operator

To o L'R") = LR"XY),  (Tep)(x,y) = p(e|o/e] +ey).

The idea of the periodic unfolding method is to study the convergence properties of the
sequence (u.) by analyzing the “unfolded” sequence (Tcuc). To this end, we set p(z) =
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ue(x)e(x) in equation (2.3). Because of Te(uetbe) = (Teue)(Tet)e), equation (2.3)
yields

(2.4) /us( ey b = [ [ (T ) (T2 0. 9) dy

R xY

Using the periodicity of 9 (-, -) in its second component, we deduce that

(Teve) (2, y) = P(el#/e] + ey, y).

Because
elefe] +ey —» x uniformly as e—0

and due to the continuity of the translation-operator in LP(R%), p € [1,00), we observe
that
Tepe = strongly in L*(R"xY).

Hence, whenever
(2.5) Teue — u weakly in L*(R"xY),

we can pass to the limit on the right hand side of (2.4) and arrive at

hm/u6 x,7/e)dr = // u(z, y)(z,y)dyde  for all ¢ € LA(R"™; Cper(Y)).

R™ RP XY

It remains to show that (2.5) is valid at least for a subsequence. Therefore, we set
o(z) == |uc(z)[* in (2.3). We obtain

il = [ TPy ayas = [[ 1Tl ayas = Tl

R xY R xY

and deduce that 7. is a linear isometry from L?(R") to L?(R"xY). Because by
assumption (u.) is bounded in L?(R?), the unfolded sequence (7zu.) is bounded in
L?(R"xY). Because bounded sequences in L?(R"xY) are relatively compact with
respect to weak convergence, (2.5) follows for a subsequence and the proof is com-
plete. O

As already mentioned, the first proofs of this two-scale compactness result are due
to G. Nguetseng [Ngu89] and G. Allaire [All92]. Roughly speaking, in their proof
they gain compactness by showing that the sequence of functionals associated to (u.)
by

(R Coer(Y)) 29— /u8 (x,7/e)d
is compact with respect to the weak star topology in the dual space of L?(R"; Cper(Y)).
In contrast, the proof presented above is more elementary. Here, the two-scale com-

pactness immediately follows from the relative compactness of the unfolded sequence
(Teue) and the observation that 7; is a linear isometry.
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2. Two-scale convergence

We would like to remark that an operator similar to 7: (called dilation operator)
was introduced in the context of homogenization of porous media by T. Arbogast,
J. Douglas and U. Hornung [AJDH90] for the first time. In [BLM96] A. Bourgeat,
S. Luckhaus and A. Mikeli¢ showed that weak convergence of the unfolded (or di-
lated) sequence and two-scale convergence of the initial sequence are equivalent. More
recently, D. Cioranescu, A. Damlamian and G. Griso (see [CDG02, CDGO08]) and
A. Visintin [Vis06, Vis07] reinvestigated two-scale convergence from the point of view
of the dilation method and established a general approach to periodic homogenization
which nowadays is often called “periodic unfolding”.

2.1. Definition and basic properties

Throughout this section E denotes a d-dimensional Euclidean space with inner product

(-, -), norm | -| and orthonormal basis {e1,...,eq}. Unless stated otherwise we suppose
that p, ¢ € [1, 00] with 1/p+1/q = 1 where we use the convention - =0.

In this chapter we set Y := [0,1)"™ and suppose that Q is a (possibly unbounded)
subset of R™. In order to avoid technical difficulties regarding the boundary of 02 we
suppose that H"(92) = 0 (which for instance is satisfied for domains with Lipschitz
boundary). We assign to each function v : 2 — E its extension to R™ by zero according
to

v(z) ifxeQ

v R 5 R, v (z) =
0 else.

Unless stated otherwise, (ex)ren denotes an arbitrary (but fixed) sequence of positive
real numbers that converges to zero as k — co. For brevity, we represent this sequence
by (¢) and write £ to denote a generic element of the sequence. Moreover, we write
(ue) to refer to a sequence that is indexed by (¢).

Let us remark that the notion of two-scale convergence and the results in this chapter
can be extended in a straightforward way to the case where (u.) and (g) are rather
families than mere sequences.

Definition of two-scale convergence. The “classical” definition of two-scale con-
vergence in L%(Q) (see [All92, Ngu89, LNW02]) says that a sequence (uc) in L?(£2) is
two-scale convergent to a function u € L2(QxY) if

lim [ uc(z)y(z, L) dr — // u(z,y)(z,y) dyde

e—0 [¢)
QxY

for all ¢ € LQ(Q; Cper(Y)).

In the following we give a different (but in the situations considered here) equivalent
definition based on the periodic unfolding operator.

Definition 2.1.1 (Two-scale convergence).
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2.1. Definition and basic properties

(a) For all positive € we define the operator T from the space of measurable functions
on €2 with values in E to the space of measurable functions on R"xY with values
in E by

(Teu)(z,y) i= u™(e|o/=] + ey).

(b) Let (uc) be a sequence of measurable functions from Q to E and u a measurable
function from R"xY to E. We say that (u.) strongly two-scale converges to u in
LP(QxY;E) (for € — 0) and write

Us —> U strongly two-scale in LP(QxY;E),

whenever
Teue — u strongly in LP(R"xY;E).

We similarly define weak (and for p = oo weak star) two-scale convergence and
denote them by

Ug Ziu weakly two-scale in LP(Q2xY; E),
ue 2 weakly star two-scale in L= (QxY; E).

Lemma 2.1.2 (e.g. see [Vis06]). Let u € L'(;E) and e > 0. Then

[u@as= [ [ Ty aya

Q R7xY
Proposition 2.1.3 (see [AJDH90, CDGO02, Vis06] ). Let p € [1,00]. The restriction
of Tz to LP(S;E) is a (nonsurjective) linear isometry from LP(C;E) to LP(R"XY; E).

As an immediate consequence we obtain the following two-scale compactness result:

Proposition 2.1.4 (see Proposition 3.1 in [Vis06]). Letp € (1,00) and (uc) a sequence
in LP(Q;E). If the sequence (ug) is bounded w.r.t. the norm in LP(Q;E), then (u.)
is weakly two-scale relatively compact in LP(QxY;E), i.e. we can extract from any
subsequence a further subsequence that weakly two-scale converges in LP(Q2xY;E).

Lemma 2.1.5 (see Proposition 2.7 in [Vis06]). Let p € [1,00), (us) a sequence in
LP(LE) and u € LP(QXY;E).

(1) If (us) weakly two-scale converges to u, then

hlgn_}(l)lf HUSHLP(Q;E) > HUHLP(QXY;]E) :

(2) If (ue) strongly two-scale converges to u, then

iii% ||“E||LP(Q;1E) - HUHL”(QXY%E) ‘
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2. Two-scale convergence

(3) If p € (1,00), then a sequence (uc) strongly two-scale converges to u if and only
if (ue) weakly two-scale converges to u and liH(l) luellomy = Ul o@xym)-
E—r ’ ’

Remark 2.1.6. It is important to note that in general the support of the map T.u with
u € LP(;E) is (slightly) larger then QxY', namely we have

(2.6) supp(Tzu) C { (z,y) € R"xY : dist(z, Q) < /ne }.

As a consequence, for bounded domains 2 the operator 7; : LP(Q;E) — LP(QxY;E)
is not an isometry (as it is sometimes wrongly stated in the literature). For the same
reason weak convergence of the unfolded sequence (7zuc) in LP(2xY;E) is in general
not sufficient to guarantee weak two-scale convergence of (uc) in LP(QxY;E). An

example for an unbounded sequence (u.) in L?((0,1)) with [ Teuellp2((0,1)xy) — 0 can
be found in [MTO7].

Remark 2.1.7. For any sequence (uz) C LP(€;E) and map v € LP(R"XY;E), p € [1,00)
with

Teue — u weakly in LP(R"xY;E)
(2.6) implies that the support of u is contained in 2xY. The assumption H"(992) = 0
implies that LP(QxY;E) = LP(QxY;E). For this reason we can identify u with a map
in LP(QxY;E).

Remark 2.1.8. In Section 6.2 we present a variant of two-scale convergence which is
suited to situations where it is sufficient to capture oscillations of a sequence only in
“some” directions (as it is the case for elastic thin films featuring laterally periodic
microstructures).

In the following we gather some known properties of two-scale convergence. For an
extensive introduction and as a source for proofs that we left out, we refer to [Vis06,
LNWO02, MTO07].

The classical definition of two-scale convergence. The next results reveal that
Definition 2.1.1 is equivalent to the classical definition of two-scale convergence.

Lemma 2.1.9 (cf. Lemma 2.1 in [Vis06]). Let q¢ € [1,00) and consider a function ¢
belonging to one of the following spaces

LU Coer(YSE), LI (Y;C(KE),  CF(9Che(Y3E)).

per

Then the sequence (¢°) C L1(Q;E) given by
Po(x) = P(a,x/e)
converges strongly two-scale to v in L1(QxY;E).

Proposition 2.1.10 (cf. Proposition 2.5 [Vis06] and Theorem 10 in [LNWO02]). Letp €
[1,00]. For a sequence (u;) C LP(;E) and u € LP(QxY;E) the following conditions
are equivalent:
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2.1. Definition and basic properties

(1) (ue) is weakly two-scale convergent to u in LP(Q2xY;E)

(2) (ue) is bounded in LP(S;E) and

e—0

(2'7) Qxy
for all € CZ(Q; Coo. (Y3 E)).

per

i [ (ueta). (e, 2)) do = [ [ (o), viz) dydo

Moreover, if p € (1,00) and Q is bounded, then (1) and (2) are equivalent to

(3) (2.7) holds for all ¢ € LI(Y; Cper (Y E)).

Two-scale convergence as an intermediate convergence.

Lemma 2.1.11 (cf. Theorem 1.3 [Vis06]). Letp € [1,00), (us) a sequence in LP (4 E),
u e LP(LE) and ug € LP(QXY;E).

(1) If (ue) strongly converges to wu, then (ug) strongly two-scale converges to u.

(2) If (ue) strongly two-scale converges to wug, then (ug) weakly two-scale converges
to ug.

(3) If (ue) weakly two-scale converges to ug, then (ue) weakly converges to [uo(-,y) dy.
Y

Product rules.

Proposition 2.1.12. Letp € (1,00), q € (1,00] and V/p+1/q = 1/r, let (u.) C LP(Q; E)
weakly two-scale converge to u in LP(QXY;E) and (w.) C LY E) strongly two-scale
converge to w in L1(QxY;E), then

(ue, we) N (u, w) weakly two-scale in L™ (QAxY;R).

Proof. By definition, we immediately have

Te((ue, ve)) = (Teue, Tove)
Now the statement follows from the corresponding result in L™ (R"xY; E). O
Proposition 2.1.13. Let p € (1,00), let (us) C LP(2;E) weakly two-scale converge to

u in LP(QxY;E) and let (xc) denote a bounded sequence in L*°(QY). If (xe) converges
to x € L*™(Q) in measure, then

Xelle BN XU weakly two-scale in LP(Q2xY;E).
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2. Two-scale convergence

Proof. Let q € (1,00) satisfy 1/p 4+ 1/¢ = 1. By assumption, the sequence (x:uc) is
bounded in LP(€;E), and therefore weakly two-scale relatively compact (see Proposi-
tion 2.1.4). Thus, there exist a subsequence (not relabeled) and a map w € LP(QxY; E)
such that

/Q (xe(@)ue(@), $(a,5/e)) d — / / (w(z, ), ¥(z,y)) dyd.
QxY

for all ¢ € L9(Q; Cper(Y;E)). It is sufficient to prove that w(z,y) = x(x)u(x,y) for
a.e. (z,y) € QxY. Let ¢ be an arbitrary two-scale test function in L4(£2; Cper(Y; E))
and let U be a compact subset of {2 that contains supp . We first show that

(2.8) Xele 2 XU weakly two-scale in LY(UxY;E).
Since (x.) is bounded in L*°(2) and because U is compact, the map

U > x — supesssup |x:(z)|
e>0 zeU

is a function in L4(U) that dominates each x.|y. Thus, because .|y converges to x|u
in measure, the dominated convergence theorem implies that

Xelv = xlu strongly in LY(U;E).

Now Lemma 2.1.11 teaches that the map UxY > (z,y) — x(x) is the strong two-scale
limit of (x:|y) in LY(UXY') and by applying the product rule (see Proposition 2.1.12)
convergence (2.8) follows.

As a consequence, the uniqueness of two-scale limits implies that
w(z,y) = x(z)u(z,y) for a.e. (z,y) € UxY.

Because the previous reasoning can be repeated for arbitrary U CC €2, the proof is
complete. O

Two-scale convergence of gradients. In the following we consider bounded se-
quences in WP (€; E). Define

Wok o(ViE) = {¢ € WP (R%E) : 9 € L2 (Y} E), /Yz/}dy =0 } :

Proposition 2.1.14 (cf. Theorem 20 [LNWO02], Proposition 4.2 [Vis06]). Let 2 be
an open, bounded Lipschitz domain in R™, p € (1,00) and (u:) a bounded sequence in
WLP(Q:E). If

ue 2 u(z,y) weakly two-scale in LP(QAxY;E),

then u is independent of y € Y and (u.) converges to u weakly in WYP(Q; E). Moreover,

there exists a subsequence (not relabeled) and uy € LP(€; ngo(Y;E)) such that

Vi, —» Vu(z) + Vyui(z,y) weakly two-scale in LP(QxY;E™).
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2.2. Two-scale properties of piecewise constant approximations

Remark 2.1.15. In Section 6.3 we present an extension of this result comprising a
new characterization of two-scale cluster points that emerge from sequences of scaled
gradients, in particular for sequences of vector fields in the form

( 81“6 ‘ 82u€ ‘ %83145 )
where (u.) is a bounded sequence in W12(Q) with Q ¢ R3 and lim._,q h(¢) = 0.

Proposition 2.1.16. Let ¢ € CX(R™;Co5.(Y;E)) and define ¢(x) == ¢c(z,z/e).
Then
€ Ve = Vy strongly two-scale in LP(R™;E™)

for all p € [1,00].

Proof. By the chain rule we have

e Ve (x) = e(V)(x,2/e) + (Vy ) (z, 7/e).

Now the first term on the right hand side strongly converges to 0 in LP(£2; E™) while
the second term strongly two-scale converges to V, ¢ (z,y). O

2.2. Two-scale properties of piecewise constant
approximations

Coherent maps. Let Ls. := 0Z" + ¢ denote the n-dimensional standard lattice
dilated by 0 > 0 and translated by ¢ € 6Y. To any discrete map u: L5, — E we can
assign a map u : R™ — E according to

u(z) == Z Lyy (z=&u(§).
£eLls e

Then u is piecewise constant; more precisely, it is constant on each of the cells §Y +¢
with £ € L5.. We say that such a map is coherent to the (0, c)-lattice (see Defini-
tion 2.2.1 below).

In this section we study the two-scale convergence behavior of coherent piecewise
constant maps. Roughly speaking, we are going to show that whenever we have
a two-scale convergent sequence (u.) where each u. is coherent to a d.-lattice with
b0 = € or : > ¢, then the sequence’s two-scale limit is independent of the fast vari-
able.

Definition 2.2.1. Let § > 0 and €2 be an open (possibly unbounded) subset of R™.

(a) We say that a measurable map u : R" — E is coherent to a (9, c)-lattice if

/ u( 6| %5¢] + 0y + ¢ ) dy = u(x) for almost every z € R".
Y
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2. Two-scale convergence

(b) We say that a measurable map u : Q — E is d-coherent if there exists a measur-
able map @ : R” — E such that u = @|q and @ is coherent to a (J, ¢)-lattice for
a translation ¢ € 9Y.

(c) We say that a measurable map u : Q@ — E is §-coherent in the interior of Q, if
there exists a translation ¢ € Y such that

/ u(0]%55C] + 6y + ¢) dy = u(x)
Y
for almost every x € Q with dist(x, 9Q) > 3/né.

Remark 2.2.2. Let Q C R™ be an open set, let § > 0 and ¢ € Y. The set
Qs ::U{§+5Y . € € L5, such that §+6YCQ}

is the largest union of cells of the (d, c)-lattice covered by 2. Note that every = €
that satisfies

dist(z, 09) > 3v/néd.

belongs to 5.

Lemma 2.2.3. Let p € (1,00) and Q C R"™ a bounded Lipschitz domain. Let (uz) C
LP(SGE) be a weakly two-scale convergent sequence with limit u in L?(QxY;E) and
suppose that there exists a subsequence (¢') such that each . is €' -coherent in the
interior of Q. Then

u(z,y) = /Yu(x,y) dy forae. xeQ andyeY.

Proof. Extend each map u. to R™ by zero. Moreover, we extend the limit u(z,y) to
R™xR™ by zero in its first variable and by Y -periodicity in its second variable. Then
we have

ue s u weakly two-scale in LP(R"xY;E).

We pass to a subsequence (which we do not relabel) such that u. is e-coherent. Hence,
there exists a sequence ¢, € R™ with |c.| € €Y such that

/ us(e| =] + ey + ¢ ) dy = ue(a)
Y

for almost every
r € Q. :={z e : dist(z,00) > 3v/ne }.

Step 1. We first consider the case where ¢, = 0 for all € and set

fe(z) = /Y ue (7)) + ey) dy.
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2.2. Two-scale properties of piecewise constant approximations

Then 4. weakly two-scale converges in L?(Q2xY;E) to the map

(2.9) /Y u(-1) dy

as it is easy to see, because (Tzu:)(z,y) = u-(x) (cf. [Vis07]). On the other side, we
claim that

(2.10) e s weakly two-scale in L*(QxY;E).
To this end, let ¢ € C°(%; Cpe, (Y5 E)) and set ¢ (x) := p(z,2/c). Because (. covers

Q) except for a thin, tubular neighborhood of the Lipschitz boundary 9f2 with diameter
3y/ne, the support of ¢° is contained in €2, provided ¢ is sufficiently small. Moreover,
the e-coherence implies that

Ue(x) = us(x) for a.e. x € €,
and consequently

[ i) @) o= [t @ - [[ e, oo dyds

for all smooth two-scale test functions ¢. Since (i) is bounded in L?(Q;E), this

already implies (2.10). Because of the uniqueness of two-scale limits, we deduce that
u(z,y) is equal to the map in (2.9), and therefore independent of the fast variable y.

Step 2. We consider the general case where ¢, € €Y. We pass to a subsequence (not
relabeled) such that ¢/ — ¢p and define the maps

Ue(x) = us( + cc).
By construction (i.) is a bounded sequence in L?(R™; E). We claim that
Ue () 2 u(z,y + co) weakly two-scale in L?(QxY;E).
In order to prove this, let ¢ € C°(Q; C5e.(Y;E)) and set ¢°(x) := ¢(x, /). Because

per
ce — 0, the support of the test function ¢° translated by —c. is still contained in €2, if

¢ is sufficiently small. This justifies the computation
| et e do = [ ueto+ e oo da
— /Q <u5(:v), oz — ¢, ”':CS)> dx

Because of c</e — co, the map z +— @(z—c., *%) strongly two-scale converges to

o(x,y—co) in L~ (Q; ) (cf. [NS10]), and consequently

e 2 u(z,y+ co) weakly two-scale in L*(QxY;E).

On the other hand, each map 4. is e-coherent in the sense of Step 1 and we deduce
that

U(l',y—I—CO)_/ U(I’,g—i-CO)d:lj
Y

for all x € Q and y € Y. In view of the Y-periodicity of u(x,y) in its second variable,
the proof is complete. O
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2. Two-scale convergence

Lemma 2.2.4. Let p € (1,00) and Q@ C R™ be a bounded Lipschitz domain. Let
(us) C LP(Q;E) be a weakly two-scale convergent sequence with limit u in L?(QxY;E)
and suppose that each u. is he-coherent in the interior of  with

limh. =0 and liminf - 0.
e—0 e—0 e

Then
u(z,y) = / u(x,y)dy forae. z€QandycY.
Y

Proof. We extend each map u. to R™ by zero. Moreover, we extend the limit u(z,y)
to R™"xR"™ by zero in its first variable and by Y -periodicity in its second variable. By
assumption, there exist a subsequence (gx)ren and a sequence (cx) C R™ such that

o1
he, = 2k
and
[ e 5224 + by @) dy = e (o)

for all
x € Qp:={ze€Q : dist(x,00) > 3v/ney }.

We only consider the case ¢, = 0. The proof for ¢, # 0 can be reduced to the case
¢, = 0 by a reasoning similar to Step 2 of Lemma 2.2.3. Define

vp(x) 1= ug () — /Yuak (e |®/er] +ery) dy

and set hy := he, for brevity. The sequence (v) weakly two-scale converges in LP(€2; E)
to the map

u(e.y) - [ uw5)dy
Y
Hence, it is sufficient to prove that (v) weakly two-scale converges to 0.

This can be seen as follows: For all k € N define the sets
7 = {p € hZ™ = p+ hy(0,1)" C {z € Q : dist(z, Q) > 5v/nhy }}

A= o+ len i —eal™) -
PEZy,

The set Zj, contains all lattice points in Q2 that are sufficiently far away from 9€). Since

H"~1(09) is bounded and 9 Lipschitz, there exists a positive constant ¢’ such that

H"(€)
hi;

HZp > — !
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2.2. Two-scale properties of piecewise constant approximations

and consequently

H (Ag) = #Zi H"(p + ek, hie — €x]") = #Z1 |hi — 2e4]"
> (1= )" hp#Z > (1 — )" (H™(Q) — hy ) .

Thus, H"(Ar) — H"(2) and because Ay is a subset of 2, the previous estimate implies
that 1\ 4, converges to 0 boundedly in measure. In view of Proposition 2.1.13, this
implies that

(2.11) Loya, Uk 240 weakly two-scale in LP(2; E).
Now let p € Zj. Because u,, is hi-coherent (with ¢ = 0), we have

ug, () = /Yugk (hg|%/hi] + hiy) dy for a.e. x € p+ (0, hg)".

In particular, this implies that u., restricted to the cube p + (0, hy)" is constant. On
the other hand, we observe that

v Ep+ (ep, b —e)" = Yy Y : (exl%/ea] +ery) €p+(0,hy)".

In combination with the constancy of u., on the cube p + (0, ht)", this implies that

/ Ue, (6 [%/er] + ery) dy = ue, () for a.e. z € p+ (e, hg — ex)™.
Y

Since Ay is a union of cubes of the form p + (e, hy — )" with p € Zj, the previous
identity implies that
1a, v =0 for a.e. x € Q

and together with (2.11) we see that (vy) indeed weakly two-scale converges to 0. [

Regularization -coherent maps in one dimension. In this paragraph we sup-
pose that w C Ris an open interval and Y := [0, 1). For ¢ € R, we set

Lse(w) :={§ €L +c: [§,E+6)Nw#D}

which is the “smallest” (0, ¢)-lattice that covers w. Obviously, if a map v : w — E is 4-
coherent, then there exist a translation ¢ € [0,4) and a unique discrete map

u: Lsc(w) —E suchthat wu(z)= Z Lo, (z — Eu(§)
geﬁé,c(w)

for almost every x € w. For brevity, we write L, instead of Ls.(w). For p € [1,00)
we define the p-variation of a d-coherent map u according to

Var, u := Z [u(€ +9) —u(§)P.

EGL(“)\max E(u)
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2. Two-scale convergence

Remark 2.2.5. If u: w — E is d-coherent, then « is a function of bounded p-variation
and Var, u coincides with the usual p-variation seminorm for functions in BV, (w).

Lemma 2.2.6. Let p € [1,00), Suppose that u : w — E is d-coherent. Then there
exist a piecewise affine map v € WH*(w; E) with

0w € L™ (w;E) is d-coherent

and

1)
/ lu —v|P doy < mVarp(u), / |VolP day < 6P Var,(u).

Proof. For brevity we set L, := L,y \ max L. Let u: Ly, — E denote the discrete
map satisfying

u(zy) = Z Lo,y (21 — §u(§) for almost every x1 € w
éec(u)

and define W := Uger,[§,§ +6]. Let v: W — E be the linear interpolation of u, i.e.

-8
v(x) = u() + o

u(max L)) if x € [max L), max L, + d]

(W€ +9d) —u(g)) if 3¢ € L, such that x € [£,£ +9)

It is easy to show that v|,, fulfills the claimed properties. Therefore, we only show the
estimate for [|u —v|f}, (o) Because u is d-coherent, we have

/ lu —v|P dzy <
w

3 /( INIGRENEE

€€Lu)

<3 e+ 5) - uor [ = S Van )

¢eL, (0,6
O

Proposition 2.2.7. Let (0.) be a family of positive numbers such that lim._, 6. = 0.
Let (uz) be a bounded family in L*(w;E). Suppose that

(a) ue is 6.-coherent for each €.

(b) limsup 6- ! Varg(u.) < +oo.

e—0

Then there exists a sequence (ve) C WY2(w; E) such that
(1) (ve) is bounded in Wh2(w; E).

(2) The sequence (u. — v:) strongly converges to zero in L?(w;E).
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2.2. Two-scale properties of piecewise constant approximations

(3) If (us) weakly converges to u in L?(w;E), then u belongs to WH2(w;E) and

Ve U strongly in L*(w;E)
Ue —> U strongly in L*(w;E).

Moreover, there exists a map ug € L*(w; Wgéio(Y;E)) such that

Oy — Oru(x) + Oyuo(z1,y) weakly two-scale in L*(wxY ;)
for a suitable subsequence (not relabeled). If additionally either

: €
limsup— =0 or §.=c¢,
e—0 €

then ug = 0.

Proof. Let v. denote the approximation constructed in Lemma 2.2.6. Then we have

3 Varo(u
572 ”us - UEH%Q(w;E) + ”811}5”%2(‘“;1}5”) < 6(8)
€ €

for each €. Now assumption (b) and the boundedness of (u.) immediately imply
statement (1) and (2). We prove (3). To this end, we suppose that (u.) weakly
converges to u € L?(w;E). As a consequence of (1) and (2), also (v.) weakly converges
towin L?(w;E). In view of Proposition 2.1.14 we deduce that there exist a subsequence
(not relabeled) and a map uy € L?(w; W;éio(Y; E)) such that

Ve = u weakly in W2 (w; )

Oy — O1u(zx) + Oyuo(x,y) weakly two-scale in L*(wxY;E).

Due to the compactness of the embedding W'2(w;E) C L?(w;E) and the uniqueness
of the limit u, the convergence v. — u also holds strongly in L?(w;E) for the entire
sequence. Now (2) implies that also u. strongly converges to v in L?(w;E). In order
to prove the last part of (3), suppose that

(2.12) lim sup -0 o 0 = €.

e—0 €

By construction 0y is d.-coherent; thus, assumption (2.12) allows us to apply either
Lemma 2.2.3 or Lemma 2.2.4 and we deduce that

() + oz, y) = / Ou(x1) + Byuo (1, ) dy
Y

for almost every (x1,y) € wxY, and consequently ug = 0. O
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2. Two-scale convergence

2.3. Two-scale convergence and linearization

In this section we suppose that {2 C R™ is an open and bounded domain with Lipschitz
boundary and assume that (h.) is a sequence of positive real numbers that converges
toOase— 0.

Let ® € C1(IE; E) and consider a weakly two-scale convergent sequence (u.) in LP(; E).
In the sequel we present some methods to study the two-scale convergence behavior of
sequences of the form

(2.13) who (@) = @(hus(m})L) — ®(0)

as h and e simultaneously converge to zero. In particular, the subsequent analysis
covers the case where

V(Id+ hVue(x)T(Id + h Vu(z)) — Id
h

Wh, e (x) =

and (ug) is a sequence of maps in W12(Q;R"). This situation is related to elastic-
ity where u, has the meaning of a scaled displacement and wj . can be interpreted
as the scaled nonlinear strain. In Corollary 2.3.4 we study this situation explic-
itly.

As an introductory example, let us consider (2.13) and assume that

u. 2 weakly two-scale in LP(2xY)
with p € [1,00). Moreover, we suppose that there exists a constant M such that

(2.14) esssup |us(z)| < M for all .
xeQ)

For ® € C1(R), it is natural to expect that

®(heus) — P .
(2.15)  w. = ( u}i 0 2, ®'(0) u(z,y) weakly two-scale in LP(2xY).

Indeed, this is the case: Since ® is of class C'', we can rewrite w. by means of the funda-
mental theorem of calculus, and for almost every x € € we obtain

wifr) = 2D 220 ( / @ (sheua(x) ds> ue()

where ®' denotes the derivative of ®. Because of the uniform bound (2.14), we
have

ess sup

1
/ @’(she(ﬁus)(:v,y))ds—@’(0)‘§ sup | @(a) — @(0)].
(z,y)€QXY |J0

la|<he M
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2.3. Two-scale convergence and linearization

Now the continuity of a — ®’(a) and the assumption that h. — 0 imply that
! 2
(2.16) / & (shu.(-))ds — @'(0) strongly two-scale in L (Q2xY")
0

and in virtue of the product rule (Proposition 2.1.12) convergence (2.15) follows.

The situation gets more interesting if we weaken the regularity of ® and drop the
assumption that (uc) is uniformly bounded:

Proposition 2.3.1. Letp € (1,00) and let ® € C(E;E) satisfy the following properties:
(a) There exists a linear map A : E — E such that

d - o —A
lim sup [©(a) 0) (@)l =0,
a—0 ’a‘
a#0

(b) ® is locally p-Lipschitz continuous, i.e. there exists a constant L such that

|®(a) — ®(b)| <L+ | " +p|P " Y |a—bl  foralla,beE.

If (ue) is a bounded sequence in LP(C;E), then the sequence

(I)(hsue) - (I)(O)
he

We 1=

is weakly two-scale relatively compact in LY (QxY;E) and we have
w, 2 A(uw) weakly two-scale in L*(QxY;E)

whenever
u. 2w weakly two-scale in LP(QxY;E).

The proof relies on the following observation:

Lemma 2.3.2. Let p € [1,00), a € (0,1) and (u:) a bounded sequence in LP(S};E).
For each € define

() i {1 i ue(o)] < b

0 else.

Then (x2) is a bounded sequence in L>(§) and satisfies
xXe —1 strongly in L"(§2)

for all r € [1,00). Moreover, if (u:) weakly two-scale converges to u in LP(Q2xY;E)
with p € (1,00), then

(2.17) XS ue =Y weakly two-scale in LP(QAxY;E).
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2. Two-scale convergence

Proof. By definition we have
/ |ue|P daz > p2(@~1) / (1—x2)dz.
Q Q

Because |1 —x&|" = (1 — x2) for all » € [1,00) and poPemh 0, we deduce that
(1—x2) strongly converges to 0 in L"(2), and consequently x& = 1—(1—x%) converges
to 1. By applying Proposition 2.1.13 to the product x&u., we see that (2.17) holds,
whenever (u.) weakly two-scale converges to u. O

Proof of Proposition 2.3.1. Step 1. For all a € E define the remainder
rest(a) := ®(a) — ®(0) — A(a)
and set p(«) := sup {\arl lrest(a)| : a € E, 0 < |a| < a} for @ > 0 and p(0) := 0.

Then p : [0,00) — [0,00] is a monotonically increasing map with p(a) — 0 as a | 0
and
[rest(a)| < p(|al) |a] for all a € E.

Step 2. Because (ug) is (as a bounded sequence) relatively compact with respect to
weak two-scale convergence (see Proposition 2.1.4), it is sufficient to assume that

ue 2w weakly two-scale in LP(Q2xY; E).
Thereby, we only have to show that
we 2 A(u) weakly two-scale in L'(QxY;E).

Set
1 if Jus(z)] < A7V
Xe(z) :==
0 else.

and define U := Tz(xeue). In virtue of Lemma 2.3.2, we have
Us—u weakly in LP(R"xY;E)
and by construction U, is uniformly bounded in the following sense

(2.18) esssup  |hoUs(z,y)| < hY?.
(z,y)ER™" XY

We compute

O(hUs) — 0(0) rest(h:U;)
I =AU:) + B —

In view of Step 1 and due to (2.18), we can estimate the remainder according to

E(Xswe) =

he!rest(heUe)| < P(h;/g) Ue|.
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2.3. Two-scale convergence and linearization

Because p(h;/Q) — 0 as e — 0 and because (U,) is a bounded sequence in LP(R"xY; E),

we find that
hZ ! rest(hUz) — 0 strongly in LP(R"xY;E).

On the other side, we have
AU:) — A(U) weakly in LP(R"xY;E),

because A is (as a linear map) continuous with respect to weak convergence. So far,
we have shown that

(2.19) XeWe Y weakly two-scale in LP(QxY;E).

Because p > 1, convergence (2.19) also holds with respect to weak two-scale conver-
gence in L' (QxY;E). Hence, to complete the proof, it is sufficient to show that

(2.20) (1 —xe)w: =0 strongly in L'(Q;E).

In order to justify this, we utilize the p-Lipschitz continuity of ® which yields the
estimate

J10=xoudd do <L [ @ =30+ e el da
<[ (=) el o+ 17 el

The sequence (u.) is bounded in LP(Q;E) with p > 1; thus, the first term on the right
hand side vanishes, because (1 — x.) strongly converges to 0 in L”®=(Q) (see Lemma
2.3.2). The second term on the right hand side vanishes due to k2~ — 0. Thus, (2.20)
follows and the proof is complete. O

Corollary 2.3.3. Let p € (1,00) and ® € C(E,E) as in Proposition 2.5.1 and
suppose that (u;) C LP(E) is a weakly two-scale convergent sequence with limit
u € LP(QXY;E). If © is globally Lipschitz continuous, i.e.

|®(a) — ®(b)| < L|a— 0| for all a,b € E,

then
d -0
(hsus}z 0 2, Au weakly two-scale in LP(QxY;E).
(S

If (ug) strongly two-scale converges to u in LP(QxY;E) and additionally satisfies

We :=

(%) lim sup ess sup |heue ()] =0
e—0 €N

then

®(h -
We 1= (hetie) © 25 Au strongly two-scale in LP(QxY; E).
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2. Two-scale convergence

Proof. Because of the global Lipschitz continuity, the sequence (w.) is bounded in
LP(Q;E). Hence, due to Proposition 2.1.4 the sequence (w.) is weakly two-scale rel-
atively compact in LP(Q2xY;E). On the other side, any weak two-scale cluster point
of (we) must be equal to A(u) due to the previous proposition. As a consequence, the
entire sequence weakly two-scale converges to A(u) in LP(Q2xY;E).

Now we suppose that (u.) is strongly two-scale convergent and satisfies (x). From the
first part of the proof we know that w. weakly two-scale converges to Au. In virtue of
Lemma, 2.1.5 it sufficient to prove that

| Tewe — A(’EUs)HLP(R"xY;E) :
But this follows due to (). O
Eventually, we apply the previous results to an explicit situation that is related elas-
ticity.
Corollary 2.3.4. Let (F.) be a sequence in L*(;M(d)). If
F.-2F weakly two-scale in L*(QxY; M(d))
then

Id+ heF.)T(Id+ h.F.) — Id
(Fd+ heFe) (Id+ hoFe) 2. 2sym F weakly two-scale in L' (QxY; M(d))

he
Id+ h F.)T(Id+ h.F.) — Id ,
VId+ ) }5 + ) 2 sym F' weakly two-scale in L*(QxY; M(d))

Proof. For A € M(d) set ®,(A) := (Id+ A)T(Id + A) and ®3(A) := /®1(A). Then
®,, Py satisfy the requirements from Proposition 2.3.1 for p = 2 and

A(A) :==2sym A, Ay(A) :=sym A.

Moreover, ®, is globally Lipschitz continuous. Thus, the statements follow immediately
from Proposition 2.3.1 and Corollary 2.3.3. O

Ezample 2.3.5. In the following we illustrate how the previous corollary might be used
in the context of finite elasticity. Let (u:) € W12({; R™) be a sequence of deformations
satisfying

det Vue(xz) >0 for almost every z € 2  and  uc|ga(z) = =.
The Cauchy strain tensor associated to u. is defined as the map
C: : Q — Mgym(n), Ce(z) := Vue(z)T Vue ().

Note that in physically relevant situations the elastic energy associated to a deforma-
tion can be written as a function of the Cauchy strain. We suppose that

(2.21) lim sup 1/ dist?(Vue(z), SO(n))? dz < co.
Q

e—0 £
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2.3. Two-scale convergence and linearization

2
Because dist?(F, SO(n)) > ‘\/FTF - Id‘ for all F € M(n), condition (2.21) means

that (u.) is a sequence of deformations with infinitesimal small strain (in the limit).
For this reason it is convenient to introduce the scaled nonlinear strain

VG -1d

E. : Q — Mgym(n) E.: -
€

Moreover, we are going to see in the following chapters that (2.21) and the Dirichlet
boundary condition imposed on u. imply that

ue(z) —

ge(x) := h.

defines a bounded sequence in W2(Q; R"). The map g. can be interpreted as a scaled
displacement. Now the nonlinear strain can be rewritten as follows:

VId+h-Vg)T(Id + h:Vg.) — Id

B, =
h e

Hence, whenever (g.) converges weakly to a map g in W2(Q; R") and
Ve EN Vy(z) + V, go(z,y) weakly two-scale in L2(QxY;M(n)),
then the previous corollary implies that
Ej, -2 sym Vg(x) +symV, go(x,y) weakly two-scale in L(QxY;M(n)).

We see that — although the nonlinear strain FE. is related to the gradient Vg. in a
nonlinear way, and therefore a priori a “nice” interplay with weak (two-scale) conver-
gence cannot be expected — the application of the linearization methods developed in
this section yield an explicit link between the two-scale limits of (E;) and (Vg.).
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3. Integral functionals

In this chapter we recall some known lower semicontinuity results for integral func-
tionals and present their generalization to oscillating integral functionals where lower
bound inequalities can be stated by means of two-scale convergence. Eventually, in
Section 3.3 we briefly discuss the homogenization of periodic, convex integral function-
als with the aim to demonstrate the general homogenization scheme based on periodic
unfolding by means of a simple, but instructive example.

Throughout this chapter (2 denotes an open, bounded subset of R™, U an open,
bounded subset of R™ and E an d-dimensional Euclidean space. Furthermore, we
denote by £(A) and B(A) the o-algebra of Lebesgue- and Borel-measurable subsets of
A, respectively. We use the notation 4; ® ... ® Ay to refer to the product o-algebra
generated by a finite set A1, ..., A; of o-algebras.

3.1. Basic properties and lower semicontinuity

Let us consider integral functionals of the type

(3.1) E — //f(x,y,E(a?,y))dwdy

QxU

where f is a map from QxR™xE to the extended reals R := RU {400} and E a mea-
surable function from QxU to E. A necessary prerequisite for the functional in (3.1)
to be well-defined is the sup-measurability of f, which means that the superposition
map

is measurable for all measurable functions £ : QxU — E. Another requirement for the
expression in (3.1) is the integrability of the superposition map fg.

For our purpose it is convenient to suppose that f satisfies the following conditions:

i. (Measurability). The map f: QxR™xE — R is measurable either with respect
to L(N)@B(R™) @ B(E) or with respect to B(2) ® L(R™) @ B(E).

ii. (Integrability). There exists a constant ¢o € R such that
f(z,y, E) > ¢ for all £ € E and a.e. (z,y) € OQxR™.

Definition 3.1.1. We call a map f : QxR™xE — R that satisfies i. and ii. a
measurable integrand.
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3. Integral functionals

Remark 3.1.2. If f is a measurable integrand, then the superposition map fg is
L(2xU)-measurable for all Lebesgue-measurable maps E : QxU — E (see e.g.
[Vis07]) and the integral in (3.1) is well-defined (and possibly takes the value +00).
Moreover, if

m: Q=U is a L(Q)—L(U)-measurable map

then also the superposition
Q>z f(z,7(z), E(x))

is Lebesgue-measurable for all Lebesgue-measurable maps £ : ) — E.

As a consequence, (in the case where m =n and Y :=[0,1)") the functionals

LP(OE) 5w r—)/f(x,x/s,u(x)) dz
Q

LP(OXY;E) D u flz,y,u(z,y))dy dz
/l

are well-defined for p € [1,00] and € > 0.

Remark 3.1.3. If a measurable integrand f : QxR™xE — R is additionally lower-semi-
continuous in its third component, then f is a normal integrand (see e.g. [Dac08]).
Moreover, any function of Carathéodory-type is included in our notion of measur-
able integrands. Nevertheless, Definition 3.1.1 renders not the most general class
of integrands that can be considered in this context. For more details, we refer to
[Vis07, BD98, App8&8].

Next, we introduce some properties of integrands which we will frequently encounter
throughout this contribution.

Definition 3.1.4. Let f : QxR™XE — E be a measurable integrand. We say
(a) fis finite, if f(z,y, F) € R for all (z,y, E) € QxR™xE.
(b) fis convez, if f(x,y,-) is convex for a.e. (x,y) € QxR™.

(c) f is continuous (lower semicontinuous), if (x,E) +— f(z,y,E) is continuous
(lower semicontinuous) for a.e. y € R respectively.

(d) fis Y-periodic with Y :=1[0,1)™, if

flz,y+k,E) = f(z,y,E) for all E € E, k € Z™ and a.e. (z,y) € QxR™.

(e) f satisfies the p-summability condition, if there exists a positive constant ¢; such
that

|f(z,y, B)| < c1(1+|EP) for all F € E and almost every (z,y) € QxR™.
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3.2. Periodic integral functionals and two-scale lower semicontinuity

In the following lemma we state some known continuity results for integral functionals
(cf. e.g. [Dac08]).

Lemma 3.1.5. Let f : QxR™xE — R be a measurable integrand, p € [1,00) and U
an open and bounded subset of R™. Define

G: LP(OxU;E) - RU {400}, G(u) == //f(x,y,u(x,y))dydx.
Q

Then the functional G is well defined and:

(1) If f is lower semicontinuous (i.e. [ is a normal integrand), then G is lower
semicontinuous w.r.t. to strong convergence in LP(QxU;E).

(2) If f is lower semicontinuous and convezx, then G is conver and lower semicon-
tinuous w.r.t. to weak convergence in LP(QxU;E).

(3) If f is continuous and satisfies the p-summability condition, then G is continuous
w.r.t. to strong convergence in LP(QxU;E).

We briefly sketch the proof, which can be found in [Dac08, Vis07] for instance.

Proof. Without loss of generality assume f > 0. Let (uy) be a sequence in LP(Q2xU; E).
If up — u strongly, then we can extract a subsequence (not relabeled) with ug(z,y) —
u(z,y) for a.e. (z,y) € QxU. The lower semicontinuity of f implies that

lim inf f(xv Y, Uk(ﬂl’, y)) > f(xv Y, U(x, y))
k—o0
and by Fatou’s Lemma we obtain (1).

Now assume that f is convex and (ug) is weakly convergent to u. By Mazur’s Theorem
we can construct a sequence (wy) that strongly converges to u in LP(QxU;E) such
that wy, is a convex combination of the functions {u; : @ < k}. The convexity of f
and the previous reasoning yield (2).

Statement (3) follows by applying (1) to f and —f. O

3.2. Periodic integral functionals and two-scale lower
semicontinuity

Lemma 3.2.1. Let f : QxR"XE — R be a measurable integrand, p € [1,00). Suppose
that f is [0,1)" =: Y -periodic in its second variable. For e > 0 we define

G°: IP(UE) — R, GF (u) = / F (@, 5fe, ule)) da,
(3.2) @
G%: LP(OxY;E) — R, GOu) := //f(x,y,u(x,y))dydx.
Qxy

Then the functionals G and GY are well-defined and:
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3. Integral functionals

(1) If f is lower semicontinuous (i.e. f is a normal integrand), then G¢ and G° are
lower semicontinuous w.r.t. to strong convergence.

(2) If f is lower semicontinuous and conver, then G and G° are conver and lower
semicontinuous w.r.t. to weak convergence.

(3) If f is continuous and satisfies the p-summability condition, then G° and G° are

continuous w.r.t. to strong convergence.

The proof is similar to the one of Lemma 3.1.5 and omitted here. The following
proposition entails a continuity and lower-semicontinuity result with respect to strong
and weak two-scale convergence respectively.

Proposition 3.2.2 (see e.g. Proposition 1.3 in [Vis07]). In the situation of Lemma
3.2.1 we have:

(1) If f is lower semicontinuous, then
lim inf G (u.) > G%(u),
e—=0

provided — ug 25 strongly two-scale in LP(QxY;E).

(2) If f is continuous and satisfies the p-summability condition, then

lim G°(uz) = G ()

provided — ug LY strongly two-scale in LP(QxY; E).

(3) If f is lower semicontinuous and convex, then

lim inf G (u.) > G%(u),

e—0

provided — u. —> u weakly two-scale in LP(2xY;E).

Proof. For convenience we extend f to R”xR"xE by zero. Moreover, without loss of
generality we assume that f > 0. It is easy to check that for each map u. € LP(Q; E)
and € > 0 we have

G*(u) = / / F(elo/e] + 9,y Teue () dy e

R7xY
If (uc) strongly converges to u, then
(ele/e] + ey, Teue(w,y)) — (z,u(z,y))  ase—0

almost everywhere for a subsequence (not relabeled). Thus, if the integrand f is lower-
semicontinuous, we obtain

liminf f(e|2/=] + ey, y, Teue (2, y)) = f(2,y,u(@,y)).
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3.3. Convex homogenization

Now (1) follows by Fatou’s lemma (first for the subsequence and then for the entire
sequence, because the choice of the subsequence was sufficiently arbitrary).

Statement (2) and (3) can be proved by a reasoning similar to the one used in the
proof of Lemma 3.1.5. O

3.3. Convex homogenization

In this section we present a short proof of the classical homogenization problem of
convex, periodic integral functionals based on the two-scale (lower-semi-) continuity
result depicted in Proposition 3.2.2. This problem is already well understood and we
refer in this context to [All92] where the problem was treated with two-scale methods
for the first time. Our aim is to illustrate the general strategy of the two-scale method
for homogenization problems in a simple setting.

We suppose that € is an open and_ bounded domain in R™ with Lipschitz boundary,
Y :=1[0,1)" and f : OQxR"xR"™ — R a measurable integrand. We furthermore suppose
that

(a) fis Y-periodic, continuous and convex in the sense of Definition 3.1.4, and

(b) f satisfies the standard growth- and coercivity condition of order p
1
7|F‘p_0§f(l‘ay7F) SC(1+|F‘p)
c

for almost every «x,y and a positive constant c.

For € > 0 we define the functionals

G W) SR G (u) = / (@, 7=, Vu(z)) da
Q

and
GO WhP(Q)x LP(Q W, 2 (V) — R
GO (u, ug) = //f(x7y7Vu(a:) + Vy uo(z,y)) dy dz.
QxY

Theorem 3.3.1. Let (¢) denote an arbitrary vanishing sequence of positive numbers
and let p € (1,00).

(1) Let (ug) be an arbitrary sequence in WiP(Q) such that

/wE dx
Q

Then there exist a subsequence (not relabeled) and a pair

(3.3) lim sup {

e—0

+ gf(ug)} < 0.
(u, up) € WHP(Q)x LP(Q; WEP (V)

per,0

39



3. Integral functionals

such that
» Us = U weakly in WP ()
*
Vue 2 Vu+ Vy, ug weakly two-scale in LP(QxY;R").

(2) Suppose that (u:) C WIP(Q) converges to a pair

(u, up) € WHP(Q)x LP(Q; WEP (V)

per,0

in the sense of (x). Then

lim inf G°(u.) > G°(u, uo).

e—0

(8) For any pair (u,ug) € WLP(Q)x LP(£); WSéf}O(Y)) there exists a sequence (ug) in

WLP(Q) converging to (u,ug) in the sense of (%) such that

lim G (uz) = (1 wo).

Proof. Because f has standard p-growth, condition (3.3) implies that for a subsequence
(not relabeled) (Vuc) as well as ( [, ue dz) are bounded sequences in LP(€; R") and R,
respectively. In virtue of Poincaré’s inequality we see that (u.) is bounded in W1P(€),
and therefore weakly convergent in W1P(£2) up to a subsequence. Now (x) follows due
to Proposition 2.1.14 for a further subsequence and (1) is proved.

Statement (2) directly follows by applying the two-scale lower semicontinuity result
(see Proposition 3.2.2) in connection with (1).

It remains to prove (3). It is well known that the inclusions

(Y) C LP( Wi (V)

per

C>®(Q) c WhP(Q), CX(Q;C2

per

are dense with respect to the strong topology. Hence, for each § > 0 we can find maps

us € C°(Q), vs € C°(Q; Cpe,(Y)) such that
l|us — UHWLP(Q) + [Jvs — UO”LP(Q;Wpléf(Y” <4

For each e define
us e () := us(x) + evs(w, 7/e).

Then
Vuse(x) = Vus(x) + (Vy vs) (2, %/<) + e(Vus) (z,2/z)

and it is easy to check (see Lemma 2.1.9) that

Use — Us strongly in LP(Q)

Vus e 2, Vus(z) + Vyvs(x,y) strongly two-scale in LP(QxY;R"™)
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3.3. Convex homogenization

as € — 0. Define
Cse = |luse — uHWl,p(m + |7 Vus . — (Vu+V, uo)HLp(Ran;Rn) )
The previous reasoning shows that

lim lim ¢s5. = 0.
d—=0e—0 7

This allows us to apply a diagonalization argument that is due to H. Attouch (see
Lemma A.2.1); thus, there exists a diagonal sequence §(¢) such that lim._,od(g)=0
and cs). — 0 as € — 0. Now define

Ue 1= Ug(s) c-
By construction (u.) is a sequence in WP(2) and fulfills
Us —> U strongly in LP(2)
Vu, 2, Vu(x) + Vyuo(z,y) strongly two-scale in LP(Q2xY; R™).

Because the latter implies that Vu. — Vu weakly in LP(2;R") (cf. Lemma 2.1.11),
we infer that (u.) weakly converges to u in W1P(Q).

By assumption the integrand f is continuous and satisfies the p-summability condition
in the sense of Definition 3.1.4. Hence, we can apply Proposition 3.2.2 (2) and deduce
that

lim G°(u.) = G°(u, uo).

e—0

Corollary 3.3.2. Set
Ghom : WHP(Q) = R, Ghom (1) := inf { GO (u,ug) : up € LP(Q; Wpléf,o(Y)) }

(1) Suppose that (u.) is a weakly converging sequence in WLP(Q) with limit u. Then

lim inf Qe (Ug) > ghom (u)

e—0

(2) Letu € WHP(Q). Then there exists a sequence (ue) in WIP(Q) weakly converging
to u such that

lim ga(us) = ghom(u)-
e—0
Proof. This is an immediate consequence of the previous theorem and the fact that
the problem
minimize g — G°(u, ug) subject to ug € LP(Q; WAL (V)

per,0

attains its minimum. O
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3. Integral functionals

Lemma 3.3.3. Set

fhom : OxR" — R, fhom('er) = H%f / f(x>y7F+ Vy Qp(y))dy
PEWRE (V) JY

Then for each u € W1P(Q) we have

Qhom(u)Z/thom(:c,Vu(x))dx.

The proof of this result (which we omit here) is non-trivial and we refer to [Dam05,
CDDAO06, BFOT7]. A possible strategy is to show that the multifunction

D OxR" — PW;éf»O(Y), ®(x, F) € argmin / fx,y, F 4+ Vy,0(y))dy
peEW L (V) VY

per,0

admits a measurable selection. We like to remark that in the case when f(z,y, F') is
quadratic in F', this difficulty can be avoided by studying the Euler-Lagrange equations
of the minimization problem in the definition of fiopn.

Discussion of the general strategy. In the language of I'-convergence (see Sec-
tion 4.2) the previous results prove that the sequence (G¢) I'-converges to Gpom. To
make this precise we extend G° and Gy to LP(2) by setting

G°(u) ;=400 and  Gpom(u) = +00 for all uw € LP(Q) \ WP(Q).
Then the previous results imply that
gs L ghom in LP(Q)

with respect to strong convergence in LP(£2). Moreover, Theorem 3.3.1 (1) yields
equi-coercivity of the sequence (G°) in LP(2). (2) and (3) in combination with Corol-
lary 3.3.2 and Lemma 2.3.2 prove that the lower bound and recovery sequence condition
of the sequential characterization of I'-convergence are satisfied.

Although being an elementary example, it is instructive — in particular for the analysis
of the more involved problems that we address in this thesis — to carve out the steps
that led to the previous I'-convergence result:

(1) Compactness. We prove that sequences with an equibounded energy are rel-
atively compact, i.e. we can extract subsequences that converge in a certain
two-scale sense. In the example above, convergence meant strong convergence in
LP and weak two-scale convergence of the gradient.

(2) Lower bound (also called liminf-inequality). We study the convergence behav-
ior of the energy along sequences that converge in the sense of (1). In particular,
in a first step, we establish an intermediate liminf-inequality where the limit in-
ferior of the energy is bounded from below by an intermediate functional that
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3.3. Convex homogenization

additionally depends on the two-scale limiting behavior of the sequence. In the
example above, this step is contained in Theorem 3.3.1 (2), where we proved that

liminf G°(u:) > G°(u,uo)
e—0

where wu is the strong limit of (u.) in LP(Q2) while ug captures the oscillation
properties of the sequence (Vu.) in the two-scale sense. The seeked T-limit
should only depend on the “one-scale limit” « and not on the two-scale auxiliary
map ug, which may depend on the choice of the subsequence. For this reason we
identify in a second step the two-scale behavior of sequences with equibounded
energy, in the sense that we characterize the auxiliary maps that are associated to
cluster points of such sequences. In the example above, this meant to characterize
the structure of up and has been done in Theorem 3.3.1 (1) where we showed
that
ug € LP(Q WEE (V).

per,0
Based on this identification we obtain the sought-after liminf-inequality by
relazing the intermediate functional with respect to all admissible auxiliary maps.
In the previous example, this has been done in Corollary 3.3.2 (1) and led to the
definition

Ghom(u) := inf { GO (u,up) : ug € LP(Q; W;éf’O(Y)) } .

Recovery sequence (also called upper bound). In this step we show that the
energy of the functional derived in step (2) is optimal, in the sense that there
exists a convergent sequence such that the associated energies converge to the
energy of the limit. Such a sequence is called recovery sequence. As in the lower
bound step, we construct this sequence in two stages. In the example above,
these stages constitute as follows: First, we consider the intermediate functional
Go and construct a recovery sequence for any pair (u,up). In the second stage
we analyze the minimization problem associated to the intermediate functional
and prove that
ghom(u) = gO(u’ U(*))

for a suitable auxiliary map ufj. As a consequence the recovery sequence can be
constructed by applying the previous construction to the pair (u,uf).

Analysis of the limiting functional. So far (1) - (3) yield I'-convergence to a
limiting functional that is defined implicitly, namely by the relaxation construc-
tion in the last part of (2). Usually, by analyzing the limiting functional one
can find a simplified and streamlined presentation of the I'-limit. In the example
above, this step was established by means of Lemma 3.3.3 and revealed that the
I-limit Gpom is a integral functional with an homogenized integrand fom,. In
homogenization the minimization problem

inf /f(x,y,F+Vys0(y))dy-
PeEWLE (V) JY

appearing in the definition of the homogenized integrand is called cell-problem.
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3. Integral functionals

Remark 3.3.4. The functional GY already appeared in the seminal work by G. Allaire
in [A1192]. A. Mielke and A. Timofte call G° the two-scale I-limit of the sequence (G)
(see [MTOT]).
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4. Gamma-convergence and the direct method
of the calculus of variations

In this section we recall the basic notion of I'-convergence introduced by De Giorgi
in the 1970’s. I'-convergence is a variational notion of convergence that is naturally
suited to study the asymptotic behavior of families of minimization problems that are
parametrized by a small parameter.

As a classical example, such a situation emerges in the homogenization of variational
problems where the physically interesting states are minimizers of an energy functional.
There the small parameter, say ¢, has the meaning of a length scale that describes the
typical size of the microstructure of an oscillating material. A natural believe is that
one can use the smallness of € to derive a reduced model that still captures the be-
havior of the situation in a sufficiently precise manner — at least from a macroscopic
perspective. The notion of I'-convergence establishes a rigorous mathematical lan-
guage that allows to implement this idea by studying the convergence behavior of the
family of energy functionals as € tends to zero. This procedure leads to a reduced
functional, called the I'-limit, that roughly speaking captures the behavior of the situ-
ation for all small, but finite € optimally. Furthermore, the notion of I'-convergence is
tailor-made to guarantee (under suitable compactness conditions) the convergence of
minimizers and minima — and thus, “convergence of the physically interesting infor-
mation”.

I'-convergence is closely related to Tonelli’s direct method of the calculus of varia-
tions, which is a classical way to prove the existence of minimizers for variational
problems. In the next section we describe this method and recall the notions of lower
semicontinuity and coercivity, which are the main ingredients of the direct method.
In Section 4.2 we briefly recall the notion of I'-convergence and gather basic proper-
ties.

Our main aim is to fix the notation and to simplify the referencing in the subsequent
chapters of this contribution. For an extensive introduction and for the proofs of
the results in this chapter, we refer to the monographs of G. Dal Maso [DM93] and
I. Fonseca and G. Leoni [FLO7].

4.1. The direct method of the calculus of variations

In the following, we always suppose that X is a topological space.

Definition 4.1.1 (compactness). We say that a subset K C X is
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4. Gamma-convergence and the direct method

(a) sequentially compact, if every sequence in K has a subsequence which converges
to a point in K,

(b) relatively compact, if the closure of K is compact,

(c) relatively sequentially compact, if the closure of K is sequentially compact.
Definition 4.1.2 (lower semicontinuity). We say that a function F : X — R is

(a) lower semicontinuous, if for all @ € R the set {x € X : F(z) < a} is open,

(b) sequentially lower semicontinuous, if

F(z) < liminf F(zy)
k—ro0

for all z € X and all sequences (z) that converge to z in X.

Definition 4.1.3 (coercivity). We say that a function F : X — R is coercive (resp.
sequentially coercive), if for all a € R the set {x € X : F(z) < a} is compact (resp.
sequentially compact).

Remark 4.1.4. Tt is well known that in general the sequential notions are weaker than
the topological ones: In particular, lower semicontinuity implies sequential lower semi-
continuity, compactness implies sequential compactness and coercivity implies sequen-
tial coercivity. It is important to note that the converse is true when X is a
metric space (or more generally: a topological space that satisfies the first axiom of
countability).

Theorem 4.1.5 (The direct method of the calculus of variations). Let F : X — R
be sequentially coercive and sequentially lower semicontinuous. Then F attains its
minimum in X. Moreover, if F' is not identically +00, then every minimizing sequence
of has a convergent subsequence.

Proof. Without loss of generality we assume that F' is not identically 4+oco. In this case
we have infx F' < co. Let (z,)nen be a minimizing sequence, i.e.

lim F(z,) = inf F.
n—00 X

Because F' is sequentially coercive, the sequence (or at least a suitable tail of the

sequence) lies in a sequentially compact set of X and we can pass to a subsequence

(xn, ) that converges to some z in X. In virtue of the sequential lower semicontinuity
of f we see that

inf FF < F(x) <liminf F(z,,) = lim F(x,) = inf F.
X n—o0 X

k—o0
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4.1. The direct method of the calculus of variations

The property of a point = to be a minimizer of a function F : X — R is completely
independent of the topological structure of X. In contrast to this, the necessary
conditions for applying the direct method in order to prove existence of a minimizer are
of topological nature. Thus, the direct method permits a certain freedom of choosing
the topology of X. In this context it is important to note that the conditions of F'
being coercive and lower semicontinuous, respectively, are antagonistic: The weaker
the topology, the easier it is for a function F' to be coercive, but the harder it is for F'
to be lower semicontinuous.

Integral functionals. In this thesis we frequently encounter situations where F' is
a functional of the type

F:A—-R, F(u) = /g(x,Vu(x))da:
Q

where A is a convex and compact subset of WP (€;R™), p € (1,00) and g : QxM(n) —
R U {+o0} is a measurable integrand.

In view of Lemma 3.1.5, we already know necessary conditions for F' being sequentially
lower semicontinuous:

e If g(x,-) is lower semicontinuous, then F' is lower semicontinuous with respect to
strong convergence in WHP(Q; R").

o If g(z,-) is lower semicontinuous and convex, then F is lower semicontinuous
with respect to weak convergence in W1HP(Q; R™).

On the other hand, if g satisfies certain growth conditions, we can ensure that F' is
coercive: For instance, assume that g satisfies

(4.1) co |APP — 1 < g(z, A) for all A € M(n) and almost every x € Q

with some positive constants cg,c;. Then for each @ € R the sublevel sets U, :=
{ue A : F(u) < a} satisfy
a+c
||Vu||’£p(Q;M(n)) < oy for all u € U,.

Now suppose that A has a certain structure, in the sense that

(%) the norm in W1P(Q;R") and the semi-norm u IVull Lo many)
induce the same topology on A.

Then the set U, C WHP(2;R™) is bounded with respect to the norm of W1P(Q;R")
and since W1P(Q;R") is reflexive, we deduce that U, is sequentially compact with
respect to the weak topology. Moreover, since A is convex and compact, it is also
weakly compact and we see that U, is a sequentially compact subset of A with respect
to the weak topology of W1P(Q;R"). Consequently, F is coercive with respect to the
weak topology whenever (%) is satisfied.

For this reason, we can apply the direct method and obtain the following existence
result:
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4. Gamma-convergence and the direct method

Corollary 4.1.6. Let Q be an open and bounded subset of R", let A be a convex and
compact subset of WHP(Q;R™), p € (1,00) that satisfies (x) and let g : QxM(n) — R
be a measurable, convex and lower semicontinuous integrand (in the sense of Definition
3.1.4) that satisfies the p-growth condition (4.1). Consider the functional

F: A— RU{+o0}, F(u) := /g(m,Vu(x))dx.
Q

Then F' has a minimizer in A and every minimizing sequence admits a subsequence that
converges to a minimizer of F in A with respect to weak convergence in W5HP(Q;R™).

If A is additionally contained in one of the sets
{uELQ(Q;R”):/Qudx:m} with m € R
{u € LR ¢ [lull 2qpn) < c} with ¢ > 0
{u € W'P(RY) : (u—g) € Wih(QR") } with g € WP(Q; R
and I' C 0N with positive measure,

then A satisfies (x). This can be easily shown by means of the Poincaré and Poincaré-
Friedrichs inequality, respectively. In elasticity (in particular in linear elasticity) the
integrand ¢g does not satisfy the standard p-growth condition, but rather a growth
condition of Korn-type, i.e.

co l[sym AP — ¢ < g(z, A) for all A € M(n) and almost every x € Q.

In this case the sequential coercivity of the associated integral functional can be shown
for a wide class of domains A in a similar way by using Korn’s inequality. Moreover, we
like to remark that for non-convex integrands the notion of quasi-convexity is (under
suitable growth-conditions) a sufficient as well as necessary condition for an integral
functional to be weakly sequentially lower semicontinuous.

4.2. Gamma-convergence

Let X be a topological space. We denote the set of all open neighborhoods of x in X
by N (z) and consider a sequence of functions (F}) from X to the extended reals R,
where (h) denotes a vanishing sequence of positive numbers.

Definition 4.2.1 (I-convergence (see DalMaso [DM93])). The lower I'-limit and the
upper T-limit of the sequence (F}) are the functions from X to R defined by

Llim inf F})(z) = liminf inf F,
(I-lim inf Fj ) (z) poup Tt inf n(y)

(IFlimsup Fp)(x) = sup limsup inf Fj(y)
h—0 UeN(z) h—0 YeU

48



4.2. Gamma-convergence

If there exists a function F from X to R such that

Fhmlanh = [*limsup F}, = F,
h—0

then we write F' = F hm Fy or Fp, L Fand we say that the sequence (F},) I'-converges
to F' (in X) and call F the I'-limit of (Fp,) (in X).

Lemma 4.2.2. The lower (upper) T-limit of a sequence of functions from X to R is
lower semicontinuous.

Definition 4.2.3 (equi-coercivity). We say (F},) is equi-coercive (on X), if there exists
a lower semicontinuous coercive function ¥ : X — R such that Fj, > ¥ on X for each
h.

Proposition 4.2.4 (Convergence of minima and minimizers). Let (F},) be equi-coercive
sequence of functions from X to R and suppose that (Fy) T'-converges to F in X. Then

(1) F is coercive and

in F'(z) = lim inf Fj(x).
ip F(2) = Jiny 1l (0

(2) Suppose that mingcx F(x) € R. Let (xp) be a sequence of almost minimizers,
1.€.
lim sup (Fh(azh) — inf Fh(m)> =0,
h—0 reX
then (xp) is sequentially compact and any cluster point of the sequence is a min-
imazer of F.

Proposition 4.2.5 (Stability with respect to continuous perturbations). Let (F}) be
a sequence of functions from X to R and suppose that (Fy,) I'-converges to F in X. If
G : X — R is a continuous function, then (Fy, + G) I'-converges to F + G in X.

I'-convergence in metric spaces. The definition of I'-convergence in a general
topological space is quite cumbersome. Nevertheless, in the case where X is a metric
space, ['-convergence can be characterized sequentially. Moreover, we are going to see
that in most cases we can stick to this sequential characterization.

Definition 4.2.6. The sequential lower T'-limit and the sequential upper I'-limit of
the sequence (F},) are the functions from X to R defined by

seq - Hliminf Fp,(x) = inf{ liminf Fp(xp) : () C X, xp — x },
h—0 h—0

seq - [Flimsup Fp,(z) = inf{ limsup Fp(xp) : (zp) C X, xp — x }.
h—0 h—0

If there exists a function F from X to R such that
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4. Gamma-convergence and the direct method

(a) for every z € X and for every sequence (z,) converging to = in X we have

F(z) < liminf Fj(xp,)
h—0

(b) for every x € X there exists a sequence (z,) converging to x in X such that

F(:ZZ) = ;{%Fh(wh)’

then we say that the sequence (F}) sequentially T'-converges to F (in X) and set

seq - [*lim Fy, := F.
h—0

Proposition 4.2.7 ([DM93]). Assume that (X, d) is a metric space (or more general:
a first countable topological space). Then the sequential T'-lower (upper) limit is equal to
the T'-lower (upper) limit. In particular Fy, L Fin X, if and only if (Fp,) sequentially
I'-converges to F.

In most applications in this thesis we study functionals defined on a subspace of X :=
WLP(Q; R") endowed with the weak topology. For p € (1,00) the space X is a reflexive
Banach space, and therefore the topology of a norm bounded subsets of X is metrizable.
As a consequence of this observation we obtain the following:

Proposition 4.2.8 (I'-convergence w.r.t. weak convergence). Assume that X is a
reflexive Banach space endowed with its weak topology and that the sequence (Fy,) is
equi-coercive in the weak topology of X. Then the lower I'-limit and the sequential
lower T'-limit are equal and the sequence I'-converges if and only if it sequentially I'-
converges.
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Part 11.

Variational multiscale methods for integral
functionals
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5. Linearization and homogenization commute
in finite elasticity

5.1. Introduction and main result

In this chapter we consider integral functionals of the type

(5.1) U /W(I/E,Vu(x)) dz, u € WHP(Q; R™)
Q

where ¢ is a small positive scale parameter, ) an open, bounded Lipschitz domain
in R" with n > 2 and W : R"xM(n) — R U {+o0} is a measurable integrand,
Y := [0, 1)"-periodic in its first variable.

Functionals of this type model various situations in physics and engineering. We are
particularly interested in applications to elasticity. In this context, the integral in (5.1)
is the elastic energy of a periodic composite material with period ¢ that is deformed
by the map u : Q& — R™. The matrix

Vu(z) == ( du(x) | - | dyu(x) ) € M(n)

is called deformation gradient. We are interested in situations where ¢ is small, which
means that the scale of the composite’s microstructure and the macroscopic dimension
of the body are clearly separated.

In situations where the deformation is close to a rigid deformation, say |Vu — Id| ~ h,
it is convenient to consider the energy

1
(5.2) The(g) = h2/ W(z/e, Id+ hVg(zx))dz, g W'P(Q;R")
Q
which is a scaled, but equivalent formulation of (5.1) by means of the (scaled) dis-
placement
u(x) -z

For small parameters ¢ and h it is natural to hope that we can replace the functional
(5.2) by an effective model, which is simpler than the initial one, but nevertheless
catches the essential behavior of the original model from a macroscopic perspective.
In this context, the limit h — 0 corresponds to linearization, while the theory of
homogenization renders a rigorous way from (5.1) to a simplified model by analyzing
the asymptotic behavior of (5.1) as e — 0.
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5. Linearization and homogenization commute in finite elasticity

It is well known that in the case where W is convex and of polynomial growth with
respect to its second component, the homogenization of (5.1) is the integral func-
tional [, W}Sill(Vu(x)) dz, where the homogenized integrand is given by the one-cell
homogenization formula

WP = int § [ Wy P+ ) dy 5 o € WiZ(ViR")
Y

This result goes back to P. Marcellini [Mar78] and was extensively studied with various
methods (cf. e.g. [Tar77], [Tar09], [DM93], [A1l92]).

In contrast, for non-convex potentials typically instabilities may arise in the homoge-
nization procedure — even when the one-cell homogenization formula predicts no loss
of rank-one convexity (see [AT84, TM85, GMT93]). For this reason, it turns out that
the relaxation of W over one periodicity cell Y is not sufficient for homogenization in
the non-convex setting. Nevertheless, A. Braides [Bra85] and S. Miiller [M{il87] showed
in the 1980s that in the case where W satisfies a growth-, coercivity- and Lipschitz
condition of order p, i.e.

{ LIFP-C<W(y,F)<C(1+|FP) and

(5.3) —1 -1
(W (y, F) = W(y, G)| < CA+ [F" + |G [F=G]|

for a positive constant C, the functional (5.1) can be homogenized in the sense of I'-
convergence and the I'-limit is an integral functional of type (5.1) with an homogenized
integrand given by the multi-cell homogenization formula

mc . . 1 n
Wi (F) = inf inf kn/W(y,FJr Vo(y)dy : ¢ € Wa(kY;R™)

kY

With regard to linearization, G. Dal Maso, M. Negri and D. Percivale treated in
[Per99] the limit h — 0 of the functional (5.2) (for fixed ¢ and subject to Dirichlet
boundary data) and derived linear elasticity as a I'-limit of finite elasticity. They
assumed, as it is common in elasticity, that the reference configuration is a natural
state, i.e.

(W2) W(y,Id)=0 and W(y,F)>0

and considered frame indifferent stored energy functions that are of class C? in a neigh-
borhood of SO(n) and that satisfy the non-degeneracy condition

(W3) W(y, F) > Cdist>(F, SO(n))

where C'is a positive constant. In [MN10] we proved a variant of their argument (see
Theorem 5.3.10 below) which is adapted to the (slightly weaker) assumption that W
has a quadratic Taylor expansion at the identity, i.e.

Wy, Id+ G) — (L(y)G, G)|

(W4) 3Q € Q(Y;n) : limsup esssup 5 = 0.
G20 yey |G|
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Here Q(Y;n) denotes the set of all measurable integrands @ : Y xM(n) — R that are
Y -periodic in the first, quadratic in the second variable and bounded in the sense that

€ss SUPycpn SUP| =1 @y, G) < oo.

A natural approach to derive an effective model for the situation where both fine-scales
€ and h are small, is to consecutively pass to the limits corresponding to homogeniza-
tion and linearization. Obviously, there are two different orderings to do so, namely
linearization after homogenization and vice versa. It is stringent to ask whether both
ways lead to the same result. In other words:

Do linearization and homogenization commute in finite elasticity?

For W satisfying (W2), (W3), (W4) and (5.3) the author proved in joint work with
S. Miiller (see [MN10]) that homogenization and linearization commute indeed. We
stated this result on the level of the integrands, as well as in the language of I'-

convergence on the level of the corresponding functionals. A key insight in [MN10)]
is the observation that the homogenized integrand Wéfﬁg) admits a quadratic Taylor
expansion at Id, the quadratic term of which is given by the homogenization of the

quadratic term in the expansion of W (z/e,-), i.e.

- i W) (Id + G) — Quom(G) ;
54 P P =0

G#0

We like to remark that assumption (5.3) guarantees that the homogenization of (5.2)

can be expressed by means of the homogenized integrand W}Sf)nncl) However, the very
same assumption (particularly the p-growth condition) excludes stored energy func-
tions with the physical behavior

(5.5) W(y,F)=+o0c if detF<0 and W(y,F)— +oo as detF — 0.

In this chapter we extend the results in [MN10] to stored energy functions W that only
need to satisfy (W2), (W3), (W4). In particular, we can take elastic potentials fulfilling
(5.5) into account. More precisely, we consider the functionals

1
hQ/W(oc/E,MJr hVg(x))dz  if g € Wpg(Q:R)
Q

7" (g) =
+ 00 else,
[t Toande g e wii@irn
in(9) =1 4
+ oo else,
[ Gon(Va@)ds it g e Wh @R
I(g) = Q

+ oo else.
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Here Qpnom(-) denotes the homogenization of the quadratic integrand @ from the ex-
pansion (W4), i.e.

(5.6) @hom (F) == min /Q(y, F+Ve)dy : ¢ € Woio(Y;R")
Y

Moreover, erg (2;R") denotes the space of functions u € W2(Q;R") with u = 0
on I' € 092. We suppose that I' is a measurable subset of 02 with positive n—1-
dimensional Hausdorff measure and satisfies the (regularity) property that

W (Q; R™) N W3 (R
is strongly dense in WFI’S(Q; R™).

Remark 5.1.1. Conditions (W3) and (W4) imply that the quadratic form @ is an
integrand in Ly, (Y; C'(M(n))) and a positive semidefinite quadratic form with respect
to its second component. Moreover, by the non-degeneracy condition (W3) we see that
Q(y,-) restricted to the subspace of symmetric nxn matrices is positive definite and
in particular we have

Qy, F) > Clsym F|”

where C' is the constant from condition (W3) (see Lemma 5.2.4 below). As a conse-
quence, it is not difficult to see that for fixed F' € M(n) the right hand side of (5.6) is
a minimization problem that has a unique minimizer, say g € W;éio (Y;R™), which
is characterized by the Euler-Lagrange equation

60 [ LE+Ver), Vo) dy =0 forall 6 € Woly(ViR)

where L € L

per

(Y; Tgym(n)) is the fourth order tensor field defined by

(L(y)A, B) = 5 (Q(y, A+ B) = Q(y,A) — Q(y, B) )

N | =

for A, B € M(n) and a.e. y € R". This observation relies on the fact that W;éf,o (Y;R™)
is a Banach space and that

wH/YQ(y,VsO(y))dy

is a norm on W;éio(Y;]R”) that is equivalent to the standard norm, as can be seen
in virtue of Korn’s inequality for periodic maps (see Proposition A.1.3), the ellipticity
estimate (5.24) and the constraint fY pdy = 0. If W is additionally frame indifferent,
then Q(y, F') vanishes for skew symmetric F' and we can replace Vg by sym Vg in the

definition of Z;  and Z; thus, both energies indeed apply to linearized elasticity.

Our main results are the following:
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5.1. Introduction and main result

Theorem 5.1.2. Suppose that W satisfies (W2), (W3), (W4) and consider the func-
tional

hom

Thm(9) = inf { Iminf 7%(g.) : (g2) € LA R")
with g. — g strongly in L?(€;R™) }
Then
i T =2
with respect to strong convergence in L*(Q;R™).

(For the proof see page 69).
Theorem 5.1.3. Suppose that W satisfies (W2), (W3), (W4). Then the following
diagram commutes

h (1)
5" —— I,

(5.8) @) |®

h
hom

IO
4)

Here (1), (4) and (3) mean I'-convergence w.r.t. to strong convergence in L?(€2;R™)
as h — 0 and £ — 0, respectively; while (2) means that I{fom = Tliminf._,o Z5" with
respect to strong convergence in L?(£; R™).

(For the proof see page 72).

The functional I{fom defined in Theorem 5.1.2 is exactly the lower I'-limit of the se-

quence (Z5"). with respect to strong convergence in L?(Q; R") (see Definition 4.2.1).
In contrast to the I'-limit, the lower I'-limit of a sequence always exists. Moreover, if
a sequence is I'-convergent, then by definition the lower I'-limit and the I'-limit itself
are equal. As a consequence, if in the situation of the previous two theorems W ad-
ditionally satisfies (5.3), then (as already mentioned) (Z%"). is I'-convergent and we
particularly have

1 mc . n
h 5 [Wmua s nvgenar g e WO
Tiom(9) = Q

+ 00 else.

Thus, Theorem 5.1.2 and Theorem 5.1.3 comprise the corresponding results in [MN10)]
as a special case.

The theorems are accompanied by the following equi-coercivity results.

Proposition 5.1.4. Suppose that W satisfies (W2), (W3), (W4) and set

2 : 1.2/0.
w@yz{”mwmmﬂw if g € Wrg(GR?),

+ 00 else.
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5. Linearization and homogenization commute in finite elasticity

(1) The map ¥ : L?(;R™) — [0,00] is lower semicontinuous and coercive in the
strong topology.

(2) There exists a positive constant C such that
min { T°(g), o (9) } = C ¥(g)

for all g € L*(Q;R™) and all h,e > 0.

(3) There exists a positive constant C such that
min { 7, (9), Z(9), } = C ¥(g)
for all g € L*(Q;R™) and all € > 0.

(For the proof see page 66).

In contrast to the situation considered in [MN10] where Z*  matches the I-limit of
75" (corresponding to homogenization) and is given by the multi-cell homogenization
formula, the energy I}’fom is a lower I'-limit and cannot be represented by an explicit
formula in the setting considered here. As a consequence, it turns out to be imperative
to understand the behavior of (Z5") as ¢, h simultaneously tend to zero. This is done
by means of a novel two-scale linearization result which we present in the next section.
Moreover, we prove — as a by-product — that 7 is also the T-limit of 75" as € and h

simultaneously converge to zero:

Theorem 5.1.5. Suppose that W satisfy (W2), (W3), (W4) and let € : (0,00) —
(0,00) be a map with limy,_oe(h) =0. Then

imZeMh = 7
h—0

with respect to strong convergence in L*(Q;R™).

(For the proof see page 74).

5.2. Simultaneous linearization and homogenization of
elastic energies

In this section we prove a two-scale linearization result with the capability to capture
the two-scale limiting behavior of functionals of the type

1
L*(;M(n)) 2 G — h2/ W (x,#/e,Id + hG(x))dz
Q
as h and e simultaneously converge to 0. The result is a useful tool — not only for
the analysis in this part of the thesis, but also for the subsequent chapters. For this

reason we state the result in a setting that is more general as it is necessary for the
specific problem considered in Theorem 5.1.2.
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5.2. Simultaneous linearization and homogenization of elastic energies

Theorem 5.2.1. Let W : QxR"xM(n) — R be a measurable integrand satisfying
W(z,y,Id)=0 and W >0.
Suppose that there exists

L e 0(57 L (Y§ Tsym(n)))

per
such that
I —(LL
(5.9) limsup esssup Wiz,y,Id+G) 2< (z,9)G, G)l =0.
G20 (wy)exRn |G|

Let e : (0,00) — (0,00) be a map with limy_,oe(h) = 0.

(1) Let (Gy) C L*(Q;M(n)) converge weakly two-scale to G in L*(QxY;M(n)).
Then

1
lim inf — / W (z, ooy, Id + hGp) da > / / (L(z, )G, G) dy da.
h—0 h? Jq

QXY

(2) Let (Gy) C L*(Q;M(n)) converge strongly two-scale to G in L*(QxY;M(n)) and
suppose that

lim sup ess sup |hGp(x)| = 0.
h—0 e

Then

1
lim

2/ W (z,/e(h), Id + hG}p) dx = // (L(z,y)G, G) dydzx.
h—0 h* Jq

QXY

Here, two-scale convergence is understood with respect to the fine-scale e=c(h).

Remark 5.2.2. The measurability of W has to be understood in the sense Defini-
tion 3.1.1.

Proof of Theorem 5.2.1. For convenience we set

Q(x,y, F) == (L(z,y)F, F).

We like to remark that the assumptions on W straightforwardly imply that there exist
a closed ball K C M(n) with center 0 and a monotone map p : [0,00) — [0,00) with
lim, ¢ p(r) = p(0) = 0 such that

(5.10) W (x,y, Id+ F) = Q(z,y, F)| < p(|F|) | F|”
for all F € K C M(n) and a.e. (z,y) € QxR".

Step 1. We prove the lower bound statement (1). The proof relies on a “careful Taylor
expansion” of W used in [FJMO02]. We extend their idea with regard to two-scale
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5. Linearization and homogenization commute in finite elasticity

convergence. Roughly speaking, the strategy is the following: Because of the quadratic
expansion of W (condition (W4)), we can approximate W (z,y, [d+ F') by means of the
quadratic form @ provided |F| is small enough. This suggests to split 2 into a good
set y, where |hGp(x)| is sufficiently small, and a bad set Qf = Q\ Q. On the good
set we approximate W by the quadratic expansion and then obtain a lower bound by
means of the lower semicontinuity of convex integral functionals. On the bad set the
non-negativity of W allows us to ignore the energy portion generated in €2} without
increasing the energy. Since the measure of the bad set becomes negligible as h — 0,
it turns out that the decomposition above is sufficiently precise.

For the rigorous proof define
Qp:={zeQ: |Gpz) >h1?}

and let 1g, denote the indicator function associated to €1,. We consider the sequence
(Gp) defined by N
Gy, = 1lg, Gh.

Because (G,) weakly two-scale converges to ¢, we can apply Lemma 2.3.2 and deduce
that G, weakly two-scale converges to G in L?(QxY;M(n)) as well.

Due to the non-negativity of W we trivially have

1 1 ~
72 / W (z,z/e(n), Id + hGp(x)) dx > 72 / W (z,z/e(n), Id + hGp(x)) dz.
Q Q

Because of the estimate esssup,cq ’h@h(:r)‘ < h'/2, we deduce that for almost every

z € Q the matrix hG(z) belongs to the closed ball K C M(n) — provided h is small
enough. Hence, for small h we can approximate the right hand side in the previous
estimate by means of the quadratic form @ (cf. (5.10)):

1 ~ =~ 1/2y || 2
_ /e > Tle o '
2 /QW(% Je(h), Td+hG(x)) dz > /QQ(“’ /e, Gn(w)) de=p(h )HGh’ L2(Q3M(n))

The quadratic functional on the right hand side is lower semicontinuous with respect
to weak two-scale convergence in L*(Q2xY;M(n)) (see Proposition 3.2.2), while the
remainder vanishes as h — 0 due to the boundedness of (G1,) and limy_, p(h) = 0.
Since (Gp) two-scale converges to G, we infer that

hmlnf/W$$/s ,Id+ hGp(z dx>//Qxy, (x,y)) dz dy.
Qxy

Step 2. We prove statement (2). By assumption the matrix hGp(z) belongs to K for
a.e. = € () provided h is sufficiently small. Hence, (5.10) implies that

hmsup 2/W z/e(h), Id + hGp(x)) dzx
h—

< limsuph2/ Q(x,w/a(h),fd+hGh(x))dx+hmsup/ p(|hGh(2)] |G (2)]? da.
Q Q

h—
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5.2. Simultaneous linearization and homogenization of elastic energies

The second integral vanishes since p(h |Gp(z)|) — 0 uniformly. The first integral is a
quadratic functional that is continuous with respect to strong two-scale convergence

(see Proposition 3.2.2). Since G, 2aq strongly two-scale, we can pass to the limit
and obtain

limsup — 72 / W (z,%/e(n), Id + hGp(z)) dz < //Q z,y,G(z,y)) dz dy.
h—0
QxYy

On the other side we can apply statement (1) of the current theorem and deduce that

1
/ Q(m,y,G(m,y))dazdygliminf/W(m,w/s(h),fd—l—hGh(a:))dx.
h=0 h2 Q
Qxy

Now the combination of both estimates imply the claimed convergence and the proof
is complete. ]

Below we give a sufficient condition for the requirements in Theorem 5.2.1 by means
of the regularity of W in a neighborhood of Id.

Lemma 5.2.3. Let W : QxR"xM(n) — R be a measurable integrand. Assume that
W is Y -periodic in its second variable and satisfies

W(z,y,Id)=0 and W >0.

If there exists a closed set U C M(n) containing Id such that W restricted to QxY xU
belongs to the space

O Lo, (Y C*H(U))),

then W satisfies the assumptions of the previous theorem and L is the unique map in
C(Q; L, (Y; Tsym(n))) satisfying

per

19°W

(5.11) (L(x,y)G, G) = S 5F?

(z,y, [d)[G, ]

for all G e M(n), z € Q and a.e. y €Y.

Proof. Set
10°W
2 F2

and let L(z,y) € Tsym(n) denote the unique symmetric tensor with

Qz,y,G) = (z,y,1d)[G, G]

(L(z,y)G, G) = Q(z,y,G) for all G € M(n).

Since W € C(Q; L2, (Y;C*Y(U))) with Id € U and due to the periodicity of W, the

per

map (z,y) — L(z,y) belongs to C(Q; L3S, (Y; Tsym(n)).

per
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5. Linearization and homogenization commute in finite elasticity

We prove (5.9). To this end let K denote a closed ball in M(n) with center 0 and
K+ IdCU. Let G € K. Then the line segment { Id + sG : s € [0,1] } belongs to K
and a quadratic Taylor expansion of W with center Id yields

(5.12) W(a,y, Id+GC) = W(a,y, Id) + O (2, 1)[C]

! >*W
+ [[0= 95 @ td+56)(6.6)ds
for a.e. (z,y). Now the first two terms on the right hand side are zero, since W (z,y, Id)
is the minimum of W. By assumption, the map G — %QTVg(x,y,Id + G) is Lipschitz
continuous with a constant L > 0 uniform in (x,y). This implies

oW
e 1+ P, H] = Qo ) < LIF AP

for all F € K, H € M(n) and a.e. (x,y). We apply this estimate to (5.12) end deduce
that

2

! PwW
W1+ G) = Qe ) =| [ (1= 9 G5 (0 a + 56)G. Glas - Qa1 )

1
§L|G|/ (1-s)sds |G?
0

for all G € K and a.e. (z,y). Thus,

limsup esssup o = 0.
G—0 n
G2y (zy)eQxR |G|

O]

In the next lemma we gather some properties of L(x,y) for the situation where W is
related to finite elasticity.

Lemma 5.2.4. Let W : QxR"xM(n) — R be a measurable integrand. Suppose that
Id is a natural state, i.e. W(x,y,Id)=0 for a.e. (x,y) € QxR", and that W satisfies
the non-degeneracy condition

30 >0 : essinf W(z,y, F) > Cdist*(F,SO(n))  for all F € M(n).
(z,y) EQXR™

Suppose that there exists a symmetric second order tensor field

L € L®(QxR"; Taym(n))

such that
I —(L
(5.13) limsup esssup W2,y Id+G) 2< (2, 9)G, G)| =0.
G=0 (g,y)eQXR" ‘G’
G#£0
Then:
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5.2. Simultaneous linearization and homogenization of elastic energies

(1) There exists a constant C > 0 such that

inf (L(z,y)G, G) > G
(x7§§25r;Rn< (,9)G, G) = c|sym G|

for all G € M(n).
(2) If W is additionally frame indifferent, i.e.

W(z,y, F)=W(z,y, RF) for all F € M(n), R € SO(n)
and a.e. (z,y) € QxR"™, then

(L(z,y) skew G, skew G) =0
(L(z,y)F, G) = (L(z,y)G, F) = (L(z,y)sym G, F) = (L(z,y) sym G, sym F') .

for a.e. (x,y) and all matrices G, F € M(n).

Proof. Set
Qz,y,G) = (L(z,9)G, G).

Step 1. Let G € M(n). By assumption we have for all sufficiently small A > 0

1
(5.14) 2z W@,y Id+ hG) = Q(x,y,G)| < p(h|G])|GI*

with p(r) — 0 as r tends to zero. This implies
1
(5.15) lim —=W(z,y, [d+ hG) = Q(z,y,G).
h—0 h
Moreover, in view of the non-degeneracy condition we compute

1
Q(xz,y,G) > Climinf {2 dist?(Id + hG, SO(n)) — p(h|G|) \G|2}
h—0 h

for some uniform constant C. If A is small enough, the matrix Id + hG has positive
determinant. Hence, we can factorize it by means of the polar factorization as

Id+hG = Ry, \/(Id+ hG)T(Id + hG)

where Ry, is a suitable rotation. We can rewrite the distance to SO(n) in terms of this
factorization and obtain

2

dist?(Id + hG, SO(n)) = ’\/ (Id +hG)T(Id + hG) — Id

Since

i V(Id+ hG)T(Id + hG) — Id
h—0 h
(5.14) yields statement (1).

=symG,
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5. Linearization and homogenization commute in finite elasticity

Step 2. Let G € M(n) and h > 0 sufficiently small, so that det(/d + hG) > 0. Then

h

as can be seen by a polar factorization and frame indifference. Since

V({Id+hG)T(Id+ hG) - Id

N — sym G,

we deduce from (5.14) that %W(:L‘,y,[d + hG) — Q(z,y,sym G) and a comparison
with (5.15) yields the identity

Q(.%', Y, G) = Q(.%', Yy, Sym G)

Now the claimed identities follow from the previous identity and the formula

2<L(:U,y)G, F> = Q(I’y’F+G) - Q(‘T’y’ F) - Q(:c,y, G)

5.3. Proof of the main results

5.3.1. Equi-coercivity

In this section, we prove that the non-degeneracy condition (W3) and the Dirichlet
boundary condition yield equi-coercivity of the functionals 75", Iﬁom, Z;, and Z with
respect to strong convergence in W12(Q;R") — as it is stated in Proposition 5.1.4.

The proof for 75", Iﬁom relies on the following estimate:

Proposition 5.3.1. There exists a positive constant C such that

(5.16) / dist?(Id + h Vg(z), SO(n)) dz > C h* ||g|[31.2(umn)
Q

for all g € W3 (4 R™).

A variant of the previous proposition can be found along the lines in [Per99]. For
the sake of completeness we briefly sketch the proof, which roughly speaking relies on
two observations. The first one is a consequence of the geometric rigidity estimate (see
Theorem 5.3.2 below) and says that we can approximate the map x — Id+h Vg(z) by
a constant rotation, say Rj, € SO(n), in such a way that the L2-distance is controlled
by the left hand side of inequality (5.16).
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5.3. Proof of the main results

Theorem 5.3.2 (Geometric rigidity [FJMO02]). Let U be a bounded Lipschitz domain
in R", n > 2. There exists a constant C(U) with the following property: For each
v € WH2(U;R™) there is an associated rotation R € SO(n) such that

/ Vo(z) — R dz < C(U) / dist2(Vo(z), SO(n)) da.
U U

Moreover, the constant C(U) is invariant under uniform scaling of U.

The second insight is that the Dirichlet boundary condition imposed on I' C 92 implies
that the rotation Ry, is close to Id; namely, we are going to show that ‘h_l(Rh —Id) ’2
can be controlled by the left hand side of (5.16) as well. In this regard we need the
following result:

Lemma 5.3.3. Let I' C 9Q be a bounded H" '-measurable set with 0 < H" (') <
+00. Define for F € M(n)

FI2 = Crg@/F Fz — of? dH"\(2).
Then there exists a positive constant C such that
|F* <C |F[Z2  forall F € Mg(n)

where Mc(n) denotes the union of the cone generated by Id — SO(n) and the set of
skew symmetric matrices in M(n).

(For the proof see Lemma 3.3 in [Per99].)

Proof of Proposition 5.3.1. Let h > 0 and g € WFI’S(Q;R”). Due to Theorem 5.3.2
there exists a rotation R € SO(n) with

(5.17) / \Id + hVg(z) — R)? dz < c’/ dist?(Id + h Vg(x),SO(n)) dz.
Q Q

Here and below, ¢ denotes a positive constant that may change from line to line, but
can be chosen independent of h and g. Since g vanishes on I' C 9¢2, we have

lolisozn < ¢ [ [Va@) da

due to the Poincaré-Friedrichs inequality (see Proposition A.1.1). By means of the
decomposition
hVg(x) = (Id+ hVg(x) — R) — (Id — R)

inequality (5.17) implies

1 |9l 2 mny < ¢ </Qdist2(ld—|—th(x),SO(n))da:+ |Id—R|2>.
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5. Linearization and homogenization commute in finite elasticity

Hence, it remains to prove that the distance |Id — R|2 can be controlled by the right
hand side of (5.17) as well. To this end, we define

1

u(z) == (Id — R)x + hg(x) —uq with  ug:= Q)

/ (Id — R)x + hg(z) dx.
Q

The map u belongs to W12(£2;R") and has vanishing mean value; thus, the Poincaré
inequality and the continuity of the trace operator imply

/|u dH" /\Vu

Since g(xz) = 0 for z € T, we have u(z) = (Id — R)x + ugq for all z € T' and Lemma
5.3.3 yields

|Id — R|> < C|Id — R|F<c/|u dH" ! (x)

¢ /Q V()2

On the other hand, we have Vu(z) = Id+h Vg(z) — R and in view of (5.17) we obtain
the estimate

(5.18) lId— R* < ¢ / dist?(Id + h Vg(x), SO(n)) dz,
Q
which completes the proof. O

Remark 5.3.4. The presence of a boundary condition is crucial in Proposition 5.3.1.
For instance, let R denote an arbitrary rotation that is different from Id. Consider the

displacement
R—-1Id
gn(z) == P

Then the gradient of the deformation x — = + hgp,(z) belongs to SO(n) for all x and
the left hand side in (5.16) vanishes. But we have

hmmfh /|Vgh] dz > 0.

Remark 5.3.5. The estimate in Proposition 5.3.1 is also valid for periodic functions.
In particular we showed in [MN10] the following: There exists a positive constant C
such that

L ais?(Td+ hve(e), S0m) de > C [ V(@)
h* Jey kY

for all h > 0, k € N and maps ¢ € Wr}é?p(k‘Y;R”).

Proof of Proposition 5.1.4, statement (1) and (2). Step 1. We prove (1). Let (g;) be
a strongly convergent sequence in L?(2; R") with limit g. We have to show that

(5.19) liminf ¥(g;) > ¥(g).

Jj—o0
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5.3. Proof of the main results

For the proof we only have to consider the situation where the left hand side is finite. In
this case we can pass to a subsequence (not relabeled) with sup; ¥(g;) < oo such that
lim; 00 W(g;) exists and equals the left hand side of (5.19). Obviously, this implies
that (g;) is a bounded sequence in W12?(€;R") and satisfies the vanishing Dirichlet
boundary condition on I'. We conclude that (g;) weakly converges to g in W1H2(Q; R?)
and that g satisfies the boundary condition as well. Now (5.19) directly follows from
the lower semicontinuity of the norm with respect to weak convergence.

Step 2. Due to the non-degeneracy condition and the fact that Z5" can only be finite
for maps in W%’S(Q, R™), Proposition 5.3.1 implies that

(5.20) 5" (g) > ¢o U(g) for all g € L?(Q;R™)

for a positive constant cg. Let g € L?(Q; R™). We claim that

(5.21) I (9) > co¥(g).

hom

This can be seen as follows: Since Z{'  is the lower I-limit of (Z5")., there exists a
sequence (g.) converging to g in L?(2;R™) such that
hom

T (g) = ligl}(])afIE’h(ga).

Now the lower bound (5.20) and the lower semicontinuity of the map ¥ proves (5.21).
O

The equi-coercivity of the linearized functionals 7y, and Z relies on the following Korn
inequality of Friedrichs type:

Proposition 5.3.6. There exists a positive constant C such that

/Q lsym Vg(x)]* dz > C ||l 2@qmny  forall g € Wrg(Q:R).

Proof. We recall the Korn inequality (see Proposition A.1.2): For every g € W12(Q; R")
there exists a skew symmetric matrix A € M(n) such that

(5.22) / \Vy(z) + AP dz < CQ/ lsym Vg(z)|? da
Q Q

where Cq, is a positive constant that only depends on 2.

Let g € WE’S(Q; R™) and choose A as above. Then

1
H™(Q)

u(z) :=g(z) + Az — ug with ugq := / g(z) + Az dx
Q

defines a map in W12(Q; R") with vanishing mean value. We estimate the modulus of
the skew symmetric matrix A by means of Lemma 5.3.3:

AR <CIAR < ¢ [ A~ ual aH" (o)
r
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5. Linearization and homogenization commute in finite elasticity

Here and below, ¢’ denotes a constant that may change from line to line, but only
depends on 2 and I'. Since u(z) = Az — ug on I, the right hand side is controlled by
||u||iQ (o;rn)- Now the continuity of the trace operator and Poincaré’s inequality yield

|A]? < c’/ \Vu(z)|* de
Q
and because of Vu = Vg + A, Korn’s inequality (5.22) implies that

(5.23) |A]? < c’/ lsym Vg (x)|* dz.
Q

On the other hand, we have

l9llwr2rn) < € IVl L2y < € (HVUHL2(Q;M(n) + |4 H"(Q))

by the Poincaré-Friedrichs inequality and because of Vg(x) = Vu(z) — A; thus, the
right hand side can be estimated by means of (5.22) and (5.23) and the proof is
complete. 0

Proof of Proposition 5.1.4, statement (3). In virtue of Lemma 5.2.4, the non-dege-
neracy condition (W3) and assumption (W4), we have

(5.24) ess i;lfQ(y, F) > C |sym F|? for all F' € M(n)
ye
and a positive constant C'. We claim that the same estimate holds for Qpom as well.

Since the map F +— Qnom(F) is continuous and quadratic, we only have to prove that
there exists a constant C' > 0 such that

(5.25) Qhom(sym F) > C

for all symmetric F € M(n) with |F| = 1. Let F' be such a matrix. In view of

Remark 5.1.1 there exists a map ¢ € W;éio(Y; R™) such that

Quon(F) = | QU F+Vior)dy.
We apply estimate (5.24) and compute
1 2
Gun(F) = [ lsym(F + Vor()P dy
= |sym F|* + 2/Y (sym F, sym Vipp(y)) dy + /Y |sym Vi p(y)|* dy.

Now the first term on the right hand side equals 1 and the third term is positive. The
second term vanishes, because of

/ (sym F, sym Vor(y)) dy =/ (symF, Vor(y)) dy =0
Y Y
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5.3. Proof of the main results

where we used the fact that gradients of periodic functions and constant matrices are
orthogonal in L?(Y;M(n)). We conclude that Qpom (F) is strictly positive and because
the set of all symmetric matrices with modulus equal to 1 is compact, (5.25) follows.

Now the validity of statement (3) is a direct consequence of the periodic Korn inequality
(see Proposition A.1.3). O

5.3.2. Proof of Theorem 5.1.2

We have to show the following;:
(1) (Lower bound). For each sequence (g;) C L%(Q;R") with limit g there holds
(5.26) lim inf 7., (91) > Z(g).
h—0

(2) (Upper bound). For each map g € L?*(Q;R") there exists a sequence (g,) C
L?(Q;R™) converging to g such that

(5.27) lim Zj\,.,(9) = Z(g).

Lower bound

In contrast to the situation discussed in [MN10], the lower I'-limit Iﬁom (which is as-
sociated to homogenization) cannot be expressed by an explicit formula in general.

Nevertheless, we can approximate I{fom(g) by appropriately evaluating the initial en-

ergy Z°" (see Lemma 5.3.7 below). Moreover, the equi-coercivity of Z5" enables us
to establish a lim inf-inequality in the situation where ¢ and h simultaneously tend to
zero (see Proposition 5.3.8). The combination of both observations eventually leads to
the lower bound estimate.

Lemma 5.3.7. Let h > 0,7 >0 and g € WE’S(Q;R”). Then there exists € € (0, h)
and a map g € W%’S(Q;R") such that

Throm(9) +1 > T7"()

g — QH%Q(Q;R”) <h

Proof. We only have to consider the case where Iﬁom(g) is finite. By definition, there

exists a sequence (g:) C L?(£2;R™) converging to g such that
(5.28) Thom(9) +1/2 > lim inf 5" (gc).
E—

We pass to a subsequence (not relabeled) such that lim._,q Z5"(g.) exists and equals
the right hand side of (5.28). Consequently, for all € sufficiently small we have

e <h, Tiwm(9) +1>79"(g.) and |lg— el 2(rny < h-

Let ¢ denote such a sufficiently small positive number and set § := gz. Since Z5"(g) is
finite, we deduce that § € WFI’S(Q; R™) and the proof is complete. O
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5. Linearization and homogenization commute in finite elasticity

Proposition 5.3.8. Suppose that W satisfies the conditions (W2), (W3) and (W4),
and let € : (0,00) — (0,00) be a map with limy_,ge(h) = 0. Then for any sequence
(gn) in L2(S;R™) with limit g € L?(£;R?) we have

(5.29) lim inf 7MW (g) > Z(g).
—0

Proof. Step 1. We only have to consider the case where the left hand side of (5.29) is
finite. In this case we can pass to a subsequence of (h) — that we do not relabel —
such that limy,_,0 Z5"-"(g;,) exists and equals the left hand side of (5.29). Moreover, we
assume without loss of generality that Ia(h)’h(gh) < C for all A and a uniform positive
constant C. Due to the equi-coercivity (see Proposition 5.1.4), we find that (g) is
a bounded sequence in W2(€2;R") and satisfies the Dirichlet boundary condition.
This implies that (gj,) weakly converges to g in WH2(Q; R"), because, by assumption,
gn — g in L2(;R™). Thus, g € W%ZS(Q;R").

Step 2. In view of Proposition 2.1.14, we can pass to a further subsequence (not rela-
beled) such that

Van 2. Vg+ Ve weakly two-scale in L*(QxY;M(n))

for a suitable map ¢ € L?(£; W;éio(Y; R™)). Note that in the limit, only the periodic
profile ¢ depends on the chosen subsequence. Now assumption (W4) allows us to pass

to the limit by means of Theorem 5.2.1; thus,

1
.. R),h e .
hin 1(1;1f1'5( P (gn) = 111}an 1(1;1f 72 /Q W (z/e(n), Id + h Vgp(z)) dz

2/ Q(y, Vg(z) + V, ¢(z,y)) dy dx
aQxy

Since p(z,) € Wpléio(Y; R™) for a.e. x € €2, the right hand side is bounded from below
by

/Q Qnom(Vg(@)) dz = T(g).

This expression is independent of the subsequence, and therefore (5.29) follows. O

Proof of Theorem 5.1.2, lower bound. Let (gi) be an arbitrary sequence in L?(£2; R")
with limit g. We only have to consider the case where

(5.30) lim inf T (gn)

h—

is finite. Since (ZJ, ) is equi-coercive (see Proposition 5.1.4), we can assume without
loss of generality (similarly to Step 1 in the proof of Proposition 5.3.8) that (gj) is
a weakly convergent sequence in WE’S(Q; R™) with limit g such that limj_, Iﬁom(gh)

exists and equals (5.30).
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Due to Lemma 5.3.7 we can assign to each n > 0 and h > 0 a map g € WES(Q,R")
and a number e(h) € (0, h) such that

(5.31) Do (gn) +1 > TP (Gn)  and  |lgn = Gnllp2(mn) < b

The latter property implies that () converges to g strongly in L?(Q; R") and in view
of Proposition 5.3.8 we obtain

liminf 7' (gn) > liminf(Z°M"(g,) — n) > Z(g) — .
h—0 h—0

Because this is valid for all > 0, the proof is complete. O

Upper bound

Lemma 5.3.9. Let W satisfy (W4). Then there exist a closed ball K C M(n) with
center 0 and a monotone map p : [0,00) — [0,00) with lim,_o p(r) = p(0) = 0 such
that

W(y, Id + F) = Q(y, F)| < p(|F|) | F|*

forall F e K and a.e. y €Y.

The proof is obvious and omitted here.
For the sequel it is convenient to introduce the two-scale limiting functional
70 WhE QR X L2 (s W2 (Y3 R™)) — [0, 00)

per,0
(g, ¢) = //Q(y,vg(:c) +V, (2, y)) dy da.
QxYy

Proof of Theorem 5.1.2, upper bound. Let g € L?(Q;R"™). We only have to consider
the case where Z(g) is finite. In this case g belongs to WI}’S(Q; R™) and we have

I(g) =1%4g. )

for a suitable map ¢ € L?({; W;é%,o (Y;R")). Because Z° is continuous with respect to

strong convergence and due to density arguments, there exist maps

gy € WHO(RM) NG R™)  and ¢, € C2°(Q: o5 (Y3 R™))

per

such that

(5.32) ‘Io(gna Pn) — I(9)| + llgn — gHWL?(Q;]Rn) + [leg — ()OHLQ(Q;WIQ(Y;RH)) <17
Set gye(x) := gy(x) + epy(x,2/e). Then g, . belongs to Wé’g(Q;R") and satisfies

Van.e 2 Vg, +Vy, oy strongly two-scale in L*(QxY; M(n)).
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5. Linearization and homogenization commute in finite elasticity

Note that this implies

lim /Q Q (e, Vgyo(x)) dz — T°(gy, 01)

e—0

for all . Moreover, the sequence (gy, ). uniformly converges to g. For this reason we
have

1
I{fom(gn) < lim supIE’h(gnyg) = lim sup 72 /Q W (z/e,Id + hVgy(x))da.

e—0 e—0

Since g, and its gradient is uniformly bounded in e, we have

sup |h Vgye(z)| < hC
€N

for some constant C), independent of € and h. This means that for h sufficiently small,
Vgn.e(x) belongs to the closed ball K from Lemma 5.3.9 for all € € and all e. Thus,
we can utilize the quadratic expansion of W and deduce with Lemma 5.3.9 that

. 1
Tl (a) <limsup g5 [ WIE/e, T4+ 1 Vo (a) da

< limsup /Q Q (%/=,Vgye) dz + p(hCy)Cy < Io(gm Pn) + p(hC’n)C,QI

e—0

< Z(g) + p(hCy)Cy + 1.
Consequently, we arrive at

lim sup limsup ZJ". . (g,) < Z(g).
n—0  h—0

In view of Attouch’s diagonalization argument (see Lemma A.2.1), there exists a di-
agonal sequence n(h) with limy_,on(h) = 0 and

lim Sungom(gn(h)) < I(g)
h—0
Set gn := gy(n)- Then gj, converges to g strongly in Wh2(Q; R") due to (5.32) and we
have

I(g) > lim SupI{llom(gh) > lim infl—{llom(gh) 2 I(g)
h—0 h—0

where the last inequality holds, because of the lower bound estimate in statement
(1). O

5.3.3. Proof of Theorem 5.1.3

In this section we prove that the diagram (5.8) in Theorem 7.1.1 commutes. Therefore,
it remains to show that

im Z5"= 7¢ lim Z8. =
(1) I;;LH(?I — “*lin (3> I;g%nl.hn T
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5.3. Proof of the main results

hold w.r.t. strong convergence in L?(£2;R™).

Convergence (3) follows by standard results from convex homogenization (see e.g. Sec-
tion 3.3, [FM86], [OSI84]), while convergence (1), which corresponds to linearization,
follows by the theorem below.

Theorem 5.3.10. Suppose that W satisfies (W2) and

I —(L
(Wiq)  JL € L=(€; Tsym(n)) : limsup esssup Wy, Id +G) 2< (2)G, G)|
G T G|

=0,

and set Q(z, F) := (L(z)F, F). Consider the functional

1 . n
') hQ/W(a:,Id—i—th(:U))dx if g € WEZS(Q;R )
g) =

+ o0 else.

Then the family (Ir,) T-converges w.r.t. strong convergence in L*(Q;R™) to the func-
tional

i [ Qo) ifgewhioirn)
Ilin(g) =

+ o0 else.

This result can be found in our paper [MN10] and is a slight variant of an argument
used in [Per99] where linearized elasticity is derived as a I'-limit of finite elasticity. For
the sake of completeness we briefly recall the proof from [MN10]:

Proof. Step 1. (Upper bound). We have to prove that for any g € L?(Q;R") there
exists a sequence (gy,) strongly converging to g in L?(£2;R™) such that

lim Z"(g1) = Ziin (9)-
h—0

In view of Proposition 5.1.4, we only have to consider the case g € W;’S(Q; R™). The

continuity of Zyiy, with respect to strong convergence in W12(Q; R") and the

‘Wﬁ:g(n;w)
definition of the space WIES(Q, R™) allows us to restrict the subsequent analysis to the
case where g € WH°(Q;R") N WSS(Q, R™). In this situation we utilize the quadratic
expansion in assumption (W4) by applying Lemma 5.3.9 and obtain the estimate

z€eQ

1
h2/W(w,Id+ hVg(x))dz — /Q(x,Vg(x))dx < esssupp (h|Vg(x / |Vg|? da
Q
which holds whenever h is small enough. Consequently, we deduce that

th/WxId—i—th( dx—/Qng( )) dz.
h—0 h
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5. Linearization and homogenization commute in finite elasticity

Step 2. (Lower bound). Let (gz) be a sequence in L?(£;R") with (strong) limit
g € L*(Q;R™). We show that

lim i(r)lfIh(gh) > Thin(9g)-

h—

As usual, we only have to consider the case where the left hand side is finite. In
this case the equi-coercivity (cf. Proposition 5.1.4) implies that g € W;’S(Q; R™) and
enables us to pass to a subsequence (not relabeled) such that

g — g weakly in WH2(Q;R")  and  limsupZ”(gp,) = liminf Z"(gy,).
h—0 h—0

We define the set
Qn:={zeQ: |Vgr(z) >nr?}

and can see that the sequence (Hp) with Hy, := 1g, Vg, weakly converges to Vg (see
Proposition 2.3.1). As in the proof of the lower bound part of Theorem 5.2.1, we obtain

h—0

1 1
liminf — / W(z,Id+ hVgp(x))dr > liminf — / W(z,Id+ hHp(z))dz
h? h—0 h?
Q Q
> [ Q. Vo(a)) do = Tun(o).
Q

O]

5.4. Proof of Theorem 5.1.5

We have to prove the following:

(1) (Lower bound). For each sequence (g;) C L*(Q; R") with limit g there holds

(5.33) lim inf 2k (g) > Z(g).
—0

(2) (Upper bound). For each map g € L?(£2;R") there exists a sequence (gs) C
L?(£;R™) converging to g such that

(5.34) lim 7 (g) = Z(g).

The lower bound part is covered by Proposition 5.3.8. For the upper bound part we
proceed as we did in the proof of the upper bound part of Theorem 5.1.2. As usual it
is sufficient to assume that g € Wllg(Q, R™). Recalling the definition of the functional
7° we choose maps g, € WH(Q; R") OW;ZS(Q; R™) and ¢ € C°(§2; Cpe, (Y;R™)) such
that

Z°(gn, 00) < Z(9) + 1
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5.4. Proof of Theorem 5.1.5

and define
I () = gn(x) + e(h)pn(x, /eh)).

Obviously, (Vg 1) strongly two-scale converges to Vg, +V, ¢, and satisfies

lim sup sup | Vgy n(x)| = 0.
h—0 zeQ

Hence, we can apply Theorem 5.2.1 and deduce that

lim s(l]lpf(h)’h(gn,h) = Z°%gn, n) < Z(g) + 1.
—

As in the proof of Theorem 5.1.2, we obtain the recovery sequence by choosing a
suitable diagonal sequence. O
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6. Two-scale convergence methods for slender
domains

6.1. Introduction and motivation

In this chapter we introduce some two-scale convergence methods that are suited for
homogenization problems in the context of thin films. In particular, we present a
new characterization of two-scale cluster points that emerge from sequences of scaled
gradients, i.e. sequences of vector fields in the form

(6.1) ( 81uh ‘ 82uh ‘ %&»,uh )

where (uy,) is a bounded sequence in W12(Q) with Q@ C R3. The characterization
has the capability to capture lateral oscillations with respect to a given fine-scale &
and is sensitive to the limiting behavior of the ratio #/c as both fine-scales tend to
zZero.

Scaled gradients naturally appear in the context of thin films — as we illustrate in
the following introductory example: Let Q; := wx(hS) be a thin, cylindrical do-
main in R? where w C R? is open and bounded, S a bounded, one-dimensional in-
terval and h a small positive number. We decompose each point z € R3 according
to

z= (&) with ZeR? TeR

and consider the functional

(6.2) £ (v) = i/ﬂh g(¢/=, Vo(z)) dz, v e WH(Q: R3)

where g : R2xM(3) — R is a measurable integrand, [0,1)? =: Y-periodic in its first
variable and ¢ is a small positive number. Functionals of this type are related to elastic
thin-films with laterally periodic inhomogeneities. In this context £5" is the elastic en-
ergy “per thickness” of a film with thickness h and a material microstructure on length
scale €. It is convenient to change coordinates according to

1
x=(&,%) — (i,hx>, Qp — Q= wxA8S.

This allows us to work on the fixed domain €2 and to consider the scaled, but equivalent
energy

oM () = / 9(¥/e, Vo, u(x)) dz, u e WH2(Q; R3)
Q
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6. Two-scale convergence methods for slender domains

where Vi, u denotes the scaled gradient of w and is defined according to (6.1). The
scaled energy is related to the initial one as follows:

EM(w)y =T5"w) and  (Vapu)(z) = (Vo)(&,hz) for u(z) =v(i, hT).

The goal of this section is to provide two-scale convergence methods that allow to
analyze the limiting behavior of Z" (and related functionals) as both fine-scales si-
multaneously tend to zero. As we have seen in the discussion in Section 3.3, a key
step in homogenization is a decent understanding of the two-scale behavior of the in-
volved quantities. In the setting addressed here, this means to analyze the two-scale
convergence behavior of sequences of the form (Vap, up,).

A simplified version of our main result (see Theorem 6.3.3 below) is the following:
Suppose that h/e — v with v € (0,00). We are going to show that if (uj) is a weakly
convergent sequence in W12(Q; R3?) with limit u and the sequence of scaled gradients
(Vo up,) is bounded in L?(2; M(3)), then u can be identified with a map in W12 (w; R3)
and any weak two-scale cluster point of (V, , up,) can be written as a sum of the gradient
of u and a scaled gradient in the form

(6.3) (O uo(@.) | dyauola.y) | L0suo(a,y) )

where ug denotes an additional auxiliary function that is Y-periodic with respect to
its y-components. Additionally, we prove that the characterization is “sharp” in the
following sense: Whenever we have a scaled gradient in the form (6.3) and a map
u € WhH2(w;R3), then we can construct a weakly convergent sequence with limit u
such that the associated sequence of scaled gradients strongly two-scale converges to
the sum of Vu and the scaled gradient. We also obtain similar results for the cases
v =0 and v = oo where the fine-scales separate.

In the result above we use a slight variant of the notion of two-scale convergence
that only captures oscillations in the Z-components. In the next section we introduce
this variant and briefly elaborate on its relation to the standard notion of two-scale
convergence. In Section 6.3 we prove the two-scale characterization result for scaled
gradients in a more general setting, including the degenerated cases where v € {0, co}.
In last section of this chapter we study the asymptotic behavior of the energy Z¢" in
the situation where g is convex and compute the I'-limit as A and ¢ simultaneously
tend to zero.

Some notation. Throughout this chapter £ denotes a finite dimensional Fuclidean
space with norm |-| and inner product (-, -).

Let n,m € N with m < n, set Y := [0,1)™ and let  be an open subset of R”. We

decompose each point z € R™ according to z = (&, ) with £ € R™ and z € R"™™,
and call Z the in-plane and T out-of-plane component of z € R"™.
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6.2. Two-scale convergence suited for in-plane oscillations

6.2. Two-scale convergence suited for in-plane oscillations

In the following we present a slight variant of two-scale convergence that is suited
for sequences in LP(Q2), @ C R™ which feature oscillations only in the first m < n
components.

Definition 6.2.1. For each measurable map u: Q — E and £ > 0 we define

u(e|z/e] +ey,z) if (e|@/e] +ey,T) €

0 else.

T"u : R"XY — E, (T"u)(x,y) = {

Lemma 6.2.2. Let p € [1,00]. The operator T]" : LP(;E) — LP(R"xY;E) is a
linear (nonsurjective) isometry.

Proof. Let v: R®™ — E denote the extension of u to R™ by zero and define
V() = / (@, )P dz.
Then

Il :/R (@) da :/R V(#)di — // V(elife] +ey) dyd.
n m m><
The last identity holds due to Lemma 9.1.3. The right hand side is equal to

Hﬁnu”lzp(gxyﬂ) .
O
Definition 6.2.3. Let p € [1,00) and let () denote an arbitrary vanishing sequence

of positive numbers. For any sequence of measurable functions u. : 2 — E and any
measurable function v : QxY — E we say that

(ue) strongly (weakly) two-scale converges to u in LP(Q2xY'; E)
(with respect to (g)-oscillations in the first m-components)

whenever (7"u.) strongly (weakly) converges to u in LP(R"xY;E). We use the fol-
lowing notation

U s u strongly two-scale in LP(Q2xY; E),

ue s u weakly two-scale in LP(Q2xY;E).
Remark 6.2.4. Despite the potential danger of confusion, we use the same notation

for the new variant and the standard notion of two-scale convergence introduced in
Section 2. The fact that the line

ue 5w strongly two-scale in LP(QxY;E)
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6. Two-scale convergence methods for slender domains

means two-scale convergence with respect to oscillations in the first m-components is
encoded in the dimension m of the periodicity cell Y. The notation is also justified by
the trivial observation that both notions coincide if Y is the usual n-dimensional unit
cube.

The following result establishes a link between both notions of two-scale convergence.
In particular, it shows that the variant discussed here, is included in the standard
notion of two-scale convergence:

Proposition 6.2.5. Let p € (1,00). Set
Z:=100,1)"={(y,2) :yeY, ze[0, )"}
and consider a sequence (up) C LP(;E).

(1) If (up) weakly (strongly) two-scale converges to a function uy in LP(QxZ;E),
then (up) weakly (strongly) two-scale converges to the function

U($,y) ::/ UZ(:Cayvz)dZ
(071)717771

in LP(QxY;E) in the sense of Definition 6.2.35.

(2) If (up) weakly (strongly) two-scale converges to a function u in LP(QxY;E) in
the sense of Definition 6.2.3, then from any subsequence of (up) we can extract
a subsequence that weakly (strongly) two-scale converges to a function uz in
LP(QxZ;E) in the sense of Definition 4.1.2 with

U(l‘,y):/ uZ(x,y7z)dZ.
(0’1)n77n

Proof. (1) is trivial. In order to prove (2), first note that a weakly (strongly) two-scale
convergent sequence in LP(2xY;E) is bounded. In view of the two-scale compactness
(see Proposition 2.1.4) we can pass to a subsequence (not relabeled) such that

wp = uy weakly two-scale in LP(2x Z;E)
for a suitable map uyz € LP(Q2x Z;E); thus, (1) implies that f(o 1yn-m Uz dz = u.

Now suppose that (u.) is even strongly two-scale convergent in L2(QxY;E), i.e. we
additionally have (see Lemma 2.1.5)

el omy = Ul exyE) -

/ uyz dz
(071)71,7777,

Then

V4 _
T A—— / /
QxyY

p
dydz < [juz lep(QxZ;IE)

. . P _ p
< hg&lf HUEHLP(Q;E) = ||UHLP(Q><Y;E) :
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Since LP(2xZ;E) is a uniformly convex Banach space, weak convergence combined
with convergence of the norm yields strong convergence and we can infer that 7 u.
strongly converges to uy. O

In view of the previous proposition it is clear that all the results for two-scale conver-
gence in the sense of Definition 4.1.2 generalize in an obvious way to the variant of
two-scale convergence introduced here.

6.3. Two-scale limits of scaled gradients.

In this section we consider cylindrical domains of the form
Q=wxs with w C R™ and S c R"™™

and assume that w and S are open and bounded sets with Lipschitz boundary. As
before we set Y :=[0,1)™.

Definition 6.3.1 (Scaled gradients). Let h,y > 0 and m € N with m <n.
(a) For u € WH2(Q;E) we define the scaled gradient
Vin,p u(z) == (Vi u(x) ‘ F Vi u(z) )
where Vi u(z) == ( du(z) ‘ ‘ Omu(z) ),
Vi u(z) == ( Omyru(z) ‘ ‘ Onu(z) ).

(b) For ¢ € L*(w; WH2(SxY;E) we define

QZn,wib(aﬂ y) = ( ‘%/1b(a% y) ‘ %"75 Lb(a% y) )
where Vy ¥(z,y) = ( Oy, () ‘ ‘ Oy, ¥ () )
Vz(2,y) == ( Om19(z,y) ‘ ‘ Ontp(,y) )

(c) We define the function space

W2 (SXYE) i= { w € W'3(SxYSE) :

w(z,y) is Y-periodic in its second variable. }

We call §m’7w with w € W;ﬂ

-per

(SxY;E) an auxiliary gradient.
Remark 6.3.2. The gradients V,, j u(x) as well as %mwu(a;) are “row-vectors” in E".

In applications we typically have E = R?. In this case we identify the gradients above
with matrices in R™*¢ as it is usual.
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6. Two-scale convergence methods for slender domains

Theorem 6.3.3. Let ¢ : (0,00) — (0,00) satisfy

h
}lg%g(h):o and }l}gbm:’y with v € [0, 00].

Let (up) be a weakly convergent sequence in WY2(Q; E) with limit u and suppose that

limsup/ Vi b uh|2 dr < co.
h—0 Q

Then u is independent of T and can be identified with a map in W12 (w; E). Moreover:

(1) Let v € {0,00}. Then there exist maps

» "V per,0

up € L2(Q; W2 (V:E)) and @ € L*(w; WH2(S;E)) ify =00

per,0

{uo € L2(w; W22 (V:E)) and @ € L*(wxY;WY2(S;E)  ify =0

and a subsequence (not relabeled) such that
2 _
Vm,huh — ( V@U—I—Vyw) ‘ Vz u )
weakly two-scale in L2(QxY;E™) with respect to (e(h))-oscillations in the first
m-components (see Definition 6.2.3).

(2) Let v € (0,00). Then there exist a map

wo € L*(w; W;’?per(SxY; E))

and a subsequence (not relabeled) such that
vm,h Up N ( Vi ’LL(CE‘) ‘ 0 ) + %m,'yw(](x)y)

weakly two-scale in L2(QxY;E™) with respect to (e(h))-oscillations in the first
m-components (see Definition 6.2.3).

Proof. For brevity we always write ¢ instead of €(h). For x € R"™ and y € Y we use
the notation
x=(x1, - ,xy) and y=(y1, " ,Ym)-

Moreover, Ji, and 0y, refer to the derivative with respect to the coordinate xj, and y,
respectively. We denote the standard inner product in R¥, k € N, by (a, b). We only
consider the case E = R. The case for a general d-dimensional Euclidean space is then
recovered by applying the subsequent analysis to each of the d components separately.
Additionally, we assume without loss of generality that H"~™(S) = 1.

Step 1. We define the maps

in(7) = /S un(e,2) T and  in(z) = un(x) — in ().
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6.3. Two-scale limits of scaled gradients.

Each map 14, has vanishing mean value (w.r.t. Z). Thus, we can apply Poincaré’s
inequality and deduce that

/yahﬁ d:zgc’/ Vs i d:i:c’hQ/ 11V, up|? dz
S S S

where ¢ > 0 only depends on the geometry of S. Integration over w on both sides
leads to the estimate

1
(6.4) limsuth/ ap|? da < c’limsup/ Vi ) dz.
h—0 Q h—0 Q

By assumption, the right hand side is finite, and therefore 1, strongly converges to 0
in L*(€2). On the other side, the sequence (i) weakly converges to [ udz in Wh?(w).
Because uy, = @y, + @, and since () vanishes in the limit, we deduce that u = | gudr
and the first statement follows.

Step 2. We claim that there exist maps

per,0 per,0

o € L2 w; W2 (Y)), g e L2 W2 (Y)) with /ﬁo(ﬂc,y)dxzo
and @ € L2 (wxY; W2(S)) ’
such that
(6.5) Vit —= Vs w(Z) + Vy o(2,y) weakly two-scale in L%(wxY; R™)
(6.6) Vs, — v to(x,y) weakly two-scale in L?(QxY;R™)

1
(6.7) 7 \ARTIEIN v u(z,y) weakly two-scale in L?(QxY; R"™™)

for a subsequence. (6.5) and (6.6) follow from Proposition 2.1.14.

In order to prove (6.7) consider a test function ¥ € CZ°(Q; CSS,.(Y; R"™™) with

per

n—m
divz ¥ OmikVi(z,y) = 0.
k=1

Since (7 Vi up)p, is bounded in L2(€; R™"™™) (at least for a subsequence), we have

1
7 Viup — U weakly two-scale in L?(QxY; R"™™)

for a suitable map U € L?(2xY;R" ™) and a subsequence (not relabeled). With
partial integration we find that

1 R 1 . .
’ /Q (Vi up(z), ¥(x,2/e)) do = —h/ﬂuh(:n) (divz O)(x,2/e)dz =0
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6. Two-scale convergence methods for slender domains

On the left we can pass to the limit A — 0 by means of two-scale convergence and
obtain

// (U(x,y), ¥(z,y)) dyde =0

Qxy
for all U € C°(Q; CSo.(Y;R™™™) with divy ¥ = 0.

per

In particular, we have for almost every £ € w and y € Y
/ (U(3,2,9), U(F) dz =0 for all U € V(S) = { ¥ € C(S;R") : div ¥ = 0}.
S

Hence, Lemma 6.3.4 implies that U is a gradient of a map in L?(wxY; W12(S)).
Step 3. We consider the case v = 0, i.e. #/e — 0. It remains to prove that
(6.8) Vy g = 0.

Let ¥ € C°(Q; C2,.(Y;R™)). Then partial integration yields

per
©9) [ (Vrin(a), v(a572) do
Q
. . . 1 .. .
= —/ <uh(x), ((lef U)(x,2/e) + —(divy \I')(x,ﬂ?/s)>> dz
Q 9
The modulus of the right hand side is bounded by

L.
Cu _ lltnll 2 (oren)

where C'y is a positive constant that only depends on the test function W. Hence, in
view of estimate (6.4) and due to the assumption that ?/e(h) — 0, we find that

/Q<V5c tp (), U(x,3/c)) dz — 0.

On the other hand, the integral on the left hand side in (6.9) converges to

[ v iata), (o) doay

QxY

which must be equal to zero. Hence, identity (6.8) follows, because ¥ is an arbitrary
function in the space C2°(2; CS.(Y;R™)) which is dense in L?(QxY;R™).

per

Step 4. We consider the case v = oo, i.e. ¢/h — 0. We only have to prove that we
can choose the map @ independent of y € Y. To this end, let k£ and [ be indices
with m < k < nand 1 <[ < m. For clarity we set m,(z) := (z,%/=(h)). Let

P € CF(;Cpe(Y)) and consider the integral

(6.10) /Q <}1L6kuh, (1 o wh)> da.
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6.3. Two-scale limits of scaled gradients.

The sequence (%akuh) is weakly two-scale convergent to Oy, while (0 (1o, )) strongly
two-scale converges to 0y,1(z,y) (see Proposition 2.1.16). Hence, we can pass to the
limit in (6.10) by means of Proposition 2.1.12 and deduce

(6.11) /Q<f1L8kuh’ e (¢ O7Th,)> dz — // (Oktu(z,y), Oyt(z,y)) dyde.

QxY

On the other hand, we can interchange the derivatives in (6.10) by partial integration

and get
€

1
/ <h<9kUh, 631(11107Th)> dz = h/ (Orup, Ox(¢ o mp)) dx.
Q Q
In contrast to 0;, Oy is a derivative with respect to an “out-of-plane” direction. Hence,
the modulus of the integral on the right hand side is bounded by
€

h C\I! HVm,h uhHLZ(Q;Rn) ;

where Cy is a constant that is independent of h. Because of ; — 0, the previous
estimate and (6.11) yield

J[ @), 0,0 dydr =0 foral v e @ CRY))
Qxy

This implies that the map dpu(x,y) is independent of y; (the Ith component of y € Y).
The previous reasoning holds for all m < k <n and 1 <[ < m; thus, we see that Vz u
is independent of y € Y, and in particular we have

%u—w(Auuw@)

which completes the proof in the case ¢/h — 0.

Step 5. We prove the statement in the case /e — v € (0,00). To this end we consider
test functions

(6.12) U=(0 |- | ¥, ) 0RO (Y;RY)  with  div,¥ =0

per

where
—~ m 1 n
div, (2, y) = > 0y, Uz, y) + = > OTi(x,y).
k=1 v k=m-+1

Note that ciivvv is the sum of the divergence with respect to the fast variable y and

the divergence with respect to # (the out-of-plane component of x) scaled by v~!.

Moreover, we use the convention to decompose ¥ according to
v-(¥]0)
with

U= (| |[Tp) and U= (Tpu| [T, ).
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6. Two-scale convergence methods for slender domains

Step 5a. We pass to a subsequence (not relabeled) with
Vi, b Un N weakly two-scale in L*(QxY;R")
where U € L?(QxY;R") and claim that

(6.13) (U(x,y), ¥(z,y)) dydz =0 for all ¥ as in (6.12).
i

This can be seen as follows. Set 7, (x) := (z,%/s(h)). Then (by partial integration) we
obtain

(6.14) / (Vnn Up, ¥ omp) do
Q

= _/Q<ilh, (divy \/I}) o7rh> dz —i/ﬂ<ﬁh, (divy\f/—i— %divi \Tl> o7rh> dx

The first integral on the right hand side converges to zero because of estimate (6.4).
Due to div, ¥ = 0, we can rewrite the second integral on the right hand side according
to

1 ~ _
/ <&h, (divy\I/—i— Edivf \I/> o7rh> dz =
Q h

o[>

3

1 _
(fel_,y—l)/ <h’&h, (lef \I/> Oﬂ'h> dx.
Q

Now estimate (6.4) implies that the limsup of the integral on the right is bounded.
Moreover, its prefactor converges to zero because of /e — ~. Hence, the integral on
the left hand side of (6.14) converges to zero. On the other hand, it converges to
[Josy Ulz,y)¥ (2, y) dy dz by means of two-scale convergence and (6.13) is proved.

Step 5b. Equation (6.13) and the change of coordinates
V(z,y):=U(t, 5Z,y)
lead to the formula
(6.15) // V(5,7 y), U(F,y)) dydF = 0
(vS)xY
which is valid for almost every & € w and for all (scaled) test functions
Ve O (vS; Coe (Y3 R™))  with  divy U + divz U = 0.

In particular, test functions in the space V(7SxY) (defined in Lemma 6.3.4) are ad-
missible and we deduce with Lemma 6.3.4 that there exists a map w in the space
L?(w; WH2((vS)xY)) with

Hence, the retransformation to QxY

wo(z,y) = w(T,VT,y)
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6.3. Two-scale limits of scaled gradients.

is a map in L%(w; W12(SxY)) that satisfies %mﬁ wo = U. It remains to prove that
wo(z,y) is Y-periodic in its y-component. To this end, we consider the test function

U(z,y) = ( ¥(x,y) |0]---]0)

where 9 (z,y) € CX(Q; C35.(Y)) is independent of y; (i.e. Jy,¢) = 0). Due to (6.13)

per
and U =V, , wop, we have

0=/ Oy, wo(z, Y)Y (z,y) de dy
Qxy

and partial integration yields the equation
O—/ /0 (0.1t I’ 1 y) ’LUO(QT,O,Q))¢($,Q) dgdl‘ with g:: (y27"'7ym)‘

This implies that w(zx,y) is (0, 1)-periodic with respect to the component y;. The same
reasoning yields periodicity of w with respect to yj, for all k € {1,...,m} and the proof
is complete. O

Lemma 6.3.4 (See Theorem 3.4 in Girault and Raviart [GR79]). Let A be an open
bounded subset of R™ with Lipschitz boundary. Define

V(A) :={V e Cr(A;R") : div ¥ =0}

Let H(A) denote the closure of V(A) in L*(A;R™) and H*(A) the orthogonal comple-
ment of H(A) in L*(A;R"). Then

LYA;RY) = H(A) @ HE(A)  and HT(A) ={Vu:ueWH(A)}.
In particular, if U € L?(A;R") satisfies

/ (U(z), ¥(z)) dez =0 for all ¥ € V(A),
A

then U = Vu for a suitable map in W12(A).

6.3.1. Recovery sequences for auxiliary gradients
Proposition 6.3.5. Let ¢ : (0,00) — (0,00) satisfy

h
li = lim —— ) .
lim e(h)=0 and g =~ with ~€][0,00]

(1) Let v € {0,00}, u € WH2(w; E) and consider maps
ug € L2 (w Wpero(Y E)) and @ € L*(wxY;WY2(S;E))  ify=0
up € L2(Q; W22 (YV:E)) and @ € L*(w; WH2(S;E)) if y =00

per 0
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6. Two-scale convergence methods for slender domains

Then there exists a weakly convergent sequence (up) in WY2(Q;E) with limit u
such that

Vmﬁuh i) ( Vi u+Vy UQ ‘ Vi u )
strongly two-scale in L?(QxY;E™) with respect to (e(h))-oscillations in the first
m-components.
(2) Let~ € (0,00), u € Wh2(w; E) and

wy € L*(w; W;’?per(SxY; E)).

Then there exists a weakly convergent sequence (up) in WH2(Q;E) with limit u
such that ) B
Vi uh — ( Vau(@) | 0 ) + Vi ywo(,y)

strongly two-scale in L2(QxY;E™) with respect to (e(h))-oscillations in the first
m-components.

Proof. For brevity we always write ¢ instead of £(h) and only consider the case E = R.

Step 1. We consider the case v € {0,00}. Let u, ug and @ be given according to the
proposition. By density arguments, we can find for each 6 > 0 maps

ul) € C2(w; C5,(Y)) and @® € CX(wxY;0%(S)) ifv =0
ul) € C2(Q;C(Y)) and a®) € C2(w; 0>(S)) if v = 0o
such that
©) _ a0 g
(6.16) HVy uo" = Vy uO’ L2(QxY;R™) + ’ Ve 1 Vo u’ L2(QxY;Rn—m) =9

Define the doubly indexed sequence
usn(x) = u(®) + eul’ (z,3/<) + ha'® (z,3/2).

desired Then for each § > 0, the sequence (usp) belongs to Wh2(Q) and strongly
converges to u in L?(Q) as h — 0. Moreover, it is easy to check that

Vin,h Us 2, ( Vi u+V, ué&) ‘ Vs @®) )
strongly two-scale in L2(2xY;R™) as h — 0 (see Lemma 2.1.9 and Proposition 2.1.16).
Our aim is to construct the desired sequence by selecting a suitable diagonal sequence.
To this end, let
U=(Vsut+Vyu|Veu), U®:= ( Vi u+ Y, u) | v a® )
and extend both maps to the domain R"xY by zero. Set

Cs,h = ||u - Ué,hHL2(Q) + ||7:sm(vm,h ué,h) - UHL?(R"xY;R") :
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6.3. Two-scale limits of scaled gradients.

Then we have

0 <limsupcsp < HU(‘S) - U’
h—0

L2(QxY;R™)
and in view of (6.16) we deduce that

lim sup lim sup ¢5,, = 0.
0—0 h—0

This allows us to apply Attouch’s diagonalization argument (see Lemma A.2.1) and
we see that there exists a diagonal sequence 6(h) with 6(h) — 0 and c5), — 0 as h
tends to zero. This implies that the sequence

Up = U§(h),h

converges to u strongly in L?(Q2) and that the corresponding sequence of scaled gra-
dients strongly two-scale converges to the desired limit. Because the boundedness of
(Vim,n up,) implies also boundedness of (Vuy,) as a sequence in L2(€; R™), we eventually
find that (uy) is also weakly convergent to u in W12(Q).

Step 2. The proof for v € (0, 00) is quite similar to the previous one. Let u and wg be
given according to the proposition. For each § > 0 choose a map

wl) € C2(w; C(S: C32.(Y))

per

with N N
va”y ’LU(()(;) — vm,"/ wo‘

L2(QXY;R?)
and define
usp(z) = u(®) + ewd (z,3/2).
By a reasoning similar to Step 1, one can show that the claimed sequence can be

recovered by selecting a suitable diagonal sequence (us(p)p)- O

Remark 6.3.6. A close look to the proof of the previous proposition reveals that the
constructed sequences (uj) C WH2(Q) with up, — u weakly in W12(Q) satisfy the
boundary condition

up —u € {veWh?(Q) v‘(aw)xs =0}.

6.3.2. A Korn inequality for the space of auxiliary gradients

Define

V= ue Wyl (SxY;R") : //udydx =0
SxY

Let v € (0,00) and consider a weakly converging sequence (uz) in W12(Q;R™) with
limit u. Theorem 6.3.3 revealed that whenever the sequence of scaled gradients
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6. Two-scale convergence methods for slender domains

(Vim,n up,) weakly two-scale converges in L2(QxY;M(n)), then the two-scale limit of
the scaled gradient can be written in the form

( Vau(z) | 0) + Vi yuo(z, y)

where the auxiliary map uo belongs to the space L?(w;V). In the following we prove
that an inequality of Korn-type holds in the space V. To this end, we utilize the stan-
dard Korn inequality in the following version (e.g. see [CCO05])

Theorem 6.3.7. Let U C R"™ be an open, bounded domain with Lipschitz boundary.
Set
R = {r c WHA(U;R™) : r(x) = Az +b with A € Mgew(n), b € R }

Then there exists a constant Cy that only depends on the domain U such that
#&fa Ju— THWL?(U;RR) < Cy [[sym VUHL2(U;R”)
for all w € WH2(U;R").

In other words, the previous result states that the seminorm u — ||sym Vul| L2(URn) 18
a norm on the quotient space W12(U; R") modulus R. The following theorem adapts
the Korn inequality to functions in V in situations where the gradient is replaced by a
scaled gradient:

Theorem 6.3.8. There exists a constant cy such that for all

ueV:= ue le/’_zper(SxY;R”) : //Udydl’ =0
SxY

the estimate

inf 7l < 6 [[sm Vgl < & [[ullyr sy mm)

reR(m) L2(SxY;R")

1$ valid, where

0
T —cg

R(m) = {r eV : rf(yx) = <A( )>with A € Mskew(n—m)}.

Above 0,,, denotes the zero vector in R™ and cg := W fsi:dj.

Proof. Without loss of generality we assume that H"~™(S) = 1. We only have to
prove the estimate

inf ||lu 4 7|y, oy < C Hs mV, u‘ .
7ne,R(m)H HW12(S><Y,]R) v |[SYIL Vimy L2(SxYR")
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6.3. Two-scale limits of scaled gradients.

For convenience we set Z :=Y xS, z := (y,z) and ¢z := szdz.

Step 1. The set
R = {T € WHh2(Z;R™) @ r(2) = A(z — cz) + b with A € Mgy (n), b € R” }

is a finite dimensional (and therefore closed) subspace of the Hilbert space W2(Z; R™).
Note that the linear space R(m) is contained in R. We decompose each matrix A in
Mikew (1) according to

A= Z A{Lj}(ei@ej) and A\ = A— A.
ij=m+1

Thus, A is the “lower-right” (n — m)x(n — m)-sub matrix of A and can be identified
with a matrix in Mggew(n —m). Note that

~ 0,, L
Az = Az + ( e > where z = (y, 7).

Now it is easy to check that
R*(m) := {r ER : #(y,z) = A(z — cz) + b with A € Myeyw(n), b € R” }

is the orthogonal complement of R(m) in R with respect to the inner product in
Wh2(Z;R"), ie. R = R(m) ® R*(m).

Step 2. We prove the case v = 1. The standard Korn inequality says that there
exists a constant C'z that only depends on the geometry of S and Y so that for every
u € WH2(Z; R"™) we have

- 2
(6.17) rlgszu = rllwizzrny < Cz llsym Vull 2 z.pny = Cz // ’symeﬁu‘ dy dz.
SxY

Let u € V, and let r € R denote the orthogonal projection of u on R in Wh2(Z;R").
Then

(6.18)  l[ullfyzqzmm = Iu— I3 zmm + 72 zmn
and ||U*7'||W172(Z;Rn) :I}ngU*pHWM(Z;Rn)-
Set v := u — r and decompose r according to
r=7r4r with 7€ R*(m) and 7€ R(m).

We claim that
1Pz zgny < € olwrzzpn -
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6. Two-scale convergence methods for slender domains

Here and below, ¢’ and ¢’ denote positive constants that may change from line to line,
but can be chosen only depending on the geometry of S and Y. The assertion above
can be justified as follows: Because 7 € R*(m), there exist A € Mgkew(n) and b € R”
such that

#(z) = Az +b.

The maps u and 7 have vanishing mean value, and therefore we infer that
b= [ idi= [ vds = B < ol
z Z

On the other hand, the Y-periodicity of v implies that

m m m
Z|v(:f,y—|—e;g —v(Z,y)| Z r(Z,y+ex) — (T, y)| Z
k=1

k=1

where fl{: k) denotes the kth column of the matrix A. The left hand side can be con-

trolled by the norm of v, while the right hand side controls the modulus of A, because A
is skew-symmetric and A is constructed by deleting the “lower-right” (n—m)x(n—m)-
submatrix A. As a consequence, we obtain the estimate

1#llwrazze < 061+ |A)) < ¢ 0llwragzzn -

Now the orthogonality # L 7, (6.18), (6.17) and the previous estimate imply that

2 ~112 —112
lullwrzzgrny = lu = rllrzzrny + [1FIwr2zre) + 17wz zen

- 2
SC,//‘Syme,VU‘ dy Az + ||y 1.2z -
SxXY

Because R(m) & R*(m) is an orthogonal decomposition of R, we infer that 7 is the

orthogonal projection of u on R(m). As a consequence, we have

inf flu— ﬁHIQ/VLQ(Z-R”) = [Ju— f”%ﬁ/h?(ZRn)
PER(M) ’ '

~ 2
= ullyrazny ~ Wiz < ¢ [ [ JsymFna]” dyda
SxY

and the proof for v =1 is complete.

Step 3. Let v € (0,00). Define

Then w € W2((yS5)xY;R™) and we have

Vinaw(Z, y) = (Vim,yu)(
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6.4. Homogenization and dimension reduction of a convex energy

Moreover, we can apply the Korn inequality derived in the previous step to the scaled
map w and obtain

2
inf |lw— 7|3, o SC’/ ‘Sym VY lj’y) dy dz.
il 0= rlinaeprgn <€ fsm(Vnau)(G7,9)

where R {m(x) _ < A(xo_mcvs) ) : A € Mgkew(n—m) }

Now the change of coordinates (vZ,y) — (Z,y) and the observation that

T = 1y(7Z) € R(mM) for all , € R, (m)

lead to )
inf ul|? am < C [sym(Vn ) (@,9)| dy
Te%l(m) HUHWL?(SxY,]R y = Ly oy sym(Vim yu)(Z,y) ydr
for a constant C., that only depends on v and the geometry of S and Y. O

Corollary 6.3.9. For each u € le/’?per(SxY; R™) there exists w € W}lf’?per(SxY;R")
such that

sym %mqu(i, y) = sym %mﬁw(a_:, Y) almost everywhere

and

lllwra(sxymny < & ’Sym Vm”u‘ L2(SxY;RM)

where cy is the constant from Theorem 6.5.8.

Proof. This directly follows from the previous theorem and the fact that

{F()+b:7€R(m), beR"} C Wyl (SXY;R").

6.4. Homogenization and dimension reduction of a
convex energy

In this section we demonstrate how the developed two-scale convergence methods can
be used to analyze the asymptotic behavior of the functional £5" defined in the
introduction (see equation (6.2)) when both fine-scales €, h simultaneously tend to
zZero.

As in the introduction, let Q := wxS and Q) := wxhS with w C R? and S :=
(—%, %) and suppose that w is an open and bounded domain with Lipschitz boundary.
Moreover, we set Y := [0,1)%.

93



6. Two-scale convergence methods for slender domains

We consider a measurable integrand g : R?xM(3) — [0, 00) and suppose that g is Y-
periodic, convex and lower semicontinuous in the sense of Definition 3.1.4. Moreover,
we suppose that g satisfies the growth condition

(6.19)  L|FPP—c<g(y,F)<c(|F*+1) forall F € M(3) and a.e. y €Y.

We have seen in the introduction that (instead of £5) we can equivalently study the
functional

/g(a%/€7 v2,h U(-’L')) de ifue Wl’Q(Q; Rg)
Is,h(u) — J

+ o0 if uw € L2(Q;R3) \ WhH2(Q; R?).

In order to describe the limiting behavior of (Z5") we define for v € (0,00) and
pairs

(u,ug) €W = {u € WH2(Q;R3) : w is independent of 3 }XL2(W; V)
where V := {u € Wyl (SXY;R?) //udyda‘c = 0}
SXY

the two-scale functional

I (u, ug) = //g(y, Vu(z) + Vo uo(z,y)) dy da.
QxS

Theorem 6.4.1. Let (h) denote an arbitrary vanishing sequence of positive numbers
and let € : (0,00) — (0,00) satisfy

h
}lLig(ljs(h) =0 and }l}g{l}m =~ with € (0,00).

(1) Let (up) be an arbitrary sequence in W12(Q;R3) such that

/uhdx
Q

Then there exist a subsequence (not relabeled) and a pair

(6.20) lim sup {
h—0

+ Ig(h)’h(uh)} < 0.

(u,up) € W
such that
) Up — U strongly in L*(Q;R3)
* -
Vuy, —= Vu + Va 4o weakly two-scale in L*(QxY; M(3)).
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6.4. Homogenization and dimension reduction of a convex energy

(2) Suppose that (up) C WH2(Q;R3) converges to a pair
(u,up) € W
in the sense of (x). Then

lim inf Z5"" (ug) > 27 (u, o).
h—0

(8) For any pair (u,up) € W there exists a sequence (uy) in WH2(;R3) converging
to (u,up) in the sense of (x) such that

lim Z5M (uy) = 7 (u, ug).
h—0

Proof. We prove statement (1). In view of the growth condition (6.19) and Poincaré-
Wirtinger inequality, it is easy to check that assumption (6.20) allows us to extract
a subsequence that weakly converges in WH2(Q;R3) and satisfies the assumptions of
Theorem 6.3.3. Thus, statement (1) is an immediate consequence of Theorem 6.3.3.

In virtue of Theorem 6.3.3 and Proposition 6.3.5, the lower bound statement (2) and
the recovery sequence statement (3) can be proved with the approach similar to the
one used in the proof of Theorem 3.3.1. For this reason we omit the proof and refer
to Section 3.3. O

Remark 6.4.2. Analogously to the convex homogenization example in Section 3.3 we
define for u € L?(2;R3) the functional

inf  Z7(u,up) if u € WH?(Q;R?) and independent of x3
Iﬁom(“’) = €L (wsV)
+ 00 else.

In the same way as in Section 3.3, one can show that Ig om 1s the I'-limit of the sequence
(Z5"M:h) as b — 0 with respect to strong convergence in L?(€2; R?). We like to remark
that Igom still depends on v which captures the asymptotic behavior of the ratio
between thickness h and size of the material microstructure €.

Moreover, one can show that for all u € W12(Q;R3) with u(#, x3) independent of z3,
we have

Lyiom () :/ngm(VU(fc))di

where g/ denotes the homogenized integrand and is defined according to

Gpom (F) = égj //g(y, F 4 Vo p(x3,)) dy dzs.
SxY
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6. Two-scale convergence methods for slender domains

Remark 6.4.3. The previous theorem and the previous remark remain valid if the
integrand ¢ only satisfies the growth- and coercivity condition of Korn-type

1
“lsym F|? — ¢ < g(y, F) < ¢(|F|* + 1) for all FF € M(3) and a.e. y €Y
c

and the condition
9(y, F) = g(y,sym F)
as it is the case in linear elasticity. In this setting, the developed Korn inequality (see

Theorem 6.3.8) and Corollary 6.3.9 guarantee that the minimization problems in the

definition of Ig om and gﬁom admit minimizers in L?(w; V) and V, respectively.
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Dimension reduction and homogenization of
slender elastic bodies in the bending regime
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7. Rigorous derivation of a homogenized theory
for planar rods from nonlinear 2d elasticity

7.1. Introduction and main result

In this chapter we derive a homogenized, planar rod theory from two-dimensional
elasticity in a scaling regime which is associated to bending deformations. Our starting
point is an elastic body that occupies in its undeformed configuration the slender, two-
dimensional domain

Qp :=wxS, with  w:=(0,L) and S, := (—h/2,1/2).

We suppose that the elastic body consists of a composite material featuring a laterally,
periodic microstructure with period . We are interested in the limiting behavior of
the elastic body opposed to forces and subject to boundary conditions as h and e
simultaneously converge to zero

To this end, we introduce the energy

EMwi )= 1 [ W Vo)) = (@), (@) de,
Qp

where the deformation v is a map from Q; to R? and f : €, — R? is a given vec-
tor field representing the applied force. The elastic potential W :RxM(2) — [0, oo]
is supposed to be a measurable integrand that is [0, 1)-periodic in its first compo-
nent and vanishes for rotations. The precise assumptions on W are presented be-
low.

We are going to prove that, as h and ¢ simultaneously tend to zero, the scaled energy
h%s%h I’-converges to a limiting energy that only depends on one-dimensional defor-

mations and that is finite only for bending deformations, i.e. maps in Wﬁf (w;R?). In
this case the limiting energy is quadratic in the curvature of the bending deformation
and its stiffness coefficient emerges from a subtle relaxation and homogenization mech-
anism depending on the elastic material parameters, but also on the limiting behavior
of the fine-scale ratio #/e. More precisely, we distinguish the three fine-scale coupling
regimes

hlfe -~ with =0, vy=o00 and 7€ (0,00).

We are going to see that each fine-scale coupling regime leads to a different cell
problem, which determines the effective coefficient appearing in the limiting prob-
lem.
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7. Derivation of a homogenized theory for planar rods

As a corollary of the T'-convergence result, we see that (almost) minimizers of £5"
converge to minimizers of the limiting energy. This observation turns out to be com-
patible with one-sided boundary conditions and justifies to call the limiting energy an
effective theory that — despite being much simpler than the initial one — captures
the essential behavior of the problem for small h and e.

We now give a precise formulation of the main result. Let us start with some remarks
on the fine-scales. Since we are interested in a limiting process where both fine-scales
€ and h simultaneously tend to zero, we assume that the fine-scales are coupled in the
following sense:

(h) :== (hj)jen is a vanishing sequence of positive numbers
e:hwe(h) is a map from (0, 00) to (0,00) with lim e(h) = 0.
(7.1) h—0
h.
lim —d_ — with ~ € [0, o0].
Jm ) = 7 € [0, oc]

Unless indicated otherwise, we just write h and € to refer to elements of the sequences
(h) and (e(h)), respectively. In particular, if both parameters appear simultaneously
in a formula, then we use the convention ¢ = ¢(h). For instance we may write £5"
instead of £5(M" In the case v = 0 or v = 0o, we say that the fine-scales separate in
the limit.

For « € [0, 00] we define the limiting energy:

2 ; . 2,2 2
. q/nudml—/ fyu) dxy if u e W (w; R7)
Ev(u, f) = T, w< >

+ o0 else.

Here, K(,) denotes the curvature of the bending deformation u and g, denotes the
effective bending stiffness, which we will specify below.

In our main result we consider sequences of deformations (vy) with v, € Wh2(Qy; R?).
In order to equip those sequences with a common topology, we associate to each vy
the cross-sectional average

1

Op(x1) := h/s vp(x1, x2) dze, T € w.
h

Thereby, all functions 7, belong to the same Sobolev space W1?(w;R?) and we can
state the subsequent I'-convergence result in the topology of W12 (w; R?).

We say that the sequence (vy) satisfies the one-sided boundary condition associated to
(ug,n0) with ug,ng € R2, |ng| = 1 if for each h

(7.2) vp(0,22) = up + xang for almost every za € Sp,.

The resulting limiting boundary condition for a bending deformation u € T/Vizf (w; R?)
reads

(7.3) u(0) =up and  n,)(0) = no.
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7.1. Introduction and main result

Here, n(,)(0) denotes the unit normal vector of the curve parametrized by u at the
point u(0) (see below for the precise definition).

Regarding the forces, we consider vector fields f, € L%(Q,;R?) that converge in the
following sense

1
(7.4) ﬁgh - f weakly in LQ(Q;RZ), O :=wxs

where gy (21,72) := fu(x1, hae) and f is a map in L?(£2;R?). For instance, whenever
fr is independent of the cross-sectional direction xo and (h% frn) is weakly convergent
in L?(w;R?) this condition is satisfied.

At last, we present the precise conditions on the elastic potential. Let Y := [0,1)
denote the reference cell of periodicity. We assume that W:RxM(2) — [0,00] is a
measurable integrand that is Y-periodic in its first variable and satisfies the following
conditions:

(W1) W is frame indifferent, i.e.
W(y, RF) =W(y, F) for all R € SO(2), F € M(2) and a.e. y € R

(W2)  The identity is a natural state, i.e.
W(y,Id) =0 for a.e. y € R

(W3) W is non-degenerate, i.e. there exists C' > 0 such that
W(y, F) > C dist?*(F, SO(2)) for all F' € M(2) and a.e. y € R
(W4) W admits a quadratic Taylor expansion at the identity, i.e.

|I1f(ya1?) _'Cg(yvly)

3Q € O(Y;2) : limsupesssup 5 =0.
PO yey |F|

In the latter condition, Q(Y; m) denotes the set of all measurable integrands
Q@ : YxM(m) — [0, 00)

that are Y-periodic in the first, quadratic in the second variable and bounded in the
sense that

esssup sup Q(y, F) < 4o0.
yeR™ |F|=1

Finally, we define the effective limiting coefficients according to

(7.5)
(] .
D aeng Y)/}irel]er% Q (y, (1 +0ya)(e1®@er) + d®ey ) dy if v =0,
1
_ )5  min /Q (y, (e1 + Oyp)®er + dReg ) dy if v = oo,
Ty =y 12 pewl2 vie2),
deR2
IIllIl / Q(y, x2(e1®e1) + %1,710) dy dxs if v € (0, 00).

weWy?2  (SxY;R2)
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7. Derivation of a homogenized theory for planar rods

The scaled gradient %1,'7 and the function space WS/’_Qper(S xY;R?) are defined in Sec-
tion 6.3. In Section 7.4.5 we analyze the minimization problems related to the definition

above.

We state our main result:

Theorem 7.1.1. Let (ug,np) denote admissible boundary data according to (7.2).
Consider forces fp, € L2(Qp; R?) converging to f € L?(S;R?) in the sense of (7.4) and
set = fsfd$2.

(1) For every sequence (vy), v, € Wh2(Qp;R?), satisfying the one-sided boundary
condition associated to (ug,ng) and having equibounded enerqgy, i.e.

1
lim sup ﬁfa’h(vh; In) < o0,
h—0

there exists a map u € VViif(w;]RQ) satisfying the limiting boundary condition
(7.3) and

~ . 12/ . o2

Op = U strongly in W**(w; R?)

for a subsequence (not relabeled).

(2) For any sequence (vy,), vy, € WV2(Qu,;R?), satisfying the one-sided boundary
condition associated to (up,ng) and any map u € Wféf(w;]l@) with

Op — U strongly in W2 (w; R?)

we have

N

P G
llgl_iglf ﬁg Pons fr) > E(u; f).

272 L2 . . . .. ., - .
(3) For each u € W (w;R?) satisfying the limiting boundary condition associated

to (ug,no) there is a sequence (vp,), vy, € WH2(Qy: R?), satisfying the one-sided
boundary condition associated to (ug,no),

1
on —u  strongly in WH2(w; R and  lim — &5 (vp; fr) = Ey(u, ).
h—0 h?

As a consequence, we immediately obtain convergence of (almost) minimizers:

Corollary 7.1.2. Consider forces (fy) that converge to f in the sense of (7.4). Sup-
pose that (vp) satisfies the one-sided boundary condition (7.2) and is a sequence of
almost minimizers, i.e.

) 1
lim sup

nSUp 55 E5M(vp; fr) — inf { EN (v fr) v € WH(Qy; R?) satisfies (7.2) }’ = 0.
_>

Then up to a subsequence (0p,) strongly converges in WhH2(w;R?) to u € T/Vizf(w;RQ)
where u is a minimizer of the energy £ (v; f) among all deformations v € W2’2(w; R?)

iso
satisfying the boundary condition (7.2).
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7.1. Introduction and main result

Theorem 7.1.1 yields I'-convergence of the functionals (£5*) to the limiting energy Ey.
Indeed, statement (2) establishes the lower bound inequality, while (3) proves existence
of recovery sequences. The first statement proves equi-coercivity of the functionals and
justifies the sequential characterization of I'-convergence.

It is well-known that I'-convergence is robust with respect to continuous perturba-
tions. This suggests that the results above remain valid for more general applied
forces.

A close look at the cell problems determining the effective coefficients gy and ¢ reveals
that we trivially have the relation ¢y < goo. Hence, elastic rods with a microstructure
that is small — even compared to the thickness of the rod — tend to be stiffer than
such rods with a relatively large microstructure.

The effective stiffness coeflicient ¢, is determined by the linear cell problem (7.5). In the
case where the fine-scales separate in the limit, i.e. v = 0 or v = oo, the cell problem
lives on the one-dimensional domain Y. In contrast, in the intermediate cases, where
h/e converges to a finite ratio v € (0, 00), the cell problem lives on the two-dimensional
domain SxY. This is in accordance with the observation that for v € (0, c0) the thick-
ness and the material fine-scale remain “comparable” and lateral oscillations on scale
€ couple with the cross-sectional behavior. We would like to remark that for special
(but still inhomogeneous) materials (for instance isotropic materials with vanishing
Poisson’s ratio) the limiting energies &, £, and £ are equal.

What is the “right” topology for the I'-convergence statement? In fact, there are several
answers to this question. First, we observe that the domains of the deformations
entering the functionals £5" depend on the parameter h, and therefore a common
topology for all deformations is not given a priori. A possible and — from the point of
view of applications — natural choice is the topology induced by strong convergence
of the cross-sectional averages in W2(w;R?). Similar topologies have been used in
the field of dimension reduction by Acerbi et al. [ABP91] or Conti [CDD'03] for
instance. Nevertheless, from the mathematical point of view it is more convenient
to consider a scaled formulation of the problem that allows us to work on the fixed
domain Q := wxS with § := (—1/2,1/2). In the next section we are going to develop
this scaled formulation, state the scaled analogon to Theorem 7.1.1 and argue that
both procedures lead to the same result. In the proof of the main result we solely work
with the scaled formulation.

A brief outline of this chapter

In the next section we develop and discuss the scaled formulation of the problem and
prove the equivalence to the original formulation presented above.

The proof of the main result is contained in Section 7.4. The results derived in this
section are presented in a quite general manner and can be applied to settings more
general than the one considered in Theorem 7.1.1. In particular, in Section 7.4.2 we
derive a powerful two-scale characterization of nonlinear limiting strains that emerge
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7. Derivation of a homogenized theory for planar rods

from sequences with finite bending energy. In Section 7.4.4 we demonstrate a general
scheme to approximate bending deformations with simultaneous consideration of the
two-scale behavior of the associated nonlinear strain (which turns out to be essential
for the limiting behavior of the energy). At the beginning of Section 7.4 we give a
more detailed summary about our approach.

We complete our analysis with the results derived in Section 7.5 and Section 7.6. In
particular, in Section 7.5 we prove strong two-scale convergence of the nonlinear strain
for low energy sequences. In Section 7.6 we analyze the effective limiting coefficients
¢y in the case where the fine-scales separate, i.e. for v € {0,00}. We prove that go
and g, can equivalently be computed by consecutively modifying the elastic potential
W by operations that are related to dimension reduction and homogenization. In this
sense, we justify the interpretation that the cases v = 0 and v = oo correspond to
the homogenization of the model with reduced dimension and the dimension reduction
of the homogenized model, respectively. This insight is not trivial but involves the
fact that linearization and homogenization commute in elasticity — as we proved in a
previous chapter.

As a complement, in Section 7.7 we elaborate again on the two-scale characterization of
the limiting strain and prove that the characterization is sharp. Based on this insight
we present an analysis that derives a homogenized rod theory under quite general
assumptions covering layered and prestressed materials. The derivation is rigorous
and stated in the spirit of two-scale I'-convergence (see [MTO07]). The findings in
this section rely on the results derived in Section 7.4 and Section 5.2 and the proof is
remarkably short. In some sense, in this section (although not explicitly) we summarize
the detailed analysis of the previous sections from a larger perspective and emphasize
the general strategy.

Eventually, we would like to remark that Section 7.3 is devoted to a qualitative dis-
cussion of the problem. There, we perform an ansatz based analysis of the situation
with the aim to offer an intuitive and easily accessible understanding of the emerging
relaxation phenomena.

104



7.1. Introduction and main result

We conclude this introduction by fixing some notation that is specific to this chap-
ter:

Rotations. For oo € R we define the rotation

—sina  cosa

R(a) := (

cosa  sinwo >
)

which is exactly the clockwise rotation in R? by an- a R(a)a
gle a. el
Note that Figure 7.1.: Rotation.

R(a)R(B) = R(a+p) = R(B)R(a)

for all o, 8 € R. (Thus, the map R is a continuous homeomorphism from the addi-
tive group R/(2xz) to the multiplicative group SO(2), which is commutative in contrast
to SO(n) for n > 2). It is easy to check that R:R — SO(2) is smooth and satis-
fies

JaR(a) = R(a+7/2) = R(7/2)R(«).

In the sequel we frequently encounter the elementary identity

R(a) 0rR(a) = Oro ( 2o )

which is valid for all sufficiently smooth maps o : w — R.

Bending deformations, planar curves and curvature. In this chapter, we
refer to maps

uwe W2 (w;R?) := {ue W22(w;R?) @ |0yu(x)| =1 for a.e. 21 € w }

iso

as bending deformations. We associate to each u € VVéf(w;RQ) a signed curvature,
a tangent- and a normal field in the fol-
lowing unique way

t(u) = Glu, n(u) = —R(’/T/Q)t(u) and
Ky = (b D)) = = (P Ft1u)) -

Furthermore, we set R, := ( t(w) ‘ () )
and call R, the frame associated to wu.
Note that the sign of K, is chosen in such
a way that a curve with negative curvature
bends in the direction of its normal (see
Figure 7.2).

K < 0 K(y) > 0

Figure 7.2.: Bending deformation.

Two-scale convergence. Throughout this chapter, two-scale convergence is under-
stood in the sense of Definition 6.2.3 with m = 1, i.e. with respect to (e(h))-oscillations
in direction 7.
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7. Derivation of a homogenized theory for planar rods

7.2. The scaled formulation

In this section we discuss the scaling procedure leading to the scaled version of Theo-
rem 7.1.1. To this end we introduce the fixed domain with unit thickness

Q= =wx(—1/2,1/2)
and the scaling transformation
T 2 Q= Oy, (z1,22) = (1, ha2).

To each deformation vy : € — R? we associate the map up, := vp, o m, and call uy
the scaled deformation associated to vy. We refer to v, as the rescaled deformation
associated to wuy. Obviously, if vy, € W12(Qy;R?), then u, € WH2(Q;R?) and we
have

Vop, = V(uy o 7[‘;1) = Vup where Vj, uy, := ( O1uy, ‘ %(%Uh ) .
This procedure allows us to rewrite the total energy £ in terms of the new coordinates
as

M (ups fi) = / W (erfe, Vhun(z)) — (gn(), un(2)) da
Q

where gj, := f, o m,. This suggests to define the functional
1
— | W(z1/e, Vyu(z)) dz if we WH2(Q; R?),
iy o | o W i) (%)
+ o0 else,

which is the elastic part of the total energy in the scaled setting. Note that whenever we
have a sequence (uy) C W12(Q; R?) with equibounded energy, i.e.

lim sup Z" (u,) < oo,
h—0

then due to the non-degeneracy condition (W3) this sequence satisfies

(FBE) lir]?j(ljlp % /Q dist?(Vjup (), SO(2)) dz < oc.
Following [FJMO02] we call a sequence that fulfills (FBE) a sequence with finite bending
energy. As we will see, this property is the key assumption in the subsequent compact-
ness result, which roughly speaking states that a sequence with finite bending energy
converges to a bending deformation. It is important to note that this property is also
compatible with the total energy in the unscaled formulation:

Lemma 7.2.1. Let (ug,no) and (f1) be defined according to Theorem 7.1.1. Consider
a sequence (vy) such that vy, € W12(Qy,; R?) satisfies the one-sided boundary condition
associated to (ug,no) and has equibounded energy, i.e.

1
lim sup ﬁé’e’h(vh;fh) < 00.
h—0

Then up, := vy, o mp, has finite bending energy.
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7.2. The scaled formulation

Proof. In a first step we prove that
(7.6) lunll 22y < € I Vhunll 2, mae)) ¢ forall 0 <h.

Here and below, ¢/, ¢’ denote generic positive constants that may change from line to
line, but can be chosen independent of h. For the proof of this estimate we define the
map

wh(x) = ug + hl’gno.

Since (vp) satisfies the one-sided boundary condition, the difference uj,—wy, belongs
(for all h>0) to the subspace of maps in W12(Q;R?) that vanish on the set {0} xS.
Consequently, the Poincaré-Friedrichs inequality implies that

lunll p2(rey < llun—wnll 22y + Wil 20r2)
< ¢ [IVhun— Vawnl 22y + 1wnll r2o;re) -

Because of limsupy,_,o(||whllp2;r2) + | Vawnll L2y ) < 00, this already implies
(7.6).

The remaining proof is a slight variant of arguments used in [Con03]. We introduce
the scaled force gp:=fp, o m,. Since

EMun; fn) = WP (up) — /Q (gn(z), up(x)) do
and h?Z5"(up) > C [, dist*(Vyup(z), SO(2)) dz due to (W3), it is sufficient to analyze
the force term. By assumption the sequence (h=2gy) is bounded in L?(Q;R?), and
therefore we have

< h?d lunll L2 ;m2)

/Q<gh, up) dz

< B2 | Vaunll g2y +¢)

for all h > 0. We apply the inequality 1/2|F|* < dist>(F, SO(2)) + 2 and deduce that

thuh”LQ(Q;M(Q)) < C/ </Q diSt2(VhUh(x), 50(2)) dx + 1> .

Consequently

£ (up: fu) > (C — h2¢) / dist2(Vyup (), SO(2)) da — h2".
Q

Thus, we obtain

1 1 1
lim sup 2/ dist? (Vyup (), SO(2)) dz < = limsup —255’h(vh; fn) +" < oo.
h—o h Q C h—so h
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7. Derivation of a homogenized theory for planar rods

Remark 7.2.2. If we drop the requirement that (vp) satisfies the one-sided bound-
ary condition, then the statement does not remain valid in general. Nevertheless, in
the case without boundary condition, we obtain a similar result for forces f; with
th frndxz = 0. Alternatively, we could also consider the assumption that the averages

3 th vy, dz are uniformly bounded.

In order to present the analogon to Theorem 7.1.1 for the scaled setting, we define for
u e W22 (w,R2) and 7 € {0, 00} the functionals

iso

T, (u) = inf{é//@ <y Ky (e1®e1) + < a?;a g >> dydz; : (a,g,¢) € XV}

wxY
where
Xo:={(a,9,¢) : v € LQ(w;WI}éf(Y)), g,c € L2(w><Y)}
X i ={(a,g,¢) : a € LQ(w;WI}éE(Y)), g€ L*(wxY), ce L*(w)}.

For 7 € (0,00) and u € W22 (w; R?) we define

iso

Z,(u) := inf { //Q (y, (a(z1) + 22K (y)) (1®e1) + %177w0(:r,y)> dydz :

QXY

a € L*(w), w € L*(w; W;,’_zper(SxY;R%) }

We extend the functionals Z,, to L?(2; R?) by setting Z, (u) = +oo if u ¢ W22 (w; R2).

180

Remark 7.2.3. The scaled gradient %171/“) = (Oyw \%8211}) as well as the function space

Wil/’_ier(SxY; R?) are defined in Section 6.3.

Remark 7.2.4. In Section 7.4.5 we are going to show that
Z,(u) =&, (u;0)
for all u € W22 (w; R?).

iso
We now state the main result in the scaled setting:

Theorem 7.2.5.

(1) (Compactness). For every sequence (uy) in WH2(Q; R?) with finite bending en-
ergy there exists a map u € VVéf(w;Rz) such that
up —UQp — U strongly in L*(€; R?)
Viup = Ry) strongly in L*(€; M(2))
for a suitable subsequence (not relabeled). Here, uq p, := H%(Q) fQ up dx denotes
the integral average of uy,.
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7.2. The scaled formulation

(2) (Lower bound). For every sequence (up) in W12(Q;R?) with up — u weakly in
L?(Q;R?) we have
lim inf Z5" (up,) > Z, (w).
h—0

(3) (Upper bound). For each map u € VVéf(w;RQ) there is a sequence (up) in
W2(Q; R?) with
up — U strongly in L*(€; R?)
Vhup = Ry strongly in L*(€; M(2))

such that
: e,h _
}1113%1 (up) = Iy (u).

Additionally, we can choose the sequence (up) in such a way that the boundary
condition
uh((), l’g) = U(O) + hxgn(u)(O)

1s satisfied by each uy,.

(For the proof see page 119).

Remark 7.2.6. In the previous theorem the limiting deformation v is a map from w
to R?, while the sequence (uy) consists of maps from € to R2. Therefore, to be
absolutely precise we have to identify in the convergence statements above the map
u € W22 (w; R?) with the trivial extension to €, i.e. with the map

iso
u: Q— R? u(zy,x2) = u(xy).

If necessary, in the sequel we are going to use this identification without further indi-
cation.

The compactness part of the theorem above can be improved: The following propo-
sition shows that the one-sided boundary condition is stable for sequences with finite
bending energy.

Proposition 7.2.7. Let (uy) be a sequence in W12(Q; R?) satisfying the scaled one-
sided boundary condition
uh(O, 562) = ug + hxgno

with ug,ng € R, |ng| = 1. Suppose that (up) has finite bending energy. Then there is

a map u € Wﬁf(w;Rz) that satisfies the limiting boundary condition
w(0) =up,  ngy(0) =no

and (up) converges to u up to a subsequence in the following sense

up — U strongly in L*(Q;R?)
Vhup — Ry strongly in L*(Q; M(2)).
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7. Derivation of a homogenized theory for planar rods

(For the proof see page 131).
The previous results can be stated in the language of I'-convergence:

Corollary 7.2.8. For u € L?(;R?) define the functionals

T () = 7" (u) if u e Wh2(Q;R?) satisfies u(0, x2)=uo+haang,
be + oo else,
o {0 e W) satisies u(0)=uo, miy O)=no,
(u) =
w + 00 else.

The family (Igéh) is equi-coercwe and I'-converges to L. with respect to the strong
topology in L?(2;R?).

Proof. The equi-coercivity is a direct consequence of Proposition 7.2.7. Consequently,
the sequential characterization of I'-convergence is valid (see Proposition 4.2.7) and
the convergence statement directly follows from (2) and (3) in Theorem 7.2.5. O

The proof of the previous theorem and proposition is the main subject of Section 7.4.
Here, we only argue that both imply the validity of Theorem 7.1.1. The key observation
in this context is the following;:

Lemma 7.2.9. Let (up,no) and (f) be defined as in Theorem 7.1.1. Let (vp), vy, €
Wh2(Q:R?), be a sequence that satisfies the one-sided boundary condition associated
to (up,np) and has finite energy, i.e.

1
lim sup ﬁé’e’h(vh;fh) < 0.
h—0

Then the following statements are equivalent:
(1) (dp,) converges to u weakly in L?(w;R?)
(2) (n) converges to u strongly in W2 (w; R?)
(3) (up :=vj omy) converges to u strongly in L?(2;R?).
Proof. From Lemma 7.2.1 we deduce that (up) has finite bending energy. Now the

statement directly follows from the compactness result, Proposition 7.2.7 and the
uniqueness of the limit wu. O

In virtue of this observation, it is clear that Theorem 7.1.1 immediately follows from
the theorems in this section.
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7.3. A qualitative picture

7.3. A qualitative picture

In this section we study the asymptotic behavior of the energy Z5" based on certain
classes of ansatzes. The aim of the discussion is to offer an intuitive and easily acces-
sible understanding of the emerging relaxation effects related to dimension reduction
and homogenization. As already remarked in the introduction, the classical, ansatz
based approaches to the derivation of elastic rod and plate theories can be viewed
as the attempt to regard the lower-dimensional theories as constrained versions of
three-dimensional elasticity in the situation where the three-dimensional body is slen-
der and subjected to additional constitutive restrictions. Although, the framework of
I'-convergence is ansatz free, we follow in the sequel the philosophy of the classical
approach to gain a qualitative picture and understanding of the problem. In the fol-
lowing we are content with formal results. Nevertheless, we would like to remark that
the results presented below can be made rigorous by the methods that we are going to
introduce in Section 7.4.4.

Our analysis consists of the following steps:

(1) For a given (one-dimensional) bending deformation u € VVéf (w; R?) we construct

a sequence of two-dimensional deformations (u;) C WH2(Q;R?) in such a way
that
i. (up) is an extension of u obeying a certain ansatz; and
ii. (up) approximates u in the sense that
up — U strongly in L%(€; R?)
Viup — Ry strongly in L?(Q; M(2)).

(2) We evaluate the associated limiting energy

. lim Z5" (uy,).
(7.7) Lim 7% (un)

It turns out that (7.7) can be written as a function of &, (the curvature of u)
and certain free parameters which are specific to the ansatz that we use in the
construction of (up,).

For the computation of (7.7) we employ the following strategy: Because W is
frame indifferent and admits a quadratic Taylor expansion at Id, we see that

RTF — Id)

1 1
ﬁW(xl/é:,F) :ﬁW (ml/s,ld—l—h h

T
F-1T
=Q (m/g7 th) + higher order terms

for all F' € M(2) and rotations R € SO(2). This suggests to consider the quantity

R} Vuy, — Id

B =
h h
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7. Derivation of a homogenized theory for planar rods

where Ry, : w — SO(2) is a rotation field. We choose Ry, in such a way that it is
close to R(,), the frame associated to u. In this case E;? can be regarded as an
approximation of the nonlinear strain

A/ thg thh —Id
Ey = N ,

which plays a crucial role in finite elasticity. We expect that

1
hQ/ W (=1/e, Vup(z))de = / Q(z1/e, E;P(x))dz + higher order terms.
Q Q

Indeed, one can show (see Theorem 5.2.1) that a sufficient condition for the
validity of this expansion is the boundedness of the sequence (E}") in the sense
that

(7.8) limsupesssup |E;P(z)| < oc.

h—0 e
All ansatzes that we discuss below satisfy this condition, and therefore we are
going to compute the limiting energy in (7.7) by passing to the limit in the
quadratic functional

(7.9) E™ o /Q Q(o/e, B () da.

(3) The limiting energy (7.7) depends not only on k(,), but also on free parameters
specific to the ansatz. By minimizing (7.7) with respect to these free parameters
we gain an effective limiting energy which is optimal within the ansatz class.
This procedure leads to a relaxed limiting energy of the form

q

2
E 5 K'/(u) d.’l’)l,

where K(,) is the curvature of the bending deformation u and g is a stiffness
coefficient depending on the ansatz and the elastic properties of the material.

We would like to remark that in virtue of the sequential characterization of I'-conver-
gence each of the relaxed energies, that we derive by the procedure described above,
naturally yields an upper bound to the rigorous I-limit of (Z5").

For simplicity, we restrict our analysis to the case where W corresponds to an isotropic
material and satisfies (W1)-(W4). In this case, the quadratic form in the expansion
(W4) takes the form

Qy, F) = My)(tr F)? + 2u(y) [sym F|*.

We suppose that A\ and p are smooth, Y-periodic functions with inf,ey { p, A-p }>0.
This condition implies that @) restricted to symmetric matrices is strictly convex. In
analogy to three-dimensional elasticity we define

A p(A+ 1)

= d E::4
YT o M A2
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7.3. A qualitative picture

which are the two-dimensional versions of Poisson’s ratio and Young’s modulus. More-
over, we follow the convention to write A to denote the mean value [; A(y) dy and use
the same notation for any map in L'(Y).

7.3.1. Ansatzes ignoring oscillations

Ansatz 1 (Standard Cosserat ansatz). Let us consider the sequence
ug) (z) = u(z1) + hoa n(y (21), xz €

corresponding to the situation where the mid line is purely bended and each fiber or-
thogonal to the mid line remains perpendicular to the mid line and unstretched. In
the literature this ansatz is called the standard nonlinear Cosserat ansatz. (The pref-
actor h originates from the upscaling of the slender domain € to Q). An elementary
calculation shows that

RE) ) — 1d
h

(7.10) E](ll) = = atgli(u)($1)(61®€1).

We plug this expression into the quadratic functional (7.9) and obtain

1

1 w(/\(m/s) + 20 (/=) ) Ky (1) A

Since the Lamé constants are periodic, we can pass to the limit A — 0 and formally
obtain the limiting energy

B k2(z1)dz;  with ¢V =X+ 2m.

Figure 7.3 is a visualization of Ansatz 1. The plot shows a rod that is deformed by
the map

v (@) = u(z1) + 20y (1)

where v is a bending deformation with linearly growing curvature. The deforma-
tion v(M) is exactly the rescaled deformation corresponding to ugll) from Ansatz 1.
The deformed mid line of the rod, i.e. the curve associated to u, is represented by
the bold red line. The local strain is indicated by the deformed grid. Moreover,
the coloring represents the locally stored energy. We see that the stored energy in-
creases towards the longitudinal boundaries with a rate proportional to the curvature
of the mid line. This is not surprising, since (7.10) reveals that at each material point
(x1,22) € § the rod is stretched (resp. compressed) in the lateral direction by an
amount proportional to hzak(,)(1). This can also be observed in the enlarged plot in
Figure 7.3.
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7. Derivation of a homogenized theory for planar rods

The fibers orthogonal to the mid line of the
rod are not stretched as (7.10) shows. As
a consequence, we have a certain symme-
try in Figure 7.3: The deformed mid line
{u(z1) : 1 € w} remains in the “middle”
of the deformed rod.

We claim that allowing stretch in the
cross-sectional direction (and breaking the
symmetry) leads to lower energies. This
can be seen as follows: Consider a sam-
ple of an isotropic elastic material that is
uniformly extended in direction eq, for in-
stance by the map = — z + (o, z9) with
a > 0. We observe that such a deforma-
tion not only induces stress in direction e;
but also “transverse stress” in the perpen-
dicular direction. If we allow the mate-
rial to relax by considering deformations
x — x + (axy, frg) where § € R is a free parameter, then we observe that the sam-
ple “contracts” in the perpendicular direction in order to minimize the amount of
“transversal stress” (and thus, the elastic energy). This effect is called Poisson’s effect
and the ratio —a/f for optimal § is given by Poisson’s ratio v. A similar analysis of
the stress tensor corresponding to Ansatz 1 reveals that the Cauchy stress vector in
the cross-sectional direction does not vanish (for zo # 0 and k(,)(z1) # 0). In order
to incorporate Poisson’s effect, we are going to extend Ansatz 1 by allowing stretching
of the fibers orthogonal to the mid line.

Figure 7.3.: Ansatz 1

Ansatz 2 (Director correction). We consider the sequence
2 2 2
u?(2) = uW(@) + hwP(2),  w?(x) = hRpy)(z1)d(x)

where d:Q — R? is a smooth map. Therefore, the deformation of fibers orthogonal to
the mid line is determined by the director field

(1) + wl (x) = Ry (ea + hd(x)).

In contrast to Ansatz 1, we see that the fibers are possibly inhomogeneously stretched
and do not need to remain perpendicular to the mid line after deformation. In view
of this, the map wf) can be called a corrector term that renders the deviation of the
director to the normal field. We would like to remark that Ansatz 2 is an adaption of

the recovery sequence used in [FJMO02] to the rod setting.
As before, we compute

R V! - 1d

2
E}(L): N

= x2n(u)(e1®e1) + Oad®ea + O(h)

114



7.3. A qualitative picture

and formally obtain the limiting energy
/ (5\ + Qﬂ) <JZ%K,%U) + (82612)2) + 2;\$2K‘,(u)82d2 + ﬂ(82d1)2 dx
Q

where d = (dy,d2)T. A simple calculation shows that the right hand side is minimized
for d = d* with

dy =0, dy = —kV—  where V:= <

This corresponds to the relaxed limiting energy

. . i\ + 1)
2 hog® . gMATR
15 /w Kiy(z1)dey  with ¢ T2

which is recovered by the “optimal” sequence

* h2x3 ~
uf )(x) =ulV) (z) — TQR(U)VR(U)'

Figure 7.4 visualizes the situation from Figure 7.3 adapted to Ansatz 2. The rod is
deformed by the map

’U(z) (l‘) = u(l‘l) + TN (y) (.%'1) — %l‘g/ﬁh‘,(u)(l‘l)n(u) (.271)

which is  exactly the rescaled deformation corresponding to  wu,
Compared with Ansatz 1, we see that
the strain energy is drastically reduced.
The enlarged section shows that the
segments above the mid line are con-
tracted in the lateral direction, while the
segments below the mid line are elon-
gated.

In the isotropic case (as discussed here)
the optimal corrector contracts the rod
in a direction perpendicular to the mid
line. Analytically, this corresponds to the
equation dj = 0. We would like to em-
phasize that this is a specific property of
isotropic materials and does not hold in
general.

In the case where A and p are constant,

and therefore effects due to homogeniza- Figure 7.4.: Ansatz 2

tion are absent, it turns out that Ansatz

2 is already optimal in the sense that it

recovers the energy given by the rigor I-limit. In this case ¢ and 7 are equal to
Young’s modulus and Poisson’s ratio respectively.
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7. Derivation of a homogenized theory for planar rods

7.3.2. Ansatzes featuring oscillations

The ansatzes discussed so far ignore effects due to rapid oscillations of the material.
Clearly, for a composite material consisting of a strong and a very weak component
it is energetically preferable if most of the stress emerges in the weak component.
Consequently, if the composite has a microstructure on scale ¢, it is natural to expect
a deformation with low energy also to oscillate on scale €. In the following, we study
two different types of ansatzes that feature oscillations.

Ansatz 3 (Oscillating curvature). The idea of the first oscillating ansatz is the
following: First, we construct a bending deformation that on the one hand, allows for
small oscillations in its curvature on scale and magnitude €, and on the other hand has
a macroscopic shape that equals u. In a second step, we extend this oscillating bend-
ing deformation to a two-dimensional deformation by applying the standard Cosserat
ansatz introduced above. This procedure leads to the sequence

UE’) (x) :=u(0) + /xl Re(8)t(uy(s) ds + hzaRe(z1)n(y)(21)
0

where R, : w — SO(2) is a smooth rotation field which is close to Id and periodic on
scale €. Omne can check that (u) approximates u in the sense of (1) ii. if R — Id
strongly in L?(w; M(2)). A straightforward computation shows that

thg’) = RaR(u) + haa( 81R5n(u) + Rgc‘)m(u)) X eq
and

(ReRy)T Vyul?) — 1d

3
E}(L):: 0

= I9 (n(u)(m)el + Ra)(R;Fc‘)lRa)n> X eq.

We specify the rotation field R, by setting
R.(z1) := R(e(aoms)(z1)) where «a€ C®(w;Coo(Y)) and me(z1) := (x1,71/e).

per

Recall that R(S3) denotes the unique clockwise rotation by angle f; thus, we see
that

RIOIR. = (£(81a) o m- + (9ya) o YR(m/2),
and since R(7/2)n,) = —t(,), we arrive at
E](L3) = T2 (n(u)(xl) — (6(8105) o Te + (8y05) O Tre )) e1 ®eq.

3)

As a consequence, in virtue of Lemma 2.1.9 the sequence ([£,”) strongly two-scale
converges to the map 2 (k) (71) — dya(x1,y))(e1®e1) and by applying Lemma 3.2.1
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we (formally) obtain the limiting energy

% / / Qy, (Kwy(@1) — dya(z1,y))(e1®e1)) dy day

wXxY

1
_ 12//@+ 201) (K — Oy )? dy dary.

wXY

The right hand side is minimized for the function

y -1
o (z1,y) = R(u)(ﬂfl)/o l=p(r)dr  with p(y) :m </Y/\(y)+12u(y)dy> .

This corresponds to the relaxed limiting energy

6(3) 9 d “th ~(3) ._ 1 q -1
5T wﬁ:(u)(xl) xy  with ¢ .= vy y )

The harmonic mean in the definition
of g® is a typical average which
emerges in the context of homogeniza-
tion.

Figure 7.5 is a visualization of Ansatz 3.
It shows a laterally periodic rod consist-
ing of stiff and soft components. The rod
is deformed by a two-dimensional defor-
mation that is associated to a bending
deformation with constant positive cur-
vature. The deformation is constructed
according to Ansatz 3 by the proce-
dure described above in a situation where
h~e.

In the larger plot in Figure 7.5 the color-
ing indicates the strength of the material,
where blue means soft and green means
stiff. The smaller plot in Figure 7.5 shows
an enlarged section of the deformed rod.
Here, the coloring indicates the locally stored energy.

Figure 7.5.: Ansatz 3

As before, the bold red line represents the deformed mid line of the rod. As expected,
the curvature of the deformed mid line is not constant, but is larger in the weak (blue)
parts of the rod and close to zero in the stiff (green) parts of the rod. Because of this
inhomogeneous bending, the lateral oscillation of the local stress is quite mild (as it is
illustrated in the enlarged section in Figure 7.5).

Because Ansatz 1 is a special case of Ansatz 3 (corresponding to a = 0), we have
¢ < ¢V, Qualitatively speaking, the higher the contrast of the elastic components,
the larger is the difference between Ansatz 1 and Ansatz 3.
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7. Derivation of a homogenized theory for planar rods

We can easily extend Ansatz 3 by adding the corrector w}(?) from Ansatz 2. It turns out

that for isotropic materials this extended ansatz is already rich enough to recover the I'-
limit of (Z") corresponding to the fine-scale coupling 7/= — oo.

Ansatz 4 (Oscillating director correction). For periodic materials it is reason-
able that the relaxation related to Poisson’s effect is resolved on the level of the material
fine-scale. For this reason, we extend Ansatz 3 and allow oscillations of the director
field. In the sequel we have to suppose that

(7.11) lim 2 = 0.

Let R. : w — SO(2) denote the rotation field introduced in the previous ansatz and
define

h 2
w}(;l)(x) = %ReR(u) (pom:) where ¢ € C5%(w; C’ggr(Y;RQ)).
We compute
h 2
(ReRouy)T Vil =aa((¢ 0 7.)@e2) + g% (0,6 0 m2)®e1) + O(h).

In view of (7.11), we see that the second term on the right hand side is of higher
4) ._

order and vanishes uniformly in the limit. Now we consider the deformation wu;~ :=

u® + hw,(;l) and compute

(R-Rpy)T Vgt — Id
h

E}(l4) =
=22 (k) —(Oyaom:))(e1®er) + z2((¢ o me)®ez) + O(h).

The sequence (E}(;l) ) strongly two-scale converges and (formally) we obtain the limiting

energy
. e,h (4) — 1 K(u) _aya ¢1

where ¢ = (¢1,¢2)T. Minimization over all admissible ¢ and « yields the relaxed

limiting energy
5(4) 1 -1
q 2 : ~(4) _
— d th = —d
12 /w”(“) oW (/y E(y) y)

which is recovered by the optimal parameters

* — Y ﬁ * * 4V
0*(w19) = (@) [ dr and 67 =0, 65(eny) = —i k@),
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7.4. Proof of the main result

Figure 7.6 is the equivalent to Figure 7.5
for Ansatz 4. Additional to the inhomoge-
neous lateral bending, we see that also the
fibers orthogonal to the mid line are in-
homogeneously stretched in order to com-
pensate for Poisson’s effect. The enlarged
plot in Figure 7.6 shows that this effect is
coupled to the curvature of the mid line
as well as to the stiffness of the material.
Moreover, the enlarged plot shows that in
comparison to Figure 7.5, the energy has
drastically reduced.

Ansatz 4 entails the previous ansatzes
as special cases. Consequently, we have
min{Gg™®,§®, ¢} > ¢¥. It turns out
that Ansatz 4 is rich enough to recover
the T-limit of (Z5") corresponding to the
fine-scale coupling /e — oo. In this case

Figure 7.6.: Ansatz 4

(and for isotropic materials) ¥ is exactly the harmonic mean of Young’s modu-

lus.

7.4. Proof of the main result

This section is devoted to the proof of Theorem 7.2.5. We briefly outline our strat-

egy:

(1) (Compactness). In the first part of Section 7.4.1 we show that a sequence (up)

of deformations with finite bending energy is relatively compact. More precisely,
we show that up to subsequence (up/) and (Vjup/) strongly converge and the
sequence of associated nonlinear strain

\/ thg thh —1Id
Eh =

h

weakly two-scale converges. Moreover, the compactness result (summarized in
Theorem 7.4.2 below) reveals that the limiting deformation can be identified with

. . . . 2,2 L2
a bending deformation, i.e. a map in W, (w; R?).

This insight relies on an approximation scheme that allows to approximate the
scaled gradient Vjup by a map Ry, from w to SO(2) with an error controlled by
the L2-distance of V,uy, to SO(2).

In [FJMO02] (for elastic plates) and in [MMO3] (for elastic rods) an approximation
of this type with a piecewise constant map Ry has been derived by applying the
geometric rigidity estimate (see Theorem 7.4.6). In our setting, it is necessary
(in particular for the analysis in the next step) to develop an approximation
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scheme that allows to choose the map Ry, in W'?(w; SO(2)) and to control the
two-scale convergence behavior of 9y Ry as h — 0. More precisely, we show that
in the cases h ~ € and h > ¢ the sequence Rp can be constructed in such a way
that 01 Ry does “not carry oscillations” in the two-scale sense. This is done in
Proposition 7.4.4 and Proposition 7.4.12.

(Two-scale characterization of the limiting strain). Theorem 7.4.10 es-
tablishes a link between the limiting deformation v and the two-scale limit E of
the sequence (E},). It turns out that E admits a presentation in the form

E(z,y) = mak @y (71)(e1®e1) + G(z,y)

where k() is the curvature of the limiting deformation and G a “relaxation
profile” that captures the oscillation properties of the sequence (Ep). We are
going to see that the general structure of the map G depends in a subtle way on
the limiting behavior of the ratio between h and e.

Generally speaking, the key insight in the proof of this result is a decomposition
of the form

up = (vh(xl) + haang,,) (1) ) + hwp,

where vy, is a one-dimensional map, close to a bending deformation that is con-
structed on the basis of the approximation Rj, and wp is a corrector term.
The map in the braces can be interpreted as the extension of v, by a standard
Cosserat Ansatz (cf. Section 7.3). Since the construction of vy, is quite explicit,
we can easily characterize the contribution of the term in the braces to the lim-
iting strain £. On the other side, we can characterize the contribution of the
corrector term wy, by means of the two-scale characterization of scaled gradients
(see Theorem 6.3.3).

(Lower bound). The proof of the lower bound part of Theorem 7.2.5 consists
of two stages: First, we derive a lower bound by means of the nonlinear limiting
strain E (see Lemma 7.4.13). The derivation is mainly based on the simultane-
ous homogenization and linearization result (Theorem 5.2.1) combined with the
compactness part of the main Theorem 7.2.5. Secondly, we combine the derived
lower bound with the two-scale characterization of the limiting strain. Eventu-
ally, some minor modifications of the resulting lower bound complete the proof
of Theorem 7.2.5 (2).

(Upper bound). In Section 7.4.4 we construct recovery sequences in three
steps. First, we present a construction for smooth data (see Proposition 7.4.14).
Secondly, we prove in Lemma 7.4.17 that C2° (w; R?) is dense in I/Véf(w; R?) and
eventually, we lift the smooth construction to the general case by a diagonal

sequence construction that is due to H. Attouch.

(Cell problem). The program (1) - (4) proves I'-convergence of (Z5") to the
functional Z,, which is implicitly defined by means of an relaxation procedure. In
Section 7.4.5 we show that Z, can be identified with the energy &£, (-;0). There-
fore, we analyze the linear cell problem that determines the effective coeflicient
¢y and that establishes the link between Z, and &,(+;0).



7.4. Proof of the main result

7.4.1. Compactness

In this section we prove Proposition 7.2.7 and the compactness part of Theorem 7.2.5.
The section is outlined as follows. We start with a short discussion pointing out the
challenge in the proof of the compactness result. In the main part of this section
(see page 123 et seq.) we present a careful approximation of the scaled gradient by
piecewise affine maps in WhH2(w;M(2)) N L>®(w; SO(2)). Eventually, we elaborate
on the one-sided boundary condition and prove Proposition 7.2.7 (see page 131 et

seq.).

Below, c¢g, ¢1, co denote generic positive constants which may change from line to line,
but can be chosen independent of h. Furthermore, we assume without loss of generality
that h < 1. Let us consider a sequence (uy,) of deformations in W12(Q; R?) with finite
bending energy. We denote the integral average of uj by uqj. Thus, the Poincaré-
Wirtinger inequality implies that

2 2
||Uh - uQ,hlej(Q;RZ) < CO/Q ’VUh‘ dx.
Because of the non-degeneracy condition (W3) and the inequality

VF € M(2) : dist?(F,SO(2)) > = |F|* — V2,

N | =

we see that
(7.12) lup — UQ7hHI2/Vl’2(Q;R2) < Co/ |thh‘2 dx < ¢ hZIé(h),h(uh) + co.
Q

Hence, the sequence (up—ug ;) is bounded in W2(Q; R?) and we obtain

up —UQp — U weakly in Wl’Z(Q; ]RZ)

Viup — (O1u|d)  weakly in L?(Q; M(2)).
for a subsequence (not relabel) and suitable maps u € W12(Q;R?) and d € L?(; R?).
The boundedness of (£82uy) in L?(Q;M(2)) implies that douy, strongly converges to
zero; thus, u only depends on z; and can be identified with a map in Wh2(w;R?).

Furthermore, the compactness of the embedding W12(; R?) C L?(2;R?) yields strong
convergence of u, — ug p, to u in L2

We recall that the scaled nonlinear strain associated to uy, is defined by

\/thg thh —Id
Ey = .

h

2
Because of the estimate dist?(F, SO(2)) > ‘\/FTF - Id’ , we immediately deduce

that (Ep) is bounded in L?(£%; Mgym(2)), and therefore is weakly two-scale relatively
compact. So far we have proved the following statement:
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Lemma 7.4.1. Let (up,) € WH2(;R?) be a sequence with finite bending energy. There
are maps

u € WhH2(w;R?), UeL2(Q,M(2) with Ue =du
and E € L*(QxY;M(2))
such that
Up—uQp —> U weakly in W2 (Q; R?)
Vhup, — U weakly in L*($; M(2))
E, >~ FE  weakly two-scale in L2(QxY; M(2))

for a subsequence (not relabeled). Here, uq = H%(Q)fﬁ up dx denotes the integral
average of uy,.

In order to complete the proof of the compactness result, it remains to show that
u € I/Vizf (w; R?) or equivalently that U € W12(w; M(2)) and U(z1) € SO(2) for almost
every r1 € w. It turns out that this is a hard problem and cannot be verified by
elementary methods like those used in the discussion so far. The difficulty is caused by
the non-convexity of the set SO(2). We elaborate on this statement in the following

lines using some arguments borrowed from [Con03].

Because the sequence (up) has finite bending energy, we can assume without loss of
generality that

(7.13) /Q dist?(Vi,up (), SO(2)) dz < h2co.

Let us assume for a moment that Vj,uy, strongly converges to U in L?(€2;M(2)). Then
(7.13) implies that U(x) € SO(2) for almost every x € Q and we deduce that u is an
isometric immersion. However, if the sequence (Vjup,) converges to U only in the weak
topology, then in general only the weaker estimate

/ O(U) dw < limint / dist(Vyup (z), SO(2)) dz = 0
Q h—0 QO

holds, where (-) is the convex hull of the map M(2) 3 F + dist?(F, SO(2)). A direct
calculation (see [Con03]) shows that the null set of # is not SO(2), but the set of 2x2
matrices F satisfying FTF < Id.

In the next paragraph we overcome this failure by introducing an approximation scheme
that enables us to approximate Vjuy by a map

Ry, € W2 (w; SO(2)) := W2 (w; M(2)) N L™®(w; SO(2))
in such way that

2

+ \|31Rh||%2(w;M(2))

H Viup — Ry,
L2(Q;M(2))

h

is bounded by a constant independent of h, provided (uy) has finite bending energy.
As a consequence, we obtain the following result:
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Theorem 7.4.2. Let (uy) C WY2(Q;R2) be a sequence with finite bending energy.
There is a bending deformation u € Wéf(w;ﬂ@) and a map E € L*(QxY; Mgym(2))
such that

. Up—uUQp — U weakly in WH=(;

7.14 7 kly in WH2(Q; R?

(7.15) Vihup — Ry strongly in L*(€; M(2))

(7.16) E, 2> E weakly two-scale in L*(QxY; M(2))

for a subsequence (not relabeled). Here, uq = H%(Q)fﬂ up dx denotes the integral
average of up,.

(For the proof see page 130).

Remark 7.4.3. In view of the non-degeneracy condition (W3) it is clear that any se-
quence (up) with equibounded energy has finite bending energy; thus, the previous
theorem immediately implies the validity of the compactness part (statement (1)) of
Theorem 7.2.5.

Approximation of the scaled gradient based on geometric rigidity

In the first part of this paragraph we present a careful approximation for scaled defor-
mation gradients of maps in

Wh2((0,L)xS;R")  with S cR*!

by piecewise constant maps from (0, L) to SO(n). We prove this statement for dimen-
sions n > 2. In particular, in the current and the subsequent chapter we apply the
result with n = 2, 3.

In the second part (see Proposition 7.4.7) we consider two-dimensional deformations
u € WH2(Q;R?). We carefully regularize the piecewise constant approximation of
the corresponding scaled gradient Vju. In this way we obtain a scheme that allows
to approximate the scaled gradient V,u by a map in W12(w; SO(2)), the derivative
of which is coherent to an e-lattice for a given small parameter e. We would like
to remark that the approximation scheme is tailor-made for sequences of deforma-
tions with finite bending energy and plays an important role, not only in the proof
of the compactness result, but also for the two-scale characterization of the limiting
strain.

Proposition 7.4.4. Let S denote an open and bounded Lipschitz domain in R,
Set w := (0,L) and Q := wxS. Suppose that 0 < h,e < L satisfy

1
Y0

< —<

oS
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for a positive number vy. To any u € WH2(Q;R™) we can assign a e-coherent map
R: w — SO(n) such that

IR—V1in UH;(Q;M(H)) +eVara R < C’/QdistQ(VLh u(z), SO(n))dz.

The constant C' only depends on ~yy and the geometry of S.

Remark 7.4.5. In the proposition above Vi, u is the scaled gradient introduced in
Definition 6.3.1. In the two-dimensional case (as considered in this chapter) we have
Vi,nu = Vu. Moreover, we like to remind that the notion of a coherent map is defined
in Section 2.2.

The result is a refinement of a similar statement in [FJMO02] and is based on the geomet-
ric rigidity estimate by G. Friesecke, R.D. James and S. Miiller:

Theorem 7.4.6 (Geometric rigidity [FJMO02]). Let A be a bounded Lipschitz domain
in R", n > 2. There exists a constant C(A) with the following property: For each
v € WH2(A;R™) there is an associated rotation R € SO(n) such that

/ IVo(z) — R|* dz < C(A) / dist?(Vo(z), SO(n)) dz.
A A

The constant C(A) can be chosen uniformly for a family of domains which are bilip-
schitz equivalent with controlled Lipschitz constants. The constant C(A) is invariant
under dilations.

The rough idea is the following: In a first step, we cover ) by a union of cylindrical

sets of the form
U)=1[E64+¢e)xS with £ €€Z.

Because in general the smallest union of such sets covering () is larger than 2, we
carefully extend w to this slightly larger domain. Next, we approximate Vju on
each cylinder by a constant rotation minimizing the L?-distance to the gradient. In
this way we obtain the piecewise constant, e-coherent approximation R. By apply-
ing the geometric rigidity theorem to each cylindrical segment separately, we find
that

/ |R— Vi ul? dz < C’/ dist*(Vy ,, u, SO(n)) d,
Q Q

where the constant C' only depends on the geometry of S and the ratio e/h. Fur-
thermore, it turns out that the difference |R(§ + €) — R(£)| (i.e. the variation between
neighboring segments) can also be estimated by means of the geometric rigidity theo-
rem. This allows us to estimate the quadratic variation of R.

Proof. In the following we use the convention to decompose any point z € R™ according
to
x = (x1,%) with z; € R and 7 € R,
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7.4. Proof of the main result

Step 1. Set & := {1 € R : dist(z1,w) < 2y0h} and Q := &xS. We claim that there

exists an extension u®™ € WH2(Q; R™) of u such that
(7.17) /AdistQ(VLh u™(z),SO(n))dz < (1+ ’YOCS)/ dist?(Vy p u(z), SO(n)) dx
) Q

where the constant C's only depends on the geometry of S. We postpone the proof to
Step 5.

Step 2. For convenience we set

UE) :=[66+e)xS and U):=[—eE+€e)xS  forall € € Z

Let £ denote the smallest subset of €Z such that @ C g, U(§). Note that by
construction, for all £ € £ the cylindrical sets U (&) and U (€) are contained in €.

We choose discrete maps
t:£L—S50(n) and T:L— SO(n)
such that

) € argmm / \Vipu(z) — R da
ReSO(n

) € argmm / Vipu(z) — R)* da
ReSO(n

for all £ € £ and define the e-coherent map

R:w—80(n), R(@):=)Y lyglr)()
¢ec

Step 3. We claim that
(7.18) / R—Vipul? de < C / dist? (Vi u, SO(n)) da.

Q Q
Here and hereafter, C' denotes a constant that may change from line to line, but can
be chosen only depending on vy and the geometry of S.
To this end, first note that
(7.19) / IR—Vipul? de < Z/ Yoy (@) da

(el

because u®* is an extension of u and € is contained in the union of the sets U(§), £ € L.
For the sequel, it is convenient to introduce the rescaled map

v:OxhS = R, vi=u™om, where m,(21,2) = (x1,12).

125



7. Derivation of a homogenized theory for planar rods

It is easy to check that Vv = Vj j u®™ o 7p,, and therefore
1
/ [t(&) — Vi u|? dz = / e(&) = Vol? da for all £ € L.
U(g) h Jiee+e)xns

We apply the geometric rigidity estimate (Theorem 7.4.6) to the integral on the right
and obtain

/

(7.20) / (€)= Vip u™? dor < & / dist?(Vv, SO(n)) da
U() (&,6+€)xhS
= c’/ dist?(Vy 4 u®™, SO(n)) dz
v

where ¢ only depends on the geometry of the cylindrical integration domain. In a
similar manner we obtain the estimate

(7.21) /A (€)= Vip ™ do < [ dist? (Vi u™, SO(n)) dr.
o 0

Since
{(f,{—i—e)th, (£, 4+ 2€)xhS : £ € R, h,e > 0withyy < % < ’Ylo}

is a family of cylindrical domains which are Bilipschitz equivalent with controlled
Lipschitz constant, we can choose the constant ¢’ in (7.20) and (7.21) in such a way
that it only depends on the geometry of S and on ~q.

By combining (7.19) and (7.20), we see that
/ |IR— Vi ul? dz < c'/A dist*(Vy p, u™(z), SO(n)) dz.
Q Q

In virtue of (7.17), estimate (7.18) follows.

Step 4. We estimate the variation of R. Since w is a one-dimensional interval and R a
e-coherent map, we can rewrite the variation of R as follows:

Var,R= > [¢(§) — (¢ — o).

£eL\min L

We estimate each term of the sum on the right hand side separately. To this end, let
¢ € L\ min L. By construction U(§) as well as U(£ — €) are contained in U(§). This
motivates the following calculation:

o(€) — v(€ — ) < 2( [e() ~FE) + [E(€) — e(¢ — )

2 — 2O dz (&) — — P dz
s€|5|< / O —FE et / O e o d )

4 ~ ex
<t / ¥(€) = Vi u™ ()2 de + / (€)= Vi u™ (@) dat
elSI\ Jue 303

/A [(€) — Vi u(z)* dz +/

(6 — €) = Vi u™(x)[* dx)
0 U(e-9)
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7.4. Proof of the main result

where |S| denotes the n—1-dimensional Hausdorff measure of S.

By applying estimates (7.20) and (7.21) to the integrals on the right hand side, we
obtain

(6) — el — )2 < 8¢

< / dist? (V. u(x), SO(n)) da.
eS| Ja

By summing over all £ € £\ min £ we arrive at

/
Vara(R) < ST;’ dist*(Vy p, u™(z), SO(n)) du,
€ 9)

because each x € § is contained in at most two of the sets {U(£) : € € £}. In view
of Step 1, we deduce that

e Vary(R) < C/Qdist2(V17h u(z), SO(n)) dz.

Step 5. It remains to prove the claim in Step 1. First, we extend u to the “left”, more
precisely to the domain

Q := (—2hK,L)xS

where K € N is the smallest number larger then ~y. To this end, let v denote the
rescaled deformation from Step 3 and choose a rotation Ry satisfying

Ry € argmin/ Vv — R|? da.
ReSO(n) J(0,n)xhs

For x € (0,h)xhS we set w(z) := v(x) — Roz and extend w to the domain RxhS by
reflection and periodicity:

w™(z1, ) =

w(xy + 2hk,z)  if 3k € Z such that 21 4+ 2hk € (0, h)
w(—=z1 + 2hk,z) if Ik € Z such that — z1 + 2hk € (0, h).

By construction the map w®™ (z1, Z) is 2h-periodic in 1 and belongs to W12(IxhS; R")
for all bounded intervals I C R. Moreover, we have w™(x) = v(x) — Roz for all
x € (0,h)xhS and

/ V™ |? dz = 2K Vw|? de = 2K Vv — Ro|* da.
(—2Kh,0)xhS (0,h) x hS (0,h) xhS

Note that we can control the right hand side by means of the geometric rigidity esti-
mate, i.e.

(7.22) / IVw™? dz < ¢ 2K dist?(Vo(x), SO(n)) du,
(—=2Kh,0)xhS (0,h)xhS

where ¢ only depends on the geometry of S. We extend u to the domain 0 according

to
u(x) ifx e
u™(z) = .
w™(z1, h@) + Ro(x1,hz) ifz € Q™ \ Q.
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7. Derivation of a homogenized theory for planar rods

By construction u®* belongs to WLQ((AZ_; R™) and

/A dist? (Vo p u(z), SO(n)) de < /A V0p 0™ () — Rol? da
a-\0 a-\0
1

:/ (V™) (21, ht)[? dz = / V2 da.
(—2Kh,0)xS h J(—2Kh,0)xhs

We can estimate the right hand side by (7.22) and deduce that

/
/ dist?(Vy j u®™(z), SO(n)) dz < 2K ¢ dist?(Vo(z), SO(n)) dz
-\ (0,h)x S

=2K c'/ dist?(Vy p u(z), SO(n)) dz.
(0,h) xS
In summary, we have
/A dist?(Vy, u™(z), SO(n)) dz < (1 +2K¢) / dist?(Vy u(z), SO(n)) dz.

Q

Eventually, we extend u® in the very same way to the “right”, i.e. to the domain
(—=2Kh,L+2Kh)xS. Since € is contained in (—2Kh, L +2Kh)x S, the claim follows.
O

Proposition 7.4.7. Consider the situation in Proposition 7.4.4 for dimension n = 2.
Then there exists a piecewise affine map o € WH2(w) such that 01« is a piecewise
constant, e-coherent map and

IR(@) = VhullZ2 (@) + € 101072, < C/ dist*(Vyu, SO(n)) dz.
Q
The constant C' only depends on ) and .

Proof. Let R : w — SO(2) denote the approximation from Proposition 7.4.4. The
idea of the proof is the following: First, we represent the rotation field R by means of
the corresponding rotation angles. In this way we obtain a piecewise constant map &
satisfying R(a(z1)) = R(x;) for all 1 € w.

Secondly, we carefully regularize & by applying Proposition 2.2.7 where we utilize the
fact that & is coherent to a e-lattice.

To this end, we set L. := €Z + c. Because R is e-coherent due to Proposition 7.4.4,
we can find a translation ¢ € [0, €) and a discrete map ¢ : L. — SO(2) satisfying

R(z1) = Y lieeronw(@)e(§)

€€Llec

for almost every x; € w. Now we choose a map a: L.. — R with the properties

(7.23) R(a(§)) =€),  |a(§) —a(ll+e[<m and a(c)€[0,2m)
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7.4. Proof of the main result

for all £ € L. This is possible, because the map R : R — SO(2) is surjective and
2m-periodic. The corresponding map & : w — R defined by

aa1) == D Teeronw(@)al)

§€Lecc

is e-coherent and satisfies R(&(z1)) = R(x;) for almost every x; € w. In view of
Lemma 7.4.8 below, (7.23) immediately implies that

(7.24) ¢ Vary(R) < Vary(a) < ¢ Vary(R).

By applying Proposition 7.4.4 (with h = ¢) we obtain a map a € W1?(w) where 9«
is e-coherent. Moreover, « satisfies the estimate

(7.25) / & — a)® + 2 |01al? dzy < CeVary(a).

Now for one thing, the right hand side is controlled by the variation of R due to (7.24)
and in view of Proposition 7.4.4 eventually by [, dist*(Vj,u, SO(2)) dz. For another
thing, the first integral on the left hand side controls the L2-distance between R(«)
and R(&). In summary, we obtain the estimate

/|R a)* 4 €218,a dm<c/|a af? + € 101a)? day

c’/ dist?(Vju, SO(2)) da
Q

Here and below, ¢’ denotes a generic constant, which may change from line to line, is
independent of €, h and u, but may depend on the geometry of 2 and 7. Eventually,
we compute

/ IR(a) — Viyul* dz < 2/ IR(a) — R(&)]* + |R(&) — Viul* dz
< (e Vara (&) —i—/QdistQ(th,SO@))dx)

d /Q dist?(V,u, SO(2)) dz
and the proof is complete. O
Lemma 7.4.8. There exist constants ¢V, c¢® > 0 such that
DIR(@) =R < |a — B < ¢ [R(a) - R(B)?
for all a, B € R with |a — | < .

Proof. Set € := a—f. A straightforward calculation shows that
[R(e) = R(B)I* = [R(€) — Id[* = 4(1 - cos§).

Set fr(€) :== 1 —cos& — A2, Since 1 — cos ¢ behaves as 1/262 for ¢ close to 0, one can
show that f)(§) > 0 for all £ € [m, ], provided A > 0 is small enough. On the other
side, we have f)(£) <0 for all £ € R, provided A > 0 is large enough. O
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7. Derivation of a homogenized theory for planar rods

Proof of Theorem 7.4.2

In view of Lemma 7.4.1 we already now that
(7.26) Up—Ph —> U strongly in L*(Q;R?) and weakly in W'?(Q; R?)

for a map u € WhH2(w; R?) and a suitable subsequence (not relabeled). It only remains
to prove that u is a bending deformation, i.e. u € T/Vizf (w;R?) and that (after possibly
passing to a further subsequence) we have

(7.27) Vhup — R,y strongly in L*(Q;R?)

where R, € Wh2(w; M(2))NL>(w; SO(2)) denotes the frame associated to u.

For convenience we set
1
ni= 7 / dist2(Vyun (x), SO(2)) da.
Q

According to Proposition 7.4.7, we associate to each deformation uj, a map «ap €
Wh2(w) satisfying

2

(7.28) HR(ah)—thh

h

+ (101001 T2y < Cen.
L2(;M(2))

Here and below, ¢’ denotes a generic constant which may change from line to line, but
is independent of h. Let o) denote the integral average of ) over w. Poincaré’s
inequality and the previous estimate imply that

/ ]ah|2 + yalahyQ dzy < 2/ O‘i,h + |ap, — Oéw,h|2 daq —I—/ |810zh|2 daq
w w w
< <043;,h —i—/ 010 | dxl) <d(ad,+en)-
w

Since the map R : R — SO(2) is 2w-periodic, we can assume without loss of generality
that oy, € [0,27); thereby, the previous estimate implies

lim sup HO(}LH‘Q/VI,Q(LU) < (1 +limsupey,).
h—0 h—0

Because (uy) is a sequence with finite bending energy, the right hand side is bounded.
Hence, there exists a subsequence of (ay,) (not relabeled) that converges to a map
a € Wh2(w) weakly in Wh?(w) and strongly in L?(w) due to compact embedding.
But this implies that a;, — « pointwise almost everywhere, and consequently we also
have R(ay) — R(a) — initially pointwise, but then also strongly in L?(w;M(2)) for
a subsequence by dominated convergence. In view of estimate (7.28) we obtain the
claimed convergence (7.27). Moreover, (7.26) and (7.27) imply that 0ju = R(a)e; and
since the map z; — R(a(z1)) belongs to W2 (w; M(2)) N L>®(w; SO(2)), we deduce
that u € W22 (w; R2). O

iso
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7.4. Proof of the main result

Compatibility with the boundary condition

Below, we prove Proposition 7.2.7 which says that the one-sided boundary condition is
stable for sequences with finite bending energy. To this end, we prove that the estimate
in Proposition 7.4.7 is strong enough to pass to the limit of Vjuy in traces. The proof
is adapted from [FJMO02]. In particular, the subsequent trace estimate can be found
in [FJMO02]:

Lemma 7.4.9. There exists a positive constant cy such that for all w € W12(Q;R?)
and all 0 < h < 1 there exists ¢ € R? with

/ lw(0, 22) — ¢ dag < coh/ Vyw(z)? de.
S (0,h)xS

Proof. Due to the Poincaré inequality there exists a positive constant ¢y such that

/ 1£(0,22) — ¢ das < co / V@) de
S (0,1)xS

for all f € WH2((0,1)xS;R?) and ¢ = f(o 1yxs £ dz. By specifying

f(z1,22) := w(hxy, x2)

we obtain

/ lw(0, 29) — ¢ dap < co/ |W(Viw) (hay, z9)|* da = coh/ |Vyw|? da.
S (0,1)xS (0,hR) xS

O]

Proof of Proposition 7.2.7. We associate to each uj a piecewise affine map ay, accord-
ing to Proposition 7.4.7 with e = h. Since (uy) has finite bending energy, we can apply
Theorem 7.4.2 and pass to a subsequence (not relabeled) such that

up — UQp —> U strongly in L?(Q; R?
(729) { h Q.h gly ( )

Vhup = Ry strongly in L%(Q; M(2))

and (due to Proposition 7.4.7)

2

(7.30) sup

( H R(an) — Viuy,
h

h

+ ||3104h||%2(w)) < 0o.
L2(;M(2))

The map R:R — SO(2) is invariant under translations by 2k7, k € Z. Therefore, we
can choose the sequence (ay,) in such a way that it is bounded in W2 (w). Now (7.29)
and (7.30) immediately imply that (aj) weakly converges to a map o in W?(w) with
R(Oé) = R(u)
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7. Derivation of a homogenized theory for planar rods

We prove that the limit u satisfies the boundary condition by comparing (up) with a
suitable ansatz (uy,). Let us define

T
Up(z) :=ug + / R(an(s))er ds + hxy R(a(zy))es,
0
wy, = up, — up,  and ’u_}h(.%'l) = / wh(wl,arg) dxs.
S

Note that (@) converges to ug + [ Ry (s)e1 ds, while (@) converges to u. Since
wp,(0) = 0 for all h, the Poincaré-Friedrichs inequality implies that

Hwh||124/1,2(w;R2) < C// ’alif)h|2 dzy.
w

Here and below, ¢’ denotes a generic positive constant that may change from line to
line, but can be chosen independent of h. On the other hand, we have 9 |, gupdry =
R(ap)er which leads to the estimate

/ ]81Eh|2 dr; < / |O1up — R(ah)el|2 de < B2,
w Q

and we deduce that w;, — 0 strongly in W2(w;R?). As a consequence, we infer that
the limits of (@) and ([q @, dxo) are equal, which means that

Z1
u(z1) = uo +/ Ry (s)e1ds.
0

Hence, it remains to prove that R, (0)ea = ng: We apply the previous lemma to the
map %wh and get

/ | Fwp(0,22) — Ch}Q < Coh_l/ |Vhwn ()| da.
S (0,R) xS

Because of
Vhwy, = Vyup, — R(ap) — haedranR(ap+7/2)ea®er,

estimate (7.30) implies that the right hand side of the previous inequality is bounded
by ¢'h for a suitable constant ¢’. On the other hand, we observe that %wh(O, x9) =
z2(ng — R(ap(0))ez) and thus,

1
5 [0 = R(an(0)es|” < / |z2(no — R(an(0))ez) — cnl* dwy < dh
S
where we used that [ zac, dzg = 0. Because of R(y,) — Ry, weakly in W2 (w; M(2)),
we obtain

Ry (0)ez = }lllg%) R(an(0))ea = ng.
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7.4.2. Two-scale characterization of the limiting strain

Let us consider a sequence of scaled deformations (uy) in W12(Q;R?). We associate
to each uy, the scaled nonlinear strain Ej, € L*(Q; Mgym(2)) by

\/ Vaut Vi, — Id
(7.31) Ep = - :
Furthermore, we associate to the sequence (uy) the set of limiting strains

(7.32)
¢ = {E € L2(QxY;M(2)) : Ep 2 E weakly two-scale in L2(QxY: M(2))

for a subsequence (not relabeled) }

If the sequence (uy) has finite bending energy and converges to a map u in L?(; R?),
then Theorem 7.4.2 reveals that u is a bending deformation, i.e. u € VVizf (w;R?), and
additionally we infer that & is non-empty. In this section we establish a link between
the limiting deformation v and a limiting strain F in €. Generally speaking, we are

going to see that E admits a presentation of the form
E(I’, y) = T2K(qy) (%1)(61@61) + G(.%', y)

where K(,) is the curvature of the limiting deformation and G a “relaxation profile”
that captures the oscillation properties of the sequence (E}). We are going to see that
the general structure of the profile G depends in a subtle way on the ratio v; recall
that by assumption (7.1) we have limy_,0 % = v with v € [0, +00]. The main result in
this section is the following:

Theorem 7.4.10. Let (uy) be a sequence in WH2(Q; R?) with finite bending energy,
let € be defined as in (7.32) and suppose that (up) converges to u in the sense of (7.14).
Then u € W2’2(w;R2) and each E in & can be represented in the form

iso

E(z,y) = (a(z1) + z2(k)(z1) + 9yan(21,9)) ) (e1®e1) + sym G(z, y)

where

o € L (w; W;‘;iO(Y)) ify=0

a€ L*(w) and
a=20 else,

and G is a map in L>(QxY;M(2)) that satisfies

( Oywo | ow ) if v € {0, 00}
G=< ~ 1
V1w = ( Oywo ‘ ;82100 ) else
where
wo € L2 (w; Wy o (YV;R?) and w € L2 (wxY; WH(S;R?))  if v =0,
wy € L*(Y; W;éiO(Y;R2)) and w € L*(w; W12 (S;R?)) if v = oo,
wo € L (w; W;’ier(SxY;R2)) else.

(For the proof see page 137).
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7. Derivation of a homogenized theory for planar rods

Remarks

1.

In virtue of the two-scale characterization of scaled gradients (see Theorem 6.3.3),
we see that the map G : QxY — M(2) can be obtained as the weak two-scale
limit of a sequence (Vjwy,), where (wy,) C Wh2(Q; R?) weakly converges to 0 and
has the property that (V,wy,) is bounded as a sequence in L?(Q; M(2)).

If v € (0,00), then the map G is a scaled gradient consisting of a derivative
with respect to the fast variable y and a scaled derivative in the cross-sectional
direction zo. We would like to remark that the definition of the scaled gradient
V1,4 and the space W;[ier(SxY; R?) are introduced in Section 6.3.

If we average FE € € over Y, then we obtain a decomposition in the form
(7.33) A(z1) + 22Ky (71)(e1®€1) + sym g(z)®ez

with A € L*(w;Mgm(2)) and g € L*(Q;R?), [ggdzy = 0 for a.e. x1. This
is in accordance with [FJMO02], where a similar decomposition was derived in
the case of two-dimensional plates with homogeneous materials, i.e. Wz, F) is
independent of x. In virtue of Lemma 2.1.9 it is clear that fy E(z,y)dy is the
weak limit of a suitable subsequence of (Fj); thus, the goal of Theorem 7.4.10
is a precise understanding of the oscillations emerging in the nonlinear strain,
taking into account the coupling of the fine-scales.

In the cases where the fine-scales separate in the limit, i.e. v = 0 or v = o0, it is
convenient to consider the projection of the limiting strain to the subspace of maps
linear in 5. Therefore, we define

(o1, y) = / B, y)2v/32 dara.
S

Since the function 2o + 2v/3x9 is a unit vector in L?(S) and linear in o, the

map

(2,y) = 2V3x2 lp(z1,y)

is exactly the projection of E to the space of functions in L2(Q2xY;M(2)) that are
linear in xs.

Corollary 7.4.11. Consider the situation in Theorem 7.4.10. Let E € € and suppose
that v € {0,00}. Then

with

o€ L (w; W2 (Y), g€ L*(wxY) and ce€ {

_ b dya g
g = \/ﬁ“’(u)(el@el) + ( g )

L*(wxY) ify=0

» 7 pend L?(w) if v = oc.

Proof. The statement can be checked by a straightforward calculation. O

134



7.4. Proof of the main result

In the remaining part of this section we prove Theorem 7.4.10. The strategy is the
following: We associate to each deformation uj; a function a; € W12(w) such that
the map R(ax(+)) is an approximation of Vju, in the sense of Proposition 7.4.7. In
Proposition 7.4.12 (see below), we observe that (d;cqy,) weakly converges to the cur-
vature of the limiting deformation u, and therefore the quantity ;" := 0y, can be
interpreted as an approximating curvature field. Moreover, the approximation is tai-
lored in such a way that the sequence (nzp) “does not carry oscillations” on scale ¢ if
v > 0.

In a second step, we consider the decomposition
uh(xl, .’L‘Q) = (ﬂh(xl) + h.%'gR(Ozh(.%'1>) > + hwh(:cl, .’L‘Q)

where w;, denotes the cross-sectional average of up. The term in the braces can be
regarded as an extension of the one-dimensional deformation 7y to a two-dimensional
deformation by a Cosserat-like ansatz. Because the construction of this term is quite
explicit, we can characterize its contribution to the limiting strain E. In this context
it turns out that the major component of the nonlinear strain associated to the defor-
mation in the braces is related to the approximating curvature field, and therefore to
the curvature of the limiting deformation. On the other hand, the map wy can be in-
terpreted as a corrector of higher order and its contribution to E can be characterized
by means of the two-scale characterization of scaled gradients (see Theorem 6.3.3). It
is important to note that both characterizations are sensitive to the limiting behavior
of the fine scale ratio #/e. We would like to remark that in Section 7.7.1, we prove that
the derived characterization is sharp.

Proposition 7.4.12. Let (uy) be a sequence in WH2(Q; R?) with finite bending energy.
(1) There exists a sequence (o) C WH2(w) such that
i sup (llonlwree + 1Bl o @paay ) <
where E;° := h™! (R(ah)Tthh - Id).
(2) There holds Ej, —sym E;® N weakly two-scale in L?(QxY; M(2)).
(3) If u € VVii’OQ(w;RQ) is the limit of (up,) in the sense of (7.14), then
Orap — K(y) weakly in L?(w).
Moreover, if v > 0, then we can choose (ay,) such that
Oy, — K (u) weakly two-scale in L*(wxY)

1s additionally satisfied.
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7. Derivation of a homogenized theory for planar rods

Proof of Proposition 7.4.12. To each deformation u; we associate a map ay in W2 (w)
by applying Proposition 7.4.7 where we specify the free scale parameter ¢ = e(h)
according to

(h) = h if v € {0, 00}
e e(h) else.

We are going to see that this choice guarantees that the sequence (01ay,) is constant
on scale € if v > 0. We define maps Ry, : w — SO(2) and E;® : Q — M(2) according
to

(7.34) Rp(z1) :=R(ap(z1)) and EP(z):= Y (Ry(21)T Vhun(z) — Id)

where R(-) denotes the clockwise rotation in R? (see page 105). Because R, is “close”
to Vjup, the map EZp can be interpreted as an approximation of the nonlinear strain.
By definition R(-) is invariant under translations by 2km with k& € Z; thus, we can
assume without loss of generality that a;(0) € [0,27), and consequently there exists a
constant ¢’ independent of h such that

lonlly2(0) < (101anl 2 + 1)

Because (uy) has finite bending energy, the estimate in Proposition 7.4.7 immediately
implies that

. e(h a
w3 s (0 + 1B ) <

By construction, the ratio €(%)/n is bounded (either by v < oo or by 1); consequently,
the previous estimate implies statement (1).

We prove statement (2). Because (E;") and (E}p,) are bounded in L?(Q; M(2)), we can
pass to a subsequence (not relabeled) such that

E? 2L EB®  weakly two-scale in L2(QxY; M(2)),
Ej, —sym E}? 2D weakly two-scale in L*(QxY;M(2))
with E2P, D € L*(QxY;M(2)). It is sufficient to prove that D = 0.
We have Vjuj, = Ry (Id + E;?), and therefore

VVhuf Vi —Id\J(Id+ hEP)T(1d + hELY) — Id
Jo — .

h h

Now Corollary 2.3.4 implies that
E), - sym E®P weakly two-scale in L*(Q2xY; M(2))

and since the linear map M(2) 3 A — sym A € M(2) is continuous with respect to
weak two-scale convergence, we deduce that D = 0.
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7.4. Proof of the main result

We prove statement (3). Suppose that up — ug, — u strongly in L2(Q;R?). In
view of the compactness result (see Theorem 7.4.2), we infer that dyu, — O1u and
Rpe1 — Or1up — 0 strongly in L2(Q;R?), and consequently we have

(7.36) Rp — Ry strongly in L?(w; M(2)).

On the other side, the sequence (ay) is bounded in W12(w); thus, we can pass to a
subsequence (not relabeled) such that

ap =« weakly in W12 (w).

But this implies that R, — R(a) weakly in W5H2?(w;M(2)) and in view of (7.36) we
obtain R(a) = Ry,). Moreover, we have

iy e1 = Orap R(7/2)ea = Ra) Y01 R (ap)es.

Now the right hand side equals Rgatheg and converges (as a product of a strongly
and weakly convergent sequence) to RgalRueg = K(y) €1. Because this reasoning is
valid for arbitrary subsequences, we obtain

orap — K(v) weakly in LQ(w)
for the entire sequence.

In the following, we suppose that v > 0. In view of Proposition 2.1.14 we already know
that
oo, 2 K(u) T Oyao weakly two-scale in L%(wxY)

for a subsequence (not relabeled) and a suitable map ag € L?(w; ngo (Y)). We show
that dyag = 0. The condition v > 0 corresponds to the scalings h ~ ¢ and h > e.
Since ay, is constructed by an approximation scheme involving piecewise constant maps
that are coherent to a lattice with a scale comparable or larger than e, it is natural
to expect that the approximation is too rough to capture oscillations on the finer
scale €. Indeed, by construction each map 0;ay, is €(h)-coherent with e(h) = e(h) or
€(h) > e(h); hence, Lemma 2.2.4 and Lemma 2.2.3 imply that d,a = 0. O

Proof of Theorem 7.4.10. We choose sequences (o) and (E,) according to Proposi-
tion 7.4.12 and define
Up — Up

h

up(x1) ::/Suh(x) dze and wy = — R (e, )ea.

Obviously, the map wy, belongs to W12(€2; R?) and has vanishing mean value. There-
fore, we can apply the Poincaré-Wirtinger inequality and obtain the estimate

/ |wh|2 dzg < C// |82wh\2 day = C/h2/
S S S

/72 T rrap 2
<ch R(ap)” E," ea| dws.
S

2
%aguh — R(Oéh)eg

h da?g
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7. Derivation of a homogenized theory for planar rods

Here and below, ¢’ and ¢’ are positive constants which may change from line to line,
but can be chosen independent of h. By construction (see Proposition 7.4.12) the
sequence (Ezp) is bounded; thus, integrating the previous estimate over w leads to

(7.37) / lwp|? da < c’/ |Bywp|* dx < "h2.
Q Q
Furthermore, (0;wy,) is bounded as can be seen by the following reasoning:
Orup, — 011
owp, = w — 901 R(ap+7/2) e

Because the second term on the right hand side is bounded due to Proposition 7.4.12,
we only have to estimate the first term:

Ouy, — 01y, . Oup, — R(ah)el B / 81uh(:z) — R(ah(azl))el
S

Vp + = dl’g

h N h h

= R(ah) (Ezpel — / Ezpel dx2>
S

and again the boundedness of E;” implies that (vy,) is a bounded sequence in L?(, R?).
So far, we have shown that

wp — 0 weakly in W12(Q; R?),
(7.38) { h y ( )

(Vhwp) is bounded in L*(Q; M(2)).

Now let E € €. Since (O1ap) and (Vywy) are bounded, we can pass to a subsequence
(not relabeled) such that

E, 2> E weakly two-scale in L?(QxY;M(2))
EP Ny weakly two-scale in L?(QxY; M(2))
Vy,wy, 2.q weakly two-scale in L> (QxY;M(2))
Ay, —= K(u) + Oy weakly two-scale in L*(wxY)
R(an) = R strongly in L?(w; M(2)),

where E* G € L?(QxY;M(2)) and ag € L?(w W;efo( )) depend on the choice of

the specific subsequence. Note that the convergence properties of (01ap,) and R ()
are justified due to the compactness result of Theorem 7.4.2 and statement (3) of
Proposition 7.4.12.

By rewriting the definition of wj we see that w, = ap + h(wh + ng(ah)eg), and
consequently

Vhup, = ( ovuy, ‘ R(ah)eg ) + h Vjywy, + hl’galR(ah)eg@)el.

Multiplication by R(ap)T yields
(7.39)

R(ah)T Vup = Id + hR(ah)T Vwy, + hxzéﬁah(el X 61) +h </ Ezpel d332> X®eq.
S
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Here, we used the identity
R(Ozh)Talﬁh = R(Oéh)T / R(ah)el + (81uh — R(ah)el) dze =e1 + h/ Ezpel dxs.
S S

Now we subtract Id on both sides of (7.39), divide the equation by h and pass to the
limit. In this way we obtain the equation

(7.40) E™ = R, G + z2(K() + 0ya0)(e1®e1) + ARes

where A := [, E*Pe; dxy.

Our next goal is to identify RTu G + A®e; by means of the two-scale characterization
result for scaled gradients. As a first step, we consider the sequence

wi = R(ap) Twy.
Because of (7.37) and (7.38), we have
Vhwy 2 R(E)G weakly two-scale

and the sequence (wy;) satisfies the properties in (7.38) as well. For this reason, we can
apply Theorem 6.3.3 (with n = 2 and m = 1) and conclude that

AT ~( dywy | Byw* ) if v € {0, 00}
@) Vi Awh else
where
wy € L?(w; W;éio(Y;RQ)) and w* € LA (wxY;WH2(S;R?)) ify=0
(7.41) wy € LA W2 (Y3 R?)) and w* € L (w; WH2(S;R?)) if v = o0
wy € L?(w; W}l,’_ier(SXY;RQ)) else.

Next, we are going to show that parts of the matrix A®e; can be represented as an
auxiliary gradient in the form (7.41) as well. In order to do so, we set

Aw)i= [ Ady. Alwry)i= 4
Y
and denote the first and second entry of A by A; and As, respectively. Define the map
L Yy o
g(x1,y) = / A(z1,s)ds — / / A(z1,s)dsdy.
0 vy Jo

Then g € LQ(w;W;éiO(Y;Rz)) and satisfies 0,9 = A. As a consequence, also the

modified maps

else

S
(en)
—~
R
<
S
o
—~~
s
<
~
+
2,
8
—
<
~
+
—~~
=
[\
o
[\
—~
8
—_
N
QN
—
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7. Derivation of a homogenized theory for planar rods

belong to the appropriate function spaces as described in (7.41) and it is easy to check

that
& ( dOywo ‘ Dow ) if v € {0, 00}
o %1’7100 else

satisfies o
symG + Aj(e1®e1) = sym [Ra)W + A®61] .

Because of £ = sym E®P (see Proposition 7.4.12), we can rewrite equation (7.40) and
obtain B ~
E = z3(k) + 0yao + A1)(e1®e1) +sym G.

This completes the proof in the case v = 0. For v > 0 it remains to check that
Oyop = 0. But this is exactly the statement of Proposition 7.4.12 (3). O

7.4.3. Lower bound

In this section we prove the lower bound part of Theorem 7.2.5 (see page 142 et seq.).
As a preliminary result, we derive a lower bound for the limit inferior of (Z5") by
means of the limiting strain.

Lemma 7.4.13. Let (uy) be a sequence in WH2(Q;R?). Then

lim inf 75" (uy,) > inf dyd
1211_)161 (up) gé@/ﬂny y, E(z,y)) dy dx

where € is defined according to (7.32).

Proof. For convenience we set

1
=T ) = o / W (w1/(h), Vipun (x)) da.

We only have to consider the case

liminf e;, < oo.
h—0

Furthermore, we can pass to a subsequence (not relabeled) in such a way that limy,_,g e,
is well defined and equal to the left hand side of the previous equation. Due to the
non-degeneracy condition (W3) the sequence (uy) has finite bending energy and The-
orem 7.4.2 implies that

E, 2> E weakly two-scale in L?(QxY; M(2))

for a suitable subsequence (not relabeled) and E € €.

We define the set

= {2z € Q : dist*(Vyun(x), SO(2)) > 6 },
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7.4. Proof of the main result

where we choose § > 0 in such a way that det Vyup(x) > 0 for all x € . This is
possible, because det(+) is continuous and equal to 1 on SO(2). Note that

fat2
2\ ) < / dist? (Viun () SOD)da o,
Q

Because (up) has finite bending energy, the non-degeneracy condition (W3) leads to
the estimate
10\ Q| < 2

for some positive constant ¢ and we deduce that (1g,) converges to 1 boundedly in
measure.

In virtue of the polar decomposition for matrices in M(2), we can factorize Vjup(x)
for all x € €, according to

thh(:ﬂ) = Eh(x)\/vhuh(x)T thh(:c) = ]:’;h(a:) (Id + hEh(SC))

where Ry, is a suitable map from €2, to SO(2). Because W is frame indifferent, the
previous factorization implies that

W (z1/e, Viyup(z)) = W(=1/e, Id + hEp(z)) for all x € Q.

By utilizing assumption (W2) and the previous observation, we find that

(7.42) e > % /Q W (a1/e, Id + h 10, (2) En(x)) e

The convergence of (1q, ) to 1 allows us to apply Proposition 2.3.1 and we deduce that
1o, En N weakly two-scale in L2(QxY;M(2)).

Now we can apply the simultaneous homogenization and linearization result (see The-
orem 5.2.1) to equation (7.42) and obtain

lim inf e, > //Q(y,E(w,y))dydx.
h—0

QxY

The proof is complete, because the right hand side is bounded from below by

inf //Q(y,E(m,y))dydx.

Eee¢
QXY

O]

We continue with the proof of the lower bound part of Theorem 7.2.5. Essentially,
we combine the previous lemma with the two-scale characterization of the limiting
strain.
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7. Derivation of a homogenized theory for planar rods

Proof of Theorem 7.2.5 (2). We only have to consider the case where

(7.43) lim inf 75" (uy,) < co.
h—0

We pass to a subsequence (not relabeled) such that limy, o Z5"(uy) is well defined and
equal to the left hand side of (7.43). Because the elastic potential W is non-degenerate,
the sequence (up) has finite bending energy and we can apply Lemma 7.4.13, which
yields the lower bound estimate

(7.44) hmIeh (up) > 1nf/ Q (y, E(x,y)) dydx
QxY

where € denotes the set of weak two-scale cluster points of the sequence (E}). In view
of the compactness result of Theorem 7.4.2, the set € is non-empty.

Step 1. We consider the cases 7 € {0,00}. Choose an arbitrary limiting strain F € &
and consider the decomposition

E(x,y) = E(‘Tay) + 2\/§‘T2 Hg(z1,y).

This motivates to study the expansion
1.45) [ Q. Blar.an.y) da
= /SQ (y, E(z1,22,y)) dag +2/S<L(?J)E(l’1,$2,y), 232, HE(3?1,?J)> dxy
+Q(yaHE(l‘l,y))/3(2\/5902)2@32-

The first integral on the right hand side is non-negative and the coupling term in the
middle vanishes, because of

/E(xl,xg,y) 2v329 dzg = 0 almost everywhere.
S

As a consequence, we obtain the estimate

(7.46) [ @@ dyar> [[ Qi) dyda.
Qxy wXxY

By Proposition 6.2.5 we can characterize I1g: There exist maps

LY(wxY) ify=0

per,0 L*(w) if y=o00

o€ L2(w; W2 (Y), g € L*(wxY) and ce{

such that

1 Oy g .
Iy = 5 <m(u)(el®el) + ( Z . ) ) with (o, g,¢) € X,
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7.4. Proof of the main result

(see page 108 for the definition of X, ). Hence, we deduce that (7.46) is bounded from
below by Z,(u). Because the limiting strain £ € € was arbitrarily chosen, we finally
obtain the lower bound

lim 79" (up,) > Z, (u).

Jim 7 (1) > . (u)

Step 2. For v € (0,00) Theorem 7.4.10 implies that

¢ C { (a(21) + 2ok () (21)) (e1®e1) + sym %va(x,y) :
w € L (w; Wy (SxY;R?)), a € L*(w) }

and the lim inf-inequality directly follows from (7.44). O

7.4.4. Upper bound

In this section we prove the upper bound part of Theorem 7.2.5. We construct recovery
sequences (uy) that converge to a given bending deformation u € I/Viif (w; R?) in the
following sense

up = u strongly in L?(Q; R?)

(7.47) .
Vhun = Ry strongly in L=(£2; M(2)).

Additionally, we take one-sided boundary conditions into account; namely, we are going
to construct recovery sequences (uj) that satisfy

(7.48) up(0,22) = u(0) + haadiu(0) for a.e. g € S.

The outline of this section is the following: First, we present the construction for a
smooth bending deformation and a smooth prescribed limiting strain. Secondly, we
prove that arbitrary limiting deformations can be approximated in the strong topology
of W?22(w;R?) by smooth bending deformations with regard to one-sided boundary
conditions. Finally, we lift the smooth construction to the general case by choosing
suitable diagonal sequences.

Smooth construction

Proposition 7.4.14. Let u € C2 (w;R?) and

180

a, g,c € CF(w; Cpe(Y)) ify=0,
a,g € C°(w; Cpe (YY), ¢ € CF (w) if v = oo,
a € CX(w), wy € C(w; C°(S; C’ggr(Y;RQ)) if v € (0,00).

Then there exists a sequence (up) C W12(Q;R?) such that:
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7. Derivation of a homogenized theory for planar rods

(1) The deformation uy, converges to u in the sense of (7.47) and satisfies the one-
sided boundary condition (7.48).

(2) The nonlinear strain Ej, strongly two-scale converges to

T <H(u)(€1®61) + ( e g ) > if v € {0, 00},

g c
(a + 29 H(u)) (e1®e1) + sym %va(x, y) if v € (0,00).

E(l‘,y) =

(8) The energy T¢" (up) converges to

[ @ ety

QxY

In the proof of the proposition we distinguish the scaling regimes v € {0,00} and
v € (0,00). We start with the smooth construction for v € {0, 00}:

Lemma 7.4.15. Suppose v € {0,00}. Let u € C2 (w;R?) and

@, g,c € CF(w; Coe(Y)) if v =0,
a,g € Cfo(w;ngr(Y)), c e CX(w) if v = oc.

Set wp(x1) := (x1,%1/e(h)) and define
Ry(a1) = R (a0 m)(@1) ) R (1),

g(r1) == /Y g(r. e, plony) = /O " (@1, €) — glan) de

[(gomn)(w1)er + (comp)(z1)ez] if vy =0
and  dp(x) =

[g(z1)er +c(z1)ez ] + L}?(s& omp)(x1)ex if v = oc0.

o] 5o oG

Then the map
1
uh(x) = U(O) + / Rh(s)61 ds + h.%'th(l'l)eQ + hQRh(aﬁl)dh(a;)
0

satisfies the one-sided boundary condition
uh(O, .7}2) = U(O) + h.%'Qn(u)(O)
and the sequence (up) converges to u in the sense of (7.47). Moreover, we have

RNy, — Id
E?Lp = % 2 T2 (K’(U)(€1®61) + G) with sym G = sym < a%a i >

strongly two-scale in L*(Q1xY;M(2)) and the sequence (E;Y) is uniformly bounded in
L>(Q; M(3)).
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Proof. Step 1. We start with some useful observations simplifying the subsequent cal-
culation. By the chain rule we have

1
O (aomp) = (1) oy + g((")ya) O Th.
The same holds also for the functions g o 7w, and c o m;,. Moreover, we compute

Ry (01Ry) = R,y (R(eao mp) "0 R (e 0 mh)) Reuy + Risy01 Rew
= (kg +etil@om) ) R(72)

and in view of Lemma 2.1.9 we deduce that

(7.49)
edy(aomp) 2, Oy strongly two-scale in L?(wxY),
RE (81 Ry) =N (K(u) + Oya) R(7/2) strongly two-scale in L?(wxY'; M(2)).

Furthermore, we compute
(8yg) o mh + h(Org) omp O .
if v=20,

0 gom, x%
9 + =
0 comy 2 (Oyc) oy + h(0ic) om0

2

0 g M ong 0

9 + b2 if v = o0.
(Oyp)omn ¢ 20ic+ SR (Oip) o, Spom,

o> o3

h Vhdy, =

In the previous equation we collected the terms of higher order in the second matrix in
each line. Note that ¢(x y) is periodic in its second component and fulfills y¢p = g —g
by construction. Because all quantities involved in the definition of dj are sufficiently
smooth, the previous computation leads to the convergence

0 g
0 g

x2 - if y=o00
g—g9 ¢

strongly two-scale in L2(Q2xY;M(2)).

(7.50) hVid), —

Step 2. It is easy to check that

Viup = Ry 4 hao (91 Ryes) @ey + hRy(h Vidy) + b2 (91 Rydy) ®ey

and

E = 29(RY 91 Ry )ea®er + h Vidy, + { h(RE 91 R)dy ey }.

The term in the curly brackets is of higher order; thus, (7.49) and (7.50) imply that
(E.P) strongly two-scale converges as it is claimed in the lemma.
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7. Derivation of a homogenized theory for planar rods

Moreover, the quantities involved in the construction above are sufficiently smooth to
guarantee that

‘ <u(0) + /011 Ri(s)e; ds> — up(x1)|+|Vhup(z) — Ry(z)| < b and  |EP(z)| < ¢

for a suitable constant ¢ and all € Q.

Because e o 7, converges to 0 uniformly, the sequences (Rp) and (Vjuy) strongly
converge to R,y and we deduce that uj, converges (in the sense of (7.47)) to the map

u(0) + /011 Ry (s)erds = u(0) + /0331 Ou(s)ds = u(xy).

Because the functions «, ¢ and g vanish near the boundary {0} xS, the constructed
sequences trivially satisfy the boundary condition. O
For v € (0,00) the recovery sequence is constructed as follows:

Lemma 7.4.16. Suppose that v € (0,00). Let

u € C (w; RQ), w € C°(w; C(S; 02

per

(Y;R?)),  aeCP(w)

c

and define
up () := u(r1) + hza Ry (T1)e2 + h /0961 Ry (s)era(s) ds + he w(z, z1/e).
Then the map up, satisfies the one-sided boundary condition
up (0, z2) = u(0) + haan(,)(0)
and the sequence (up) converges to u in the sense of (7.47). Moreover, the sequence

RL “uy — Id

E2P .— ()
h h
is uniformly bounded in L*(2;M(2)) and
Ezp i> (a(a:l) + T2K (v) )(61@61) + %1,710(%, y)

strongly two-scale in L*(QxY; M(2)).

Proof. We only prove the convergence of (E?Lp), since the other statements are obvious.
Set w®(z) := w(x,*1/e). A simple computation shows that

(7.51) Ezp = (CL + T2k (y) )(61@61) + € Vhw‘E + E(R(Tu)ﬁlR(u))wa.
Note that
e Vw® = (Oyw)(z,71/e)®eq + %(ﬁgw)(:v, z1/e)®eg + higher order terms.
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Since w(x,y) is periodic in y, the previous calculation implies that
e Vjw® 2, %kyw(a:, Y)

strongly two-scale (cf. Proposition 6.3.5). Combined with (7.51), we obtain the claimed
convergence statement for the sequence (Ezp). O

Proof of Proposition 7.4.14. Let (u,) C W12(Q;R?) and (E;") be defined according
to Lemma 7.4.15 (if v € {0,00}) and Lemma 7.4.16 (if v € (0, 00)) respectively. Then
statement (1) is fulfilled and we have

E? 2, B*%  strongly two-scale in L2(QxY; M(2))
for a map E* € L?(QxY;M(2)) that satisfies
sym E*P = F.

By construction the sequence (E;") is uniformly bounded. This allows us to apply
the simultaneous homogenization and linearization result (see Theorem 5.2.1), which
yields

lim Z5" (up,) = //Q(y, E®*) dy dz.
h—0

QxY

Because the quadratic form ) vanishes for skew-symmetric matrices (see Lemma 5.2.4),
we have

Qy, E®) = Q(y,sym E*?) = Q(y, E)
and statement (3) follows. O

Approximation by smooth data

Lemma 7.4.17. For all u € W22 (w; R?) there exists a sequence (uy)pen C C2 (w; R2)

iso iso
satisfying the one-sided boundary condition

up(0) =w(0) and O1uk(0) = O1u(0)
such that
ug — U strongly in W22 (w; R?),

K(uy) — B(u) strongly in L*(w).

Proof. First, note that we can represent any u € I/Viz(’)2 (w;R?) in the form

u(zr) = u(0) + /Oxl R(a(s))er ds

where a(z1) := ao+ [ K(w)(s)ds and ag € [0, 2m) satisfies R(ag)er = d1u(0).
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7. Derivation of a homogenized theory for planar rods

This suggests to approximate u by mollifying (,): Let (kj) denote a sequence in
C§°(w) converging to k() in L?(w). We define

ak(z1) = ap+ /Ow1 Ki(s)ds and  wug(zq) :=u(0) + /021 R(ak(s))er ds.

By construction (uy) is a sequence in C2°(w;R?) satisfying the one-sided boundary

condition. Moreover, it is easy to check that
ap — strongly in W1?2(w) and pointwise.
Hence, we immediately deduce that
R(ag) — R(a) pointwise and strongly in L?(w; SO(2)),
where the latter follows due to dominated convergence. Since
Oup = R(ag)er

this already implies that (u) converges to u in W12 (w; R?).

It remains to prove that 9% u, — 0%,u. Equivalently, we can show that
(7.52) I R(ag) = I R(«) strongly in L?(w; M(2)).
A simple calculation leads to the characterization

M R(ag) = K R(ag+7/2).

Since (ki) as well as R(ay) converge in L?, we deduce that d;R(ay) converges to
01R(a) in L'(w,M(2)). Because of

1R (e (1)) < 2[kep(an)

(7.52) follows by Vitali convergence theorem. O

Proof of the upper bound

Let v € (0,00). In view of Proposition 7.4.18 there exist maps
1,2 .
a€l*(w) and we L*(w; Wy_per(SxY,]R2))

such that

(7.53) Z,(u) = //Q (y, (a(z1) + 22Ky ) (e1®e1) + %LVw(x,y)) dy dz.

QXY

Because the inclusions

C®W) C L*(w) and CX(w;C®(S;C(YV;R?)) C L (w; W (SxY;R?))

per » "V Y-per
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are dense and due to Lemma 7.4.17, we can find for any § > 0 approximations

u® e CX(@;R?Y)  with  u@(0)=u(0) and 0,u®(0) = du(0),
e C®w) and w® e CP(w;C>(S; C’g‘gr(Y;Rz))
such that
O B Y
W2.2(w;R2) L2(w) L2(w;W12(SxY;R2))

The integral functional on the right hand side in (7.53) is continuous (with respect to
strong convergence in the appropriate function spaces). For this reason, we can choose
the approximation above in such a way that

Z,(u) — // Q (y, (a(5) + xgn(u(5>))(el®el) + %177111(5)) dydx| <6
Qxy

is additionally satisfied.

Now we associate to each triplet (u(?),a(® w®) a sequence (ug)) C WH2(Q; R?) ac-

(9)

cording to Lemma 7.4.16. Then for each 6 > 0 the sequence (v, '), converges to us in
the sense of (7.47) and fulfills the boundary condition (7.48); and

e 5 =

}ILILI(I)I h(ug )) = // Q (y, (a(‘s) + xgm(u(a>))(61®el) + Vlﬂw(‘s)) dy dzx.
QxY

Set

Cs.h ‘= Hu — ugf)’

+ HR(U) - vhuﬁf)‘

T . Is,h (0) ’ .
L2(;R2) L2(w;M(2)) * ‘ ’Y(U) (uh )
Then we have

lim li =0.

dim lim o
This allows us to extract a diagonal sequence J(h) with limp, 0 c55),, = 0 due to
an argument by H. Attouch (see Lemma A.2.1). Hence, the sequence uy, := ugf(h))
converges to u in the sense of (7.47) and recovers the energy. Moreover, since each
(9)

deformation u), ’ satisfies the appropriate one-sided boundary condition, the same holds
for the diagonal sequence (uy) and the proof is complete.

The proof in the case v € {0, 00} is similar and omitted here. [J

7.4.5. Cell formulas

In this section we prove that Z, can be identified with £,(-;0). Moreover, we analyze
the cell problems that determine the effective stiffness coefficients ¢,. Recall that X,
is defined for v € {0, 00} according to

Xo:={(a,g,¢) : a € L*(w;WLA(Y)), g,c € L*(wxY)}

Koo i= {(arg,€) : @ € L2(w; WIA(Y)), g € L(wxY), c € L2(w)}

per

(see page 108).
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7. Derivation of a homogenized theory for planar rods

Proposition 7.4.18.
(1) Let v € {0,00}. For all u € W22 (w;R?) we have

iso

L, (u) = &(u; 0)

and there exists a triplet
(a,g,¢) € X,
such that

Zy(u) = 112//Q (y,”(u)(61®61) + < 8‘;04 i >> dy dz;.

wXxY

(2) Let v € (0,00). For all u € W22 (w; R?) we have

Z,(u) = &/(u;0)

and there exist unique maps

a€L*(w) and weL*(w; W;,’?per(SxY;RZ)) with //w(-7$27y) dydze =0
SxY

such that

Z,(u) = //Q (y, (a(azl) + QZQFL(U))(61®€1) + %vao(x,y)) dy dzx.

QxYy
Proof. We only present the proof for v € (0,00). The case v € {0,000} can be justified
in a similar manner. The strategy is the following:

(A) Fix a map in & € L?(w). Show that the minimization problem

(7.54) (a,w) — //Q (y, (a(xl) + l‘zlﬁ',) (e1®e1) + %1,7w($, y)) dy dz

QxY
. 1,2
with  a € L(w), w € L?(w; Wy (SXY;R?))
admits a solution (a, w).

Because a,(z1) € R and wg(x1) € le/_zper(SxY;RQ) for almost every =1 € w,
this already implies that Z,(u) > &,(u, 0).

(B) Fix k € R. Show that the minimization problem

(7.55) (a,w) //Q (y, (a+ z2k)(e1®e1) + %1,710(332,31)) dy dzs

SxY
with  a € R, we Wy? (SxY;R?))
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¥, wr) and prove that there exists a linear and continuous

admits a solution (a
map

O: R RxWy? (SXY;R?),  &(k):= (af, w})
such that (a, w)) := ®(k) is a minimizer of (7.55).

Because the map ® is measurable and linear, for any x € L?(w) the map
T — @(I{(.Tl))

is measurable and can be identified with a pair in L?(w)x L?(w; Wil/_ier(S xY;R?)).
This implies that Z, (u) < &,(u;0).

Statement (A) can be proved by standard arguments from the direct method of the
calculus of variations. Since @ is quadratic and has uniformly bounded coefficients,
the functional in (7.54) is lower semicontinuous with respect to weak convergence in
L?(w) and L?(w; W2(SxY;R?)). The crucial point is to prove the coercivity of the
functional. To this end, we start with the observation that the integral in (7.54) is
bounded from below by

/ 2 2 v ’
(7.56) ¢ (HK’”LZ(w) +llallzze) + Hsym Vmw‘ L2(QxY;M(2) )

Here and below, ¢’ > 0 denotes a constant that may change from line to line, but can
be chosen independent of k, @ and w. For the estimate above we used two facts: First,
the maps

a(z1)(e1®er), rok(z1)(e1®e1) and  sym %1,7“1(951, T2,Y)

are orthogonal (for a.e. x; € w) with respect to the scalar product in the Hilbert space
L*(SxY;M(3)). And secondly, we used that the non-degeneracy condition implies
that

Qy, F) > ¢ [sym F|? for all F € M(2) andae. yev.

Moreover, it is obvious that the minimum of (7.54) can equivalently be computed on
the class of functions

acL?w) and we L¥(w;W)
with W= {w € W}lf’_zper(SXY;R2)) : // w(za,y)dydry =0 } .
SxY

Theorem 6.3.8 shows that a Korn inequality holds on W (note that in Theorem 6.3.8
we have R(1) = {0}). Consequently, estimate (7.56) implies the coercivity of the
minimization problem and indeed the direct method yields existence of a minimizer.
The uniqueness is a consequence of the strict convexity of ) for symmetric matrices.

For the very same reason also the minimization problem in (B) admits a minimizer.
As before, we can equivalently compute the minimum on the class of functions

aceR and weW.
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7. Derivation of a homogenized theory for planar rods

Now the strict convexity of Q(y, ) on the subspace of symmetric matrices implies that
(B) admits even a unique minimizer (a}, w}) with a}, € R and w}, € W. Moreover, one
can characterize this minimizer by a linear Euler-Lagrange equation. Consequently, the
map (k) := (aj, wy) is indeed linear and because of ®(0) = (0, 0) also continuous. [

7.5. Strong two-scale convergence of the nonlinear strain
for low energy sequences

In this section we consider low energy sequences and prove that the associated sequence
of nonlinear strain strongly two-scale converges. The following theorem is an exten-
sion of a result in [FJMO02] (originally for homogeneous plates) to the homogenization
setting considered in this chapter.

Theorem 7.5.1. Let v € (0,00) and u € W2 (w;R?). Let (up) be a sequence in

iso

W2(Q;R?) converging to u strongly in L?(Q;R?). Suppose that

: e,h —
(7.57) }llli%I (up) = Iy (u).
Then
\/thhTthh—Id -
E = — (a*(z1) + 22Ky (21) ) (e1®e€1) + sym Vi yw* (2, y)

h
strongly two-scale in L2(QxY;M(2)), where the a pair (a*, w*) with

a* € L*(w) and w* € L*(w; Wil/’?per(SxY;Rz)), // w*(+, z2,y) dydas =0

SXY

is the unique minimizer of the minimization problem in Proposition 7.4.18 (2).

Proof. Step 1. Set

Enin(z,y) = (a*(ffl) T T2K(y) (96‘1))(61@61) =+ sym %,yw*(l‘,y)

and let € (see (7.32)) denote the set of all weak two-cluster points of the sequence (Ej,).
The sequence (uy) has finite bending energy, and therefore (E}) is weakly two-scale
relatively compact (see Theorem 7.4.2) and € is non-empty. In view of the compactness
part of Theorem 7.2.5 and due to the two-scale characterization of the limiting strain
(see Theorem 7.4.10), we find that

E — Epnin = a(z1)(e1®e1) + sym %1,7111(‘%, Y)

for suitable maps a € L?(w) and w € L?(w; W;,’_ier(SxY; R2)). A close look at the

definition of ¢, (see also Remark 7.2.4) reveals that

(7.58) inf //Q(y,E(m,y))dy dz > 7, (u).

Eee¢
QxY
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On the other side, Lemma 7.4.13 and assumption (7.57) yield

Zy(u )—}llli)%fshuh >1nf/ Q(y, E(x,y)) dy dz,

QxY

and consequently (7.58) actually holds with equality. Thereby, the uniqueness of the
minimizing pair in Proposition 7.4.18 (2) implies that F = E;, for all E € €, and

thus,

B, 2% Enin weakly in L2(QxY;R?).

Step 2. Let ¢ be a small positive paramter with the property that
VEF € M(2) : dist(F,S0(2)) <6 = detF >0.
We consider the set
Q= {x € Q : dist(Vhun(z), SO2)) <8 and  |Ep(z)| < k=2 }

and aim to show that the measure of Q2 \ €, vanishes as h — 0. To this end, first note
that the inequality

(7.59) VE € M(2 )\/FTF Id’ < dist3(F, SO(2)),
implies that
dist?(Vyup, SO(2)) dist?(Vyup(z), SO(2))
2
+h 52,2 dx < dh 2

for all h < 1. Here and below, ¢ denotes a positive constant that may change from
line to line, but can be chosen independent of h. By definition, for a.e. x € Q\ Qy, the
left hand side is bigger than 1. Thus, the non-degeneracy of W leads to

h|Ep? +

(Q\Qh <hC /Wﬂfl/s,vhuh( ))d

and because the integral on the right hand side is finite, we obtain

(7.60) H(Q\ Q) < ¢ b

Step 3. Recall the definition of the unfolding operator
Tr o LA M(2)) — LA(R*xY; M(2))
defined in Definition 6.2.1. We consider the maps
Ap =T (1q, En), By =T E, — Ay = T 1o\, En)
and the sets

(z,y) € R®*XY : (g|=
(z,y) € R®*XY : (g|=

aJ +y,332) e Oy, },

/
/EJ +y,ﬂf2) c Q\Qh}
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7. Derivation of a homogenized theory for planar rods

By construction, the support of ﬁhuh is contained in Zj, U Z,?. With Lemma 9.1.3 we
can rewrite the elastic energy of u; by means of the unfolding operator T_':

70 w) = 3 [ [ Wl (T Vi) o) dy

R2xY

= [ W T ) ) dydo+ 5 [ W0 (T S ) dyda
Zn z¢

Now for a.e. (z,y) € Zp, the matrix (T2 Vjyup)(w,y) has a positive determinant and
there exists a rotation field R : Z;, — SO(2) such that

(7:_:1 Viup)(z,y) = R(x,y) (ﬁly/vhug Viup)(x,y) for a.e. (z,y) € Zp.

Because W is frame indifferent, this implies that
W (y, (T2 Viun) (,y)) = W(y, Id + hAy(a,y))  for ae. (2,y) € Zp.

By construction, we have |hAh]2 < h, and therefore the quadratic expansion in as-
sumption (W4) implies that

1
e // W(y,Id+ hAp(z,y))dyde = // Q(y, Ap(x,y))dy dz + restﬁll)
Zn Zn

with ‘restg)‘ < c'h. Set
2, 1 1
rest,”’ = 72 Wy, (T2 Viup)(z,y)) dy dz.
VAY

Then

(7.61) oM (uy) = // Qy, Ap(z,y))dy dx + restg) +rest22) .
Zp,

Step 4. We claim that

(7.62) lim restgf) =0.

h—0

This can be seen as follows: First, we have
Ap — Epin weakly in L?(R?xY; M(2))

where we set Enin(x,y) = 0 for (z,y) € (R?\ Q) x Y. This follows from the definition
of two-scale convergence (see Definition 6.2.3), Proposition 2.1.13 and the fact that
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7.5. Strong two-scale convergence of the nonlinear strain for low energy sequences

(7.60) implies that (1g,) converges to lo boundedly in measure. By applying the
lower-semicontinuity of convex functionals, we deduce that

Z,(u) =limsup Z°" (uy,)

h—0
> lim inf // Q(y, Ap(z,y)) dy dx 4 lim sup restgll) + lim sup restgf)
h—0 / h—0 h—0
h

> // Q (Y, Emin(z,y)) dy dz + lim sup restg) .
h—0
QxYy

Now the integral on the right hand side is equal to Z,(u) (see Proposition 7.4.18 (2))

and because restg) > 0 for all h, this already implies (7.62). In particular, we obtain

163 i [ [ @A) dyds = [ [ Q. Buin(op) dyde = w).

R2xY R2xY
Next, we prove that
(7.64) By, — 0 strongly in L*(R*xY; M(2)).

We have |By,|* < h% dist? (7! Viup, SO(2)) due to (7.59). Because W is non-degenerate
and the support of By, is contained in Z}? , we arrive at

// |Bp|? dydz = // |By|* dydz < restgf).
R2xY z¢

The right hand side converges to zero; thus, (7.64) follows.

Step 5. In virtue of the decomposition T Vyuy, = Aj, + By, it remains to show that
(7.65) Ap — Enin strongly in L2(R?xY; M(2)).

The quadratic form Mgy (2) 2 F' — Q(y, F) is positive definite (see Lemma 5.2.4). In
particular, there exists a positive constant ¢ such that

Qy,A) —Q(y, E) —2(L(y)E, A— E) > |A— E| for all A, E € Mgym(2)
and a.e. y € Y. We apply this inequality to the quadratic functional in (7.61):

¢ [ 1A= Bl ayae < [[ Q. Auw0)) - Q. B ) dy s

R2xY RZ2xY

— 2// (L(y) Emin(z,y), Ap(z,y) — Enin(z,y)) dydz.

Now the first integral and second integral on the right hand side converge to zero
because of (7.63) and the weak convergence of Ay to Enin, respectively. O
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7. Derivation of a homogenized theory for planar rods

7.6. Interpretation of the limiting models

In this part we consider the fine-scale coupling regimes
h>e¢e and h<e,

which corresponds to the situation where the fine-scales separate in the limit. It is
natural to expect that in these cases the limiting theories are related to the effective
theories obtained by consecutively passing to the limits ¢ — 0 and A — 0, i.e. by first
homogenizing the initial energy and then reducing the dimension and vice versa. In
the following we justify this hypothesis. For simplicity we state this insight on the
level of the integrands and additionally suppose that W is a Carathéodory function
satisfying the quadratic growth and coercivity condition

(7.66) Lsym F|> — ¢ < W(y, F) < c(1 + |F|?)
for a positive constant ¢ that is independent of y and F.

Let m € {1,2}. For convenience we introduce the class J(Y;m) consisting of all
Carathéodory functions from Y xM(m) to R that are Y-periodic in the first variable
and that satisfy the growth condition (7.66) for a suitable constant ¢ > 0. Furthermore,
we define the subclass Z2(Y;m) as the set of integrands W € J(Y;m) that admit a
quadratic Taylor expansion in the sense that

lim sup ess sup 5 =0
G-0  yey |G|
G#£0

for a suitable quadratic integrand @ € Q(Y;m).

We like to remark that every integrand W € J(Y,2) that satisfies assumption (W1) —
(W4) belongs to 32(Y,2).

We define the following maps:

hom : 3(Y,m) — 3(Y,m), (hom W)(F) := W™(F)
lin : 3%(Y,m) = 3(Y,m),  (linW)(y,F) :=Q(y, F)
rel :3(Y,2) = J3(Y,1), (relW)(y,a) := zifn]iR% W (y,a(ei®er) + d®es)
€
dred : 3%(Y, 2) — J3(Y, 1), dred W :=relolin W.

In the definition above, W}S;nncl) denotes the multi-cell homogenization formula

mc . . ]‘ m m
W (F) o= nf inf { - / W, 4 V() dz : o € WEE(0. K™ R™) }.

(0,k)™

The operation hom is related to homogenization. More precisely, the I'-limit of the
integral functional

WL U R™) 5 u— / W (z1/e, Vu(z)) dz (with U C R™ open)
U
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for € — 0 is given by the functional
Wh2(U;R™) > u / (hom W)(Vu(z)) da.
U

Furthermore, we have seen in Theorem 5.3.10 that the operation lin is related to
linearization. In the following result we show that the operation dred is related to
variational dimension reduction. Moreover, the following theorem reveals that the
effective limiting coefficient that appears in the limiting functional £, can be computed
by consecutively applying hom and dred to the energy density W.

Theorem 7.6.1. Let W : Y xM(2) — R be an integrand of class 32(Y,2) and let g,
denote the effective limiting coefficients associated to W and defined in (7.5).

(1) If W(y, F) is independent of y, then

1
¢y = E(dredW)(l) for all v € [0, o<].

(2) For~ € {0,00} we have

1 1
qozﬁ(homodredW)(l) and qoo:ﬁ(dredohom w)(1).
Proof. Statement (1) directly follows by the definition of ¢ (see equation (7.5)). For

the case v = 0 in statement (2) we use the fact that

(homodred W)(1) =  inf / (dred W) (1 + 9ya(y)) dy,
aew) 2 (V) Jy

because dred W is a convex (even quadratic) integrand, and therefore the multi-cell
homogenization formula is equal to the one-cell homogenization formula. Now a close
look at the definition of gy proves the claimed identity.

For v = oo we first observe that by definition
dred ohom W = relolinohom W.

Now the analysis in Section 5.1 (cf. (5.4) and [NS10]) revealed that homogenization
and linearization commute, and therefore

dredohom W = relohomolin W.

By assumption (W4), we have lin W = @; thus, the previous equation implies

(7.67) (homolinW)(e1®e1 + d®es)

= inf Q(z1,e1®e1 + d®es + Vy, p(2)) dz

eW 2 1 ((0,1)2R2) J(0,1)2

for all d € R2. In the previous equation we used again the fact that the multi-cell
homogenization formula reduces to a one-cell formula for convex integrands. In the
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7. Derivation of a homogenized theory for planar rods

next step we follow an idea of S. Miiller [Miil]. By assumption the quadratic form
F — Q(y, F) is positive definite on Mgym(2). As a consequence one can show that
for each d € R? the minimization problem on the right hand side in (7.67) admits a
unique minimizer g € Wpléio((O, 1)%,R?), i.e.

(homolin W) (e1®e1 4+ d®es) = Qw (21, e1Qe1 + d®ea + V, pq(2)) dz.
(0,1)?

Because ¢4 is periodic and W only depends on the first component z;, we see that the
map z — pg(21,22 + A) with A € R is also a minimizer and due to the uniqueness of
the minimizer it follows that

wd(z1,22) = wa(z1, 22 + A) for all A € R.

Thus, ¢4 is independent of z5 and can be identified with a map in Wéﬁyo(Y;Rz). In
summary, so far we have shown that

(dred o hom W)(1) = min inf / Q (y, e1®e1 + d®es + Oyp(y)®er) dy.
dER? pew )2 ((ViR2) Jy

A comparison with equation (7.5) reveals that the right hand side is equal to ¢oo. [

7.7. Advanced applications: Layered and prestressed
materials

In this section, we demonstrate that the methods derived in the previous sections can
be easily applied to more general settings. It is important to note that the compactness
result (see Theorem 7.4.2) and the two-scale characterization of the nonlinear limiting
strain (see Theorem 7.4.10) can be applied to arbitrary sequences with finite bending
energy. In this sense, both results are independent of the specific form of the elastic
potential W.

In the first part of this section, we show that the two-scale characterization of the
nonlinear limiting strain is sharp in the sense that any admissible limiting strain
can be recovered by a sequence of deformations in the strong two-scale sense. In
the second part, we apply this insight to periodically layered and prestressed planar
rods.

For simplicity, we only consider the case where h and € are comparable, i.e. v € (0, 00).

7.7.1. Sharpness of the two-scale characterization of the limiting
strain

Define
&, = { sym [a(%)(el@el) + %Mw(x,y)} :

a€ L*(w), we L*(w; W;,’_Zper(SxY; R?) }

158



7.7. Advanced applications: Layered and prestressed materials

Theorem 7.7.1. Let v € (0,00) and (up) be a sequence in WH2(Q;R?) with finite
bending energy.

(1) There exist a subsequence (not relabeled) and maps

we W22(w;R?)  and Ge &,

iso

such that
Up—uQp — U strongly in L*(Q;R?)
(%) Vhup — Ry strongly in L*(Q; M(2))

E, = FE:= Tk (e1®e1) + G weakly two-scale in L*(QxY; M(2)).
Here uq j, = H%(Q) fQ up dx denotes the integral average of uyp,.

(2) If (x) holds for the entire sequence, then there exists a sequence (vy,) C WH2(€; R?)

such that
vy, —up — 0 strongly in L*(Q;R?)
V(v —up) = 0 strongly in L?(Q; M(2))
~ \/thhTthhfId 9
Ej = - — F strongly two-scale in L?(QxY; M(2))
and
c g2
2 ~ 2
(7.68) lim sup ess sup (dlSt (Vion (), 5O(2)) + ‘\/ﬁEh(:p)‘ > =0.
h—0  z€Q h

(3) For each pair (u, G) € W22 (w; R?)x &, there exists a sequence (uy,) C W12(€; R?)

iso

with finite bending energy such that (x) holds.

Remark 7.7.2. Condition (7.68) guarantees on the one hand, that for sufficiently small
h the deformation vy, satisfies det Vv, > 0, and therefore

W (-, Vo) = W (-, Id + hEj)

for all frame indifferent integrands W. On the other hand, the condition is tailor-made
for the simultaneous homogenization and linearization statement (see Theorem 5.2.1).

Proof. The first statement directly follows by combining the compactness part of The-
orem 7.4.2 and the two-scale characterization of the limiting strain in Theorem 7.4.10.
We prove statement (2). We choose maps a € L?(w) and w € L?(w; W)1,12per(SxY; R?))
such that

E = 2ok, (71)(€e1®e1) + sym [a(ml)(el®el) + %Lﬂ,w(x, y) |-
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7. Derivation of a homogenized theory for planar rods

The construction of (vp) is a slight extension of the one used for the recovery sequence
in Theorem 7.2.5. As in the proof of the upper bound (see page 148), we assign to
each positive § maps

u® e C22(@;R?),  aP e W) and w® e CX(w; C®(S;CZ(Y;R?)))

iso per

such that

-

) + Hn(u(a)) — K(u) 12(w) + Ha(‘s) - a‘

‘I/I/'QvZ(o.);]R2 L2(w)
<90

-
L2(w;W1:2(SxY;R2))

and define a sequence (U,(f)) C WhH2(Q;R?) according to Lemma 7.4.16. By construc-
tion we have

v,(f) s u(® strongly in L?(Q; R?)
th;(f) — R0 strongly in L*(Q; M(2)).

We set

RY 5 Vi) — Id V)T v — 1a
(®)2P, . () h (0) . _ h"h h=h
E7(z):= - and E,’ := - .
As in Lemma 7.4.16, we deduce that

EDT 2, ok (0 (e1@e1) + D (e1@e1) + V1w

strongly two-scale in L?(2xY; M(2)). Furthermore, by construction we have

: (6)7P
limsupesssup |E,  (x)| < oo.
h—0 €N

Note that

Thus, in view of Corollary 2.3.3 and Corollary 2.3.4 we infer that

O\T (6)
_ (VNI 7,09 — 14 _
E}(f) = \/ h h h i) $2R(u(5))(61®61) + a(é) (61@61) + Vl,’yw(é)

strongly two-scale in L2(QxY; M(2)).

Now we define the doubly indexed sequence

e 6 () _
o= H”h “‘ ) thvh u‘ L2(0:0(2)) ‘ Ten B E} L2 (R?YM(2))
(
‘g2 (6)
2 ), |2
+ esssup <dlSt (Vo h(m),SO( ) N ’\/EE,(;S)(HJ)‘ ) '
e
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In view of the previous discussion, it is easy to check that

0 < limsuplimsupcsp = 0.
6—0 h—0

Hence, by applying Lemma A.2.1 we can pass to a diagonal sequence d(h) such that
lim 6(h) =0 d =0.
lim &(h) and  lim ¢5iz)

We define the diagonal sequence
vy 1= vﬁf(h)) + / up(z) — v,(f(h))(x) dz.
Q
It is straightforward to check that (vp) fulfills the claimed properties and statement

(2) follows. The same construction yields the existence of the sequence in statement
(3). O

7.7.2. Application to layered, prestressed materials

Let Wy : QxRxM(2) — [0, 0] be a measurable integrand and suppose that

(Wol) W is frame indifferent, i.e.
W(z,y, RF) = W(z,y, F) for all R € SO(2), F € M(2)
(Wo2) The identity is a natural state, i.e.
W(z,y,Id) =0
(Wo3) W is non-degenerate, i.e. there exists C' > 0 such that
W(z,y, F) > Cdist?(F,SO(2))  for all F € M(2)
(Wod) W admits a quadratic Taylor expansion at the identity, i.e.
there exists Lo € C(Q; L2, (Y; Tgym(2))) such that
|W($C,y, F) — <]L0(‘T’y)Fv F>|

lim sup ess sup =0.

F—=0  yeY |F |2
We associate to Ly the quadratic integrand

Qo : OxY xM(2) — [0, 00), Qo(z,y, F) = (Lo(x,y)F, F).

Moreover, let (By,) be a sequence in L*°(§2; Mgy, (2)) and suppose that

lim sup esssup | By (z)| < 0o
(B) h—0 zeQ

B, -5 By strongly two-scale in L™ (QxY; Mgym(2)).

For each h and u € WH2(Q;R?) we consider the energy

G"(u) = th/Wh(x,th(x))dx
Q
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7. Derivation of a homogenized theory for planar rods

where the integrand W), QxM(2) — [0, 00| is given as
Wh(l’, F) = W(x7x1/5(h)v F(Id + hBh(x)))

The energy G" is an adaption and extension of the model considered by B. Schmidt in
[Sch07] to the planar rods setting with laterally periodic materials. In contrast to the
setting considered in the previous sections, the stored energy function W}, is allowed
to vary in the “out-of-plane” direction zo (at least on the macroscopic scale). Thus,
the model is capable to describe layered materials. The energy potential W (y, F)
considered in the previous sections is minimized for F' € SO(2). In contrast, the
position of the energy wells of W}, are mismatched due to the presence of the matrix
field Bj. In particular, it is no longer obligatory that Wj(z, F') is minimized for
matrices in SO(2). As a consequence, the case of slightly prestressed materials is
covered by the setting above.

We define the two-scale limiting functional

G7: W2 (w;RY)x BT — [0, 00),

iso

G (u,G) = / Qo(z, y, vak(w)(z1)(e1®e1) + G(z,y) + Bo(z,y)) dy dz.
QxYy

The primary insight of this section is he following convergence result:

Theorem 7.7.3. Let the fine-scales € and h be coupled according to (7.1) and suppose
that

h
lim — = ith .
lim =) v with v € (0, 00)

(1) (Compactness). Let (uy) be a sequence in W12(Q;R?) with equibounded energy,
i.e.
lim sup G"(uy,) < oco.
h—0

Then there exist a pair (u,G) € I/Vizf(w;]RZ)x(’ﬁ“Y and a subsequence (not rela-
beled) such that

Up—uQp —> U strongly in L*(Q;R?)
(%) Viup = Ry strongly in L*(€2; M(2))
Ey, 2 Tak(y)(e1®e1) + G weakly two-scale in L?(QxY; M(2)).

v (Vhun) T Viup—Id

where By, = - . (Here, uqp, := H%(Q) fQ up, dr denotes the inte-

gral average of up).
(2) (Lower bound). Let (uy) be a sequence in W12(Q; R?). Suppose that (up,) con-
verges to a pair (u,G) € W22(w; R2)x &7 in the sense of (x). Then

iso

lizn i(I)lf G Mup) > G (u, G).
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7.7. Advanced applications: Layered and prestressed materials

(3) (Upper bound). Let (u,G) be an arbitrary pair in W22 (w; R2)x&7. Then there

iso
exists a sequence (up) in W12(Q; R?) converging to (u, G) in the sense of (x) and

lim 6"(u;) = G"(u,G).

Additionally, we can even realize convergence of (Ey) with respect to strong two-
scale convergence in L*(QxY;M(2)).

Proof. Step 1. (Compactness). In view of Theorem 7.7.1, it is sufficient to show that
the equiboundedness of the energy implies that (uy,) has finite bending energy. In order
to show this, we proceed as in [Sch07]. First, note that condition (B) implies that

dist?(F(Id + hBy(z)), SO(2)) > 2 (dist2(F, S0(2)) — h? \FBh(a:)]2>
> ¢ (distQ(F, SO(2)) — h? |F)|2> .

Here and below, ¢’ denotes a positive constant that may change from line to line,
but can be chosen independent of x and h. Because of the inequality %]F ? <
dist?(F, SO(2)) + 2, a rearrangement of the previous estimate implies that

/

. .2 &
<
dist“(F, SO(2)) < T on?

(dist?(F(Id + hBy(z), SO(2)) + h*)

for all h < 1. We substitute F' = Vjup(x) and integrate both sides over . Since the
first term on the right hand side is controlled by Wj(x, F') due to the non-degeneracy
condition (Wy3), we find that

1
lim sup 72 / dist?(Viup (), SO(2)) dx < ¢ (lim sup G (up) + H”(Q)) )
h—0 Q h—0

The right hand side is finite, and consequently the sequence (uj) has finite bending
energy.

Step 2. (Lower bound). For convenience, we set
E(x,y) = m260,)(21)(e1®e1) + G(2,y).
We only have to consider the case where

lim sup G" (uy,) < oo.
h—0

Thereby, (up) has finite bending energy as we have seen in Step 1. Thus, there exists
a sequence (Ry,) of measurable maps from w to SO(2) such that

Ry(x)T Vyup(x) — Id

EP(z) = N
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7. Derivation of a homogenized theory for planar rods

is bounded in L?(£2;M(2)) (for instance apply Proposition 7.4.4 with € = h.) As a
bounded sequence, (Ezp) is weakly two-scale relatively compact and we can pass to a
subsequence (that we do not relabel) such that

EpP 2. por weakly two-scale in L2(QxY;M(2)).

By construction, we have

\/thg Vyup = \/(Id + hEZp)T(Id + hEZp).

Now the assumption that FEj weakly two-scale converges to F, and Corollary 2.3.4
imply that sym E?P = F.

A close look at the definition of W)}, reveals that
1
gh(uh) = e /Q W0($, xl/s(h), thh(a:)(ld + hBh(x)) dx.

The frame indifference of Wy and application of the identity
Viup, = Rp(Id + hE}?)

lead to

1 § o
GM(ur) = /Q W()(x, w1/=(h), Id + h ( B + By + hE®By,) ) da.

By assumption (By,) is weakly two-scale convergent to By. As a consequence, we obtain
E™ 4 By, + hEXB), 2~ E* + By  weakly two-scale in L2(QxY; M(2)).

This allows us to apply the simultaneous homogenization and linearization result (see
Theorem 5.2.1) and we arrive at

169)  limint6"w) > [[  Qule.y By + Bo(r.y) dy e,
h—0 QXY

In virtue of Lemma 5.2.4 and conditions (Wy1),(Wp3) and (Wy4), we have
QO(xvyaF) :Qo(x,y,symF) for allFEM(2)

Hence, the integral on the right of (7.69) is equal to G7(u,G). Because the previous
reasoning is independent of the choice of the subsequence, the proof of the lower bound
is complete.

Step 3. (Upper bound). First, recall that the polar factorization says that every F' €

M(2) with det F > 0 can be factorized as F = RV FTF for a suitable rotation R €
SO(2). Thus, we see that the frame indifference of Wy allows us to rewrite Wy(y, F')
according to

(7.70) Wi(x, F) = Wy (x @1/e(h), <Id + hFThF—fd> (Id + hBp(z)) )
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7.7. Advanced applications: Layered and prestressed materials

for all x € Q and F' € M(2) with det F > 0. Now let (vj) denote the sequence
associated to the pair (u,G) according to Theorem 7.7.1 (2). In view of property
(7.68), we deduce that

det Viop(z) >0 for a.e. x € Q

provided h is sufficiently small. Hence, for small h the energy of vy can be rewritten
by means of (7.70) and we obtain

1 ~
gh(vh) = ﬁ /{; Wo (m,wl/e(h), Id+h (Eh + By + hEhBh> ) dx

where F, is the nonlinear strain associated to v, and is defined in Theorem 7.7.1 (2).
The same theorem and assumption (B) imply that

Eh + Bp + hER By, NI By strongly two-scale in LQ(QXY; M(2)).

Because this sequence satisfies the assumption of Theorem 5.2.1 (2), we can applying
this theorem and find that

lim G"(vy) = G7(u, G).

h—0

O
Remark 7.7.4. 1. Using the notion introduced in [MTO07] by A. Mielke et al. we

can restate the previous result and say that G7 is the two-scale I'-limit of (gh)
with respect to the two-scale cross-convergence ().

2. A natural next step is to analyze the reduced functional

Y — Y
ghom(u) T Glélqgvg (u7 G)

and to prove that G is the [-limit of (G") in L?(£2; R?) with respect to strong
convergence. The picture could be completed by deriving a cell formula that
characterizes the homogenized integrand associated to ggom.

3. We like to emphasize that the implication

(up) has equibounded energy = (up) has finite bending en-
ergy

is crucial for the analysis. Generally speaking, we can say that our approach can
be adapted to any situation that guarantees this implication.
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8. Rigorous derivation of a homogenized
Cosserat theory for inextensible rods from
nonlinear 3d elasticity

8.1. Introduction and main result

In this chapter we derive a homogenized Cosserat theory for inextensible rods as I'-
limit of nonlinear, three-dimensional elasticity following the strategy introduced in the
previous chapter. Our starting point is an elastic body that occupies a thin cylindrical
domain of the form

Qp, := wx(hS) w:=(0,L) and S cCR?

with thickness h > 0. We suppose that the body consists of an hyperelastic mate-
rial that features a laterally periodic microstructure with period . This situation is
described by the elastic energy

ENM(v) = W (z1/e(n), Vo(zx)) dz
Qp
where the deformation v is a map in W12(Q;,;R?) and the elastic potential W (y, F)
is assumed to be [0, 1) =: Y-periodic in its first variable.

We are interested in the asymptotic behavior of the energy as the fine-scale param-
eters h and ¢ simultaneously tend to zero. We are going to see that (under suitable
conditions on W) the scaled energy h~4£%" I'-converges to a functional Z, that can
be interpreted as a homogenized Cosserat theory for inextensible rods; in particular,
this means that Z, is a functional which is finite only for rod configuration, i.e. pairs

(u, R) with
(8.1) ue W2 (w;R?), ReWh(w;S0(3)) and  dyu = Rey.

180
The rigorous derivation of such a theory in the setting where the material is homo-
geneous has been done by M.G. Mora and S. Miiller in [MMO03]. In the situation
considered here, effects due to homogenization additionally come into play. As a con-
sequence, the precise form of the limiting energy depends on the additional parameter
~ which captures the limiting behavior of the fine-scale ratio /e.

As in the previous chapter, for the precise formulation of our main result, it is conve-
nient to consider a scaled formulation of the problem. To this end, set

Q:=wxS
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8. Derivation of a homogenized Cosserat theory for inextensible rods

and assume that S C R? is an open, bounded and connected domain with Lipschitz
boundary. We decompose any point € R3 according to x = (x1,Z) where 71 € R
and Z € R? and introduce the shape-vector

1
(8.2) ds(Z) = zoeg + w3€3 — ,H27(S) /533262 + x3es3dz.

Similarly to the previous chapter, we assume that the fine-scale parameters h, e are
coupled according to (7.1). In particular, we assume that ¢ = ¢(h) and #/c — 7 as
h — 0 with v € [0, c0].

The scaled version of £ is the following functional from L?(2; R?) to R:
1
— | W(=i/e(n), Vyup(z)) dz  if ue WH3(Q,R?
ey o | 7 W0, Siana) (%)
+ oo else.
Above, Vj, denotes the scaled deformation gradient and is defined in Definition 8.1.4,

l.e.

Viu(z) == Vi pu(z) = ( Ohu(x) ‘ %Vj u(z) )

We suppose that the elastic potential W : RxM(3) — [0, 00] is a non-negative in-
tegrand that is Y-periodic in its first variable and that satisfies the following condi-
tions:

(W1) W is frame indifferent, i.e.
W(y,RF) =W(y, F) for all R € SO(3), F € M(3) and a.e. y €Y

(W2)  The identity is a natural state, i.e.
W(y,Id) =0 forae. yeY

(W3) W is non-degenerate, i.e. there exists a positive constant C' such that
Wy, F) > Cdist?(F,SO(3))  forall F e M(3) and a.e. y€Y
(W4) W admits a quadratic Taylor expansion at the identity, i.e.

3Q € Q(Y;3) : limsupesssup Wiy, F) - Qy, F')|

- =0.
F—0 yey ’F|

Above, Q(Y;3) denotes the set of all Y-periodic, quadratic integrands from Y xM(3)
to R with uniformly bounded coefficients (see page 101).

In order to present the limiting energy, we introduce the relaxed quadratic form
Q,y : Mskew (3) — [0, OO)

which is determined by the linear cell problem

(8.3) Q~(K) := min //Q(y, (Kds(z))®er + G(z, y)> dydz : G € G,

SxY
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8.1. Introduction and main result

with

go = { [(8y\11ds)®61 + (aywo | Vj QI)) + a(€1®61)] U e W;(’j’o(Y; Mskew(?’))y

per,0

a€R, wy € W2 (YViR?), w e L*(Y; WH2(S; R?)) }

Goo 1= { [(wao | Vgcﬂj) +a(6’1®€1)} ca€R, wy € LQ(S; W;iO(Y;R?’)),
w € WhH2(S;R3) }
For v € (0,00) we define

g, = { [%1,711) + a(61®61)} ca€R,we le/_ier(SxY;]RS) }

Above, %,q,w = ( Oyw ‘ %VE w ) is the auxiliary gradient defined in Section 6.3 (see

page 81).
For (u,R) € L?(£; R3)x L?(£2; M(3)) we define the limiting energy
/ Q(Kg(x1))day if (u,R) is a rod-configuration

Zy(u, R) := (in the sense of Definition 8.1.4 below),

+ 0o else.

In the definition above the quantity g is related to the torsion and bending of the
rod and precisely defined in the sequel.
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8. Derivation of a homogenized Cosserat theory for inextensible rods

We are now in position to state the main result:

Theorem 8.1.1.
(1) Let (up) be a sequence in W12(Q;R3) with finite bending energy, i.e.
1
(FBE) lim sup h?/ dist?(Vyu(z), SO(3)) dz < oo.
h—0 Q

Then there exist a subsequence, a map E € L*>(QxY;M(3)) and a rod configura-
tion (u,R), such that

up —UQp — U strongly in L*(Q;R3)
Viup — R strongly in L*(€2; M(3))
thTthh —Id
h 2 . 2
Ey, = - — F weakly two-scale in L*(Q2xY; M(3))

(Here, uq j, denotes the integral average of uy, over .)

(2) Let (up) be a sequence in W12(Q;R3) that converges to the rod configuration
(u,R) in the following sense:

up — U strongly in L*(; R?)
Viup — R strongly in L*(; R3).

Then

lim inf 7" (uz) > I, (u, R).
iminf 7°%(up) 2 Iy (u, R)

(3) Let (u,R) be a rod configuration. Then there exists a sequence (up) C WH2(£;R3)
that converges to the rod configuration (u,R) in the following sense:

up — u strongly in L*(;R?)
Vhup — R strongly in L*(Q;R3)

and
lim 75" (up) = I, (u, R).

Remark 8.1.2. The previous theorem is the analogon to Theorem 7.2.5 which is the
core of the derivation of the planar rod theory from 2d elasticity. As in the previous
chapter, one could also restate the previous result as a convergence statement for
the initial energy £5" and could take boundary conditions and forces into account.
Moreover, it is possible to prove statements resembling Theorem 7.6.1, Theorem 7.7.1
and to consider more general settings, e.g. layered and prestressed rods. For the sake
of brevity, we restrict our effort to the proof of Theorem 8.1.1 and refrain from lengthy
explanations in the sequel.

The general strategy of the proof of Theorem 8.1.1 is related to the proof of the
analogous statement (i.e. Theorem 7.2.5). One of the major changes originates from
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8.1. Introduction and main result

the observation that in contrast to the 2d case, the types of oscillations emerging from
the bending of the mid line are more rich in the 3d situation considered here. In
particular, not only oscillations related to curvature, but also oscillations related to
torsion appear. Mathematically, in the 2d case, we repeatedly used the possibility
to parametrize the manifold SO(2) by a single parameter (the rotation angle), while
in the 3d setting a more elaborated and less handy presentation of SO(3) has to
be utilized. As a consequence, in several parts of the proof we have to spend some
additional effort. In particular, this becomes visible in the approximation of the scaled
gradient by maps in W12(w; SO(3)). In this context, we utilize the observation (see
Lemma 8.2.3 and Lemma 2.2.3 below) that we can connect two matrices by a smooth
path R € C°([s1,s2];SO(3)) in such a way that the modulus of the derivative is
pointwise controlled by (so — s1)72|A — B|* and RT9,R is constant.

Remark 8.1.3. In view of Lemma 5.2.4, the quadratic form Q(y, ) is positive definite
on the subspace of symmetric matrices and satisfies Q(y, F') = Q(y,sym F') for all F' €
M(3). For this reason it is not difficult to show (e.g. by means of the direct methods
of the calculus of variations) that the minimization problem (8.3) has a solution in G,.

Moreover, we can find a subspace of G, with the property that the minimum in (8.3) is
obtained by a unique element in that subspace and can be determined by a linear Euler-
Lagrange equation. Now similarly to the reasoning in Section 7.4.5, we eventually can
show that for rod configurations (u,R) the limiting energy can be written in the form

(8.4) Z,(u,R) = inf{ //Q (v, (Ka(z1)ds(Z) )®er1 + G(z,y) ) dydz : G € @7}

QXY

where

Bg = { [((%‘Ifdg)@el + (3yw0 | Vz 711) + a(€1®€1)}

a € L*(w), wo € L*(w; W2 o (V3 R?)), w € L2 (wxY; WH2(S; RY)),

» "V per,0

U e L3(w; W2 (Y Mgeew(3))) }

B 1= { [(ayw() ’ ij) + a(61®€1)

a € L*(w), wo € LA (W2 o (Y3 RY)), @ € L2 (w; WH2(S;R?)) }
and for v € (0, 00)

6, = {[%Mw+a(el®el)] D a € [w),w € L2(w;W11/_2per(S><Y;R3))}.
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8. Derivation of a homogenized Cosserat theory for inextensible rods

We conclude this introduction with commenting on the nonlinear Cosserat theory
for rods that we present in the spirit of [Ant05].

In the nonlinear Cosserat rod theory, a rod configuration is a pair (u;R), where u and
R are (at least) weakly differentiable maps from w to R? and SO(3), respectively. The
point u(z;) € R? denotes the deformed position of the material point x; lying in a
reference configuration on the mid line w. Therefore, we call u the (rod) deformation.
The columns of the matrix R(z1) are unit vectors and characterize the orientation of
the (infinitely small) cross-section of the rod through u(z1). We call R Cosserat frame
and use the convention to denote its columns, which we refer to as directors, by t, ds
and ds. Usually, the first column ¢t is related to 0ju.

The central quantity in elastic rod theory is the product Ky (x1) = R(x1)T01R(z1)
which by construction is always a skew symmetric matrix. We define coefficients
ko, k3, 7 according to

0 ko k3
(8.5) Ke=|—-ko 0 71
*k‘g —T 0

The components ka(z1), k3(x1) and the component 7(z;) are related to the flexure and
the torsion of the rod configuration at the material point x1, respectively. This suggests
to call K¢ the rod strain associated to the rod configuration (u, R).

In the case of inextensible, unshearable rods, which is the situation that emerges in our
asymptotic analysis, we have the constraint

ohu = Re;.

In this case the rod deformation is a curve parametrized by arc length and ko(x1) and
k3(xz1) are related to curvature, as we will see in the sequel.

Definition 8.1.4. A rod configuration is a pair (u; R) consisting of a bending de-
formation u € VViif(w;R?’) and a Cosserat frame R € W12(w;M(3)) adapted to u,
ie.

R(w1) € SOB) and  Oru(ry) :=t(r1) = R(z1)er

for almost every z; € w.

If necessary, we identify (without indication) the bending deformation u € I/Vizf (w; R3)

with its constant extension to the domain €2, i.e with the map @ in W12(Q; R3) defined
by (1, %) = u(w1).

For hyperelastic rods the total elastic energy associated to a rod configuration (u,XR)
is given by the integral

/W(fvl;f](gg(ml))dxl

where W 1 wxMgew(3) — [0,00) is called the stored energy function of the mate-
rial.
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A classical example of a stored energy function for an hyperelastic, isotropic rod with
quadratic growth is

W (21;K) = Xa(w1)k3 + Ag(21)k3 + p(ar)r?

where the material parameters \; and g are non-negative and the strain coefficients
(ko, ks, T) are related to K according to (8.5). Note that in this case the reference
configuration is stress free, and therefore a natural state.

8.2. Compactness and two-scale characterization of the
nonlinear limiting strain

In this section we prove the compactness part of Theorem 8.1.1 and present a char-
acterization of two-scale cluster points of the nonlinear strain associated to sequences
with finite bending energy (see Theorem 8.2.1 below). Although we do not state it
explicitly, it becomes clear in the proof of Theorem 8.1.1 (3) that the two-scale charac-
terization is sharp and may be applied to more general situations as the one considered
in Theorem 8.1.1.

As in the previous chapter, the compactness and characterization results rely on an
approximation scheme that allows to approximate scaled gradients Vju by a rotation
field R € W12(w; SO(3)) in such a way that the L? -distance between R and Vju, as
well as the norm of 9;R are bounded by

/ dist2(Vyu(x), SO(3)) dz
Q

up to a constant prefactor. Additionally, if € ~ h or € > h, we can construct the ap-
proximation in such a way that RTH, R is e-coherent or h-coherent, respectively. Later,
when the approximation scheme is applied to sequences with finite bending energy, this
property will guarantee that CRTﬁlfR) is constant on scale ¢.

The two-scale characterization of emerging limiting strains is summarized in the fol-
lowing theorem:

Theorem 8.2.1. Let (uy) be a sequence in W12(Q; R3) with finite bending energy and
suppose that (up) converges to a rod configuration (u,R) in the sense of Theorem 8.1.1
(1). Consider the set

¢.={Fc L*(QxY;M(3)) : Ej, =Ny 5 weakly two-scale in L*(QxY; M(3))

for a subsequence (not relabeled) }

where (Ey) denotes the sequence of nonlinear strains associated to (up). Then each
limiting strain E € € can be represented as follows:

Blr,y) = sym | ( (Ka(@1) +0,%(21,9))ds(2) )0er + W(a,y) | +ale)(er9e)
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where

e L2(w;Wh2 (Vi Mgew(3))) ify=0
weIw) and {\P 2 2o Man®)) 7

= else.
and W is a map in L>(QxY;M(3)) that satisfies
(8yw0‘vg—cﬁ)) if v € {0, 00}
(3.6) Wiz, y) = {~
V1, wo else
where
wo € L2(w;W;£70(Y; R?)) and w € L*(wxY; WY2(S;R3?))  ify=0
(8.7) wo € L (W2 o (Y3 RY)) and w € L*(w; WH2(S;RY)) if v =00
wo € L2(w; W;’_Qper(SxY;R?’)) else.

(For the proof see page 178).

For the proof (which we postpone to Section 8.2.3) we use the following approximation
scheme:

Proposition 8.2.2. Let h,e and vy be positive parameters and suppose that
7 <<
To any u € WH2(Q;R3) we can assign a map

R e W (w; M(3)) N L (w; SO(3))

such that K = RT01R is e-coherent and
IR = ViullF2 @y + € 101 R1 72 omas)) < C/QdiStQ(th, SO(3)) dz.
The constant C' only depends on Q and .

(For the proof see page 175).

The proof is based on the geometric rigidity result in [FJMO02] and utilizes the piecewise
constant approximation scheme that we presented in Proposition 7.4.4. We postpone
the proof to Section 8.2.2.

8.2.1. Proof of the Theorem 8.1.1: Compactness

Step 1. Without loss of generality assume that h < 1 and that

1
SUp 55 dist?(V,up (), SO(3)) dz < C.
he(0,1) Q

174



8.2. Compactness and two-scale characterization of the nonlinear limiting strain

This implies that (Vj,uy,) and (Vuy,) are bounded sequences in L?(Q; M(3)). Thus, the
sequence (uj, — ugp,) (consisting of mean value free maps) is bounded in W12(Q;R?)
due to Poincaré’s inequality and we can pass to a subsequence (not relabeled) such
that

Up —uUQp — U weakly in W12(Q;R?)

for a suitable map u € W1H2(Q;R?). Because of the compactness of the embedding
Wh2(Q;R3) C L?(Q;R3), the convergence also holds strongly in L?(; R3).

Step 2. To each uy, we assign a rotation field Ry, € W12 (w; SO(3)) according to Proposi-
tion 8.2.2 where we specify the free parameter as € = h. We have

2
(8.8) + 101 RulIZ2 (s < C-

H Rn — Vpup
L2(;M(3))

h

Set Ry, := ﬁ [, Rndzi. Now (8.8) and Poincaré’s inequality imply that (Rj — Rp,)
is bounded in W12(w;M(3)). Moreover, the sequence of matrices (R,) is bounded,
therefore, we can pass to a subsequence (not relabeled) such that

Rp — R weakly in W12 (w; M(3))

for a suitable map R € W12(w;M(3)). Again, by compact embedding, we deduce
that the latter convergence also holds strongly in L?(w;M(3)). This implies that
R only takes values in SO(3) and belongs to W12(w; SO(3)) := Wh2(w;M(3)) N
L>(w; SO(3)).

Furthermore, (8.8) implies that Vj,uj, — Ry strongly converges to zero in L?(£2; M(3))
and we see that
Viup, — R strongly in L?(w; M(3)).

In particular, we deduce that (0jup) converges to Rej, and consequently 0ju = Rey,
which means that u € VVéf(w;R?’). Thus, the pair (u,R) is indeed a rod configura-
tion.

Step 3. The weak two-scale relative compactness of (Ej) follows from the inequal-

ity
\/ thg‘ thh —Id

and Proposition 2.1.4. O

2
dist?(Viup (), SO(3)) > ¢

8.2.2. Approximation of the scaled gradient

Proof of Proposition 8.2.2. Let R : w — SO(3) denote the piecewise constant, e-
coherent approximation from Proposition 7.4.4 satisfying

(8.9) IR = Vil 220y + € Vars R < ¢ /Q dist2(Vyu, SO(3)) da.
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8. Derivation of a homogenized Cosserat theory for inextensible rods

Here and below, ¢ and ¢’ denote generic constants that may change from line to line,
but can be chosen only depending on g and the geometry of €.

Set L. := €Z + c. Because R is e-coherent, we can find a translation ¢ € [0,¢€) and a
discrete map v: L., — SO(3) with
R(e) = D Lgeronu(@)e(©)

€Ll

for almost every x; € w. For convenience, let £(w) denote the smallest subset of L.
such that

we | Ee+o

§eL(w)
and set &pax == max L(w) and L£*(w) := L(w) \ &max-

For each & € L*(w) let Re € C([&,& + €];M(3)) denote the map constructed in
Lemma 8.2.3 with

Re(§) =t(§) and  Re(§+€) =v(§+e).

Define

R@1) = Y Leerog@)Re(@1) + gy tmanto) (@)0(Emax)  for 21 € w.
§eLr(w)

Then R is a map in W12(w;M(3)) N L®(w; SO(3)) and by construction RT;R is

e-coherent. The estimate in Lemma 8.2.3 justifies the following computation:

/’813%(:61 dx; < Z / \81?5 xl ’ dxq

ﬁEﬁ* ££+6
<l Y et o) —e(©)f < & Var(R),

€
§eL*(w)

and in view of (8.9), we obtain

62/ 101R(21)[> dzy < ¢ e Varg R < c"/ dist?(Vju(z), SO(3)) d.
w Q

It remains to show that
/ R(z1) — Vpu(z)? dz < ¢’ / dist2(Vyu(z), SO(3)) da.
Q Q

In view of (8.9) the previous inequality is valid if we replace R by the piecewise constant
approximation R. Hence, due to the triangle inequality, it is sufficient to show that

/ R — R? day < " / dist(Vyu(z), SO(3)) da.
w Q

176



8.2. Compactness and two-scale characterization of the nonlinear limiting strain

In order to prove this, first note that for each £ € £*(w) we have (cf. Lemma 8.2.3)
sup _[R(a1) — Rlan)| < [ 100Re(e+ )] dr < ¢ o€+ ) — ()
$1€[§,£+6) 0

and consequently

/ R(z1) — R(z)[? dey < e [e(€ + ) — (£)[
(&,&+¢)

But this means that

/ |R — R|2 dz; < Z |R — R|2 dz; < deVary R,
N L W)(e Ete)

and again (8.9) implies that the right hand side is bounded by ¢ [ dist?(V,u, SO(3)) dx.
Q
O

In the proof above we utilize the subsequent construction, which allows to connect two
rotations by a smooth path in SO(3). Recall that the rotation in SO(3) about an axis
a € R3, |a| = 1 by an angle o can be written by means of Rodrigues’ rotation formula:

Rot(a, ) := Id + sinaN, + (1 — cosa)NZ,

where N, denotes the skew-symmetric matrix in M(3) determined by Nye = a A e for
all e € R3.

Lemma 8.2.3. Let A,B € SO(3) and s1,s2 € R with s1 < sg. There exist a map
R € C®([s1, 52]; SO(3)) and a matric K € Mgkew(3) such that

R(s1) = A, R(s2) =B  and R(z1)T01R(x1) = K for all z1 € [s1, sa).

Furthermore,
2
/ |A — B|

sup |1 R(z1)|* < ¢ 5

:Ele[sl,sz] (82 - 81)

where ¢ is a positive constant independent of s1,s2 and A, B.

Proof. Due to Lemma 8.2.4 below, there exist an rotation axis a € R? with |a| = 1 and
a rotation angle a € [0, 7] such that B = Rot(a,a)A. Set m(21) := {1=21 and define
the rotation field

R(x1) := Rot(a, m(z1)a)A.

By construction, the map R belongs to C*([s1, s2]; SO(3)), and satisfies R(s1) = A
and R(s2) = B. Moreover, Rodrigues’ formula reveals that

O R(z1) = ( cos(m(x1)ar) Ny + sin(m(z1)a) N2 ),

§2 — 81
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8. Derivation of a homogenized Cosserat theory for inextensible rods

and consequently
o> _ ,1A-Bf
(s2—51)2 = (s2—s1)*
For the latter inequality we used the estimate from Lemma 8.2.4 below. Furthermore,
a short computation shows that

1R (z1)])? < 2

(07

iR(xl)TalfR(xl) = N, for all z1 € [s1, sa.

§2 — 81

Because N, is a constant skew-symmetric matrix, the proof is complete. ]

«
S9—81

Lemma 8.2.4. Let A, B € SO(3). There exist a € R® with |a| = 1 and a € [0, 7] such
that
B =Rot(a,0)A and L]|A- Bl*<a?<c¢|A— BJ?

where ¢ is a positive constant that is independent of A and B.

Proof. Without loss of generality we suppose that A = Id. By Euler’s Rotation The-
orem there exist a unit vector a with Ba = a. Thus, we can represent the rotation B
by means of Rodrigues’ rotation formula, i.e B = Rot(a, «). By probably replacing a
with —a, we can guarantee that o € [0, 7).

Let R denote a rotation in SO(3) of the form (a |72 | r3). In view of Rodrigues’ formula,
a straightforward computation shows that

(B—1Id)R = (sinars — (1 —cosa) ra)®ey — (sinary + (1 — cosa) r3) ®es.
Because r2 and 73 are orthogonal unit vectors, it is easy to check that
|B —Id)* = |(B — Id)R)* = 2(sina? 4 (1 — cos@)?) = 4(1 — cos ).
As in Lemma 7.4.8 we see that there exists a positive constant ¢ such that
(1 —cosa) <a® <c(l—cosa) for all o € [0, 7],

which completes the proof. O

8.2.3. Two-scale characterization of the limiting strain

Proof of Theorem 8.2.1. Without loss of generality we assume that H%(S) = 1. Let
E € €. We pass to a subsequence (not relabeled) such that

1
(8.10) 72 dist?(Vyup(x), SO(3)) dz < ¢ for each wuy,
Q
and
(8.11) E, 2~ E  weakly two-scale in L2(QxY; M(3)).
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8.2. Compactness and two-scale characterization of the nonlinear limiting strain

Here and below, ¢ denotes a positive constant that may change from line to line, but
can be chosen independent of h.

Step 1. We start with the approximation scheme introduced in Section 8.2.2 applied in
the following form: Let R, € W2(w; SO(3)) be the approximation of u, constructed
in Proposition 8.2.2 where we specify the free parameter ¢ according to

ho ity e {0,00)
€ =
e(h) else.

The particular choice of the free parameter ¢ guarantees that
(8.12)

Ry, — Vup |2
h

1 .
ORI saiy < 3 [ dist(Thuno), SO(3))do
L2(QM(3)) 0

Based on this approximation, we define the maps

Ri (1) T Viun(x) — 1d
; .

In view of (8.10) and (8.12), the sequence (K}) and (E;”) are bounded in L?(2; M(3))
and (Ry,) is relatively compact with respect to strong convergence in L?(w; R3). Hence,
we can pass to a further subsequence (not relabeled) such that

Kn(z1) = Ry (z1) T O1Ry (1), EP(z) =

Rp — R strongly in L?(w; M(3))
Kn 2K weakly two-scale in L?(wxY; M(3))
EP 2. gep weakly two-scale in L*(Q2xY; M(3))

where the limit E* € L?(QxY;M(3)) satisfies
sym E* = F

due to Corollary 2.3.3, and K € L?(wxY;M(3)) satisfies

_ » 'V per,0

Kg+ 0,V if y =0 with U € L(w; W22 (Y3 M(3)gkew))
Kg if v > 0.
due to Lemma 8.2.5 (see below).

Step 2. Consider the following maps

X e up — U _
Up(x1) = /Suh(arl,x) dz, and wp(z):= h - h — Rp(x1)ds(Z).
(For the definition of dg see page 168). We claim that
(8.13) lwall p2rsy < dh and / |Viwp|? dz < ¢
Q

179



8. Derivation of a homogenized Cosserat theory for inextensible rods

This can be seen as follows: Because each map wj, has vanishing mean value with
respect to , Poincaré’s inequality yields

/mwmﬂﬁﬁga/wwmmwﬁﬁ
S S

<
</ [

2

1
— Vi up(x) — Ry (1) (e2®eg + e3®e3)| dx

and integration over w leads to

/ lwp)? da < c'hz/
Q Q

Now the right hand side is bounded by ¢h? HE;I’H;(Q_M(?’)). In view of (8.12) and
(8.10), this proves the first statement in (8.13). The I;revious estimates also reveal
that (% Vi wy,) is a bounded sequence in L?(; R3*2). Hence, in order to establish the
second statement in (8.13), it remains to argue that (0jwy,) is a bounded sequence as
well. To this end, we observe that

2

3+ Vs up(z) — R (1) (e2®ez + e3®es) d

h

Ovup, — Oy,

. + 01 RRds | L2 (r)

L2(R3)

01wl f2(0r3) < ‘
Note that the second term on the right is uniformly bounded in A due to (8.12), while

2 2 2
’ g/ m+//ﬁWL%ﬁm dzs.
L2(;R3) Q w /S

h
Obviously, the right hand side can be bounded by a constant uniform in h due (8.12),
and (8.13) follows.

81Uh — al’th
h

Orup, — Rpeq
h

Step 3. We have
up, = Up, + hRpds + hwy,

and a straightforward computation yields

Vyuy = Ry, + (8171h — Rper + h@lﬁhdg)@)el + h Vywy,
RY Vi —Id

Ezp = — = </5 Ezpel dz + /Chds> ®e1 + fRE Vi wp,.

This allows us to identify the two-scale limit of (E},") term by term. The only non-
obvious limit is the one of the sequence (R} Vi,wp).

We claim that (R} Vjwy,) weakly two-scale converges to a map W € L*(Q2xY; M(3))
that has the structure described in (8.6) and (8.7). This can be seen as follows: Set
Wy (x) := Ry, (21) Ywy (x). Then

IRE Vhwh = Vhﬁ)h - Blﬂzgwh
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8.2. Compactness and two-scale characterization of the nonlinear limiting strain

and
wp =0 weakly in WH(QR?)  and (| Vi@l p2ganga)) < ¢

Hence, we can apply the two-scale characterization result for scaled gradients (see
Theorem 8.2.1) and deduce that (V,wy) weakly two-scale converges to a map W in
the form described above. Because of (8.13), we have

o

/

L2(O;R3)

and we deduce that W is also the weak two-scale limit of (IR;LF Vhwp,), which proves the
claim.

So far we have show that
E?(z,y) = (lC(xl, y)ds(z) + A(zq, ))@el + W(z,y).

where A(z1,y) = f E®(x1,&,9)e; dE. We set
A(z1) /Axl, ) dy, A=A-A.

Because fY fldy = 0, we can write A as the y-derivative of a periodic map, i.e

dyp=A with e L} w; Wy

per, O(Y RS))
Furthermore, define

o(z) = (ag(xl))xg + az(x1))zs )61,
where ay(71) denotes the kth component of the vector A(z1). Then v is a map in
L?(w; WH2(S;R3)) with Vi v = az(e1®es) + az(e1®es). By combining both functions
we observe that

0
sym ( vy ¥ ‘ Vi v ) =sym Vi, (¢ +yv) =sym | OyYp®e; +e1® | a2
as
0
=sym | A®e; + e1® | a9 = sym(A®e1) — a1(x1)(e1®eyq).
as

Now a close look to (8.7) reveals that the map

0
W .= W-f—/i@el +e1® | as
ag

is in accordance with the structure described in (8.6) and (8.7). This allows us to
represent F according to

E(x,y) = sym E*?(z,y) = sym [ (IC(J:l, y)ds(Z) )®61 + sym W(ﬂ?, y) | +a1(z1)(e1®eq)

as it is claimed in the theorem. O
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8. Derivation of a homogenized Cosserat theory for inextensible rods

Lemma 8.2.5. Let (up) C WH2(Q;R3) be a sequence with finite bending energy and
let (Rp) be defined as in the proof of Theorem 8.2.1. Then the sequence (XKp) C
L?(w; Mgrew (3)) defined by

Kp := RLOIRp
18 weakly two-scale relatively compact in L2(wa;MSkeW(3)) and any weak two-scale
cluster point X satisfies

L2 (w; W22 (Y Mgkew (3))) ify=0

» 'V per,0

:K(xlay) - :R(l‘l)TaliR(xl) < { {O} else

where R denotes the strong limit of Ry,.

Proof. In view of Proposition 8.2.2 and due to the choice of the free parameter € whilst
applying the proposition, we have

1 .
1OV RN 2 (s < Clﬁ QdIStQ(VhUh(fU)>50(3))d$-
Since (up) has finite bending energy, the limes superior of the right hand side is
bounded. Moreover, the norm of X, is controlled by the left hand side and conse-
quently

. 2
lim sup ”KhHL?(w;M@)) < oo
h—0

Due to Proposition 2.1.4 the sequence (Xp3) is weakly two-scale relatively compact.
Because Ry (z1) € SO(3) almost everywhere, we have
) (Rgmh) = 911d =0
and in view of the product rule, we deduce that
0=0RER, + REOLR), = K + K.

Hence, K}, € Mggew(3) almost everywhere. As a direct consequence, the same holds
for each weak two-scale cluster point.

Let K € L?(wxY; Mgrew(3)) be an arbitrary two-scale cluster point of (X},). Set

Ko(z1,y) := K(x1,y) — /YfK(xl,s) ds

and define ” J
U(z,y) ::/ iKo(x,s)ds—// Ko(x,s)dsdy.
0 Y Jo
Then ¥ € L2(w; W2 (Y Mgew(3))) and 0yV = Ko(x,y). By construction, in the

per,0
case v > 0 the map X, is e-coherent, where € is either equal to € or € > h. Thus,
Lemma 2.2.3 and Lemma 2.2.4, respectively, imply that X is independent of y; and

thus, ¥ = 0.

Because (Ry) converges to R weakly in W2 (w; M(3)) and strongly in L?(w; M(3)), we
immediately deduce that K}, weakly converges to RT8;R, and therefore Lemma 2.1.11
implies that [, K(z1,s)ds = RT9;R. O
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8.3. I'-convergence

8.3. I'-convergence

8.3.1. Proof of Theorem 8.1.1: Lower bound

In order to prove the inequality

(8.14) lim inf Z5" (up) > Z, (u, R)

h—0
it is sufficient to consider the case where the left hand side is finite. We can pass to
a subsequence (not relabeled) such that limy,_,o Z5"(uy) exists and is equal to the left
hand side of (8.14). This implies that (uy) is a sequence with finite bending energy and
we can pass to a further subsequence (not relabeled) such that
E, > F weakly two-scale in L?(Q; M(3))
by means of the compactness part of Theorem 8.1.1.

In exactly the same way as in the proof of Lemma 7.4.13, we observe that

lim i(r]lfIE’h(uh) > // Q(y, E(z,y)) dy d.
%
aOxy

Now Theorem 8.2.1 allows us to characterize the limiting strain £ and we infer that
the left hand side in (8.14) is bounded from below by

] @ (v (st + 0,0 0)ds(@) ) wer + W) + alon)(erser) ) dyda

QxY

where a, ¥ and W belong to the sets defined in Theorem 8.2.1. Minimization over all
admissible a, ¥ and W yields (8.14) (cf. Remark 8.1.3).

8.3.2. Proof of Theorem 8.1.1: Recovery sequence
The case v € (0,00).

Step 1. Choose maps a € L?(w) and w € L?(w; W}l,’_zper(SxY; R?)) such that

Z,(u,R) = //Q (y, (Kpds )®er + %1,710 + a(e1®e1)) dy dz
Qxy

(cf. Remark 8.1.3). Because the inclusions

C®w) C L*(w) and CP(w; CH(S;C2(Y:R?))) C L (w; Wi (SxY;R?))

per » "VY-per

are dense and in virtue of Lemma 8.3.1 (below), we can find for any ¢ > 0 approxima-
tions

u® e 2 (@;R?) and RO e Cl@;50(3)) with 8ul® =RO)e¢
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8. Derivation of a homogenized Cosserat theory for inextensible rods

and maps B
g(a) € C(w) and w® ¢ Cé’o(w;Cl(S; ngr(Y;R3))
such that
1 () _ () _
(8 5) Hg g‘ L2(w) + Hw ’UJ‘ L2(w;W1:2(SXY;R3))
+ Hu(5) —u‘ + Hﬂz@ —R) [ Koper — Kl 2 <
LQ(W;RB) Lz(w;M(?))) R L2 (w;M(3))

and

(8.16) |Z,(u,R) — //Q (y, (Kpods )®er + %1,710(5) + a(6)(61®61)) dydz| <.
Qxy

For the latter, we used the continuity of the quadratic integral functional above.

Step 2. Set mp () := (z,71/e(n)) and define

usp(z) == u®(x1) + RO (21)ds(z) + h/om1 RO (s)e1a® (s) ds
+ he(h) RO (z) (W'D o 7)) (2).

A straightforward calculation shows that

Viusp = RO +h (9, ROds + RO era® | 0] 0)
+hRO) < (9yw®) o7y, ‘ #(Vj w®) oy, ) + he(h) R©® ( (rw®)om, ‘ 0 ‘ 0).

Now it is easy to check that for h — 0

Us.p — U strongly in L? Q;R3
(8.17) { Jh gly ( )

Vhusp — RO strongly in L*(€; M(3))

and

RENT v, —Id _
E;I;L — ( ) Zué,h i> (jch(‘;)dS + a(6)61> ®eq + vl,’yw(a)

strongly two-scale in L2(QxY;M(3)). Because all involved quantities are smooth, the
sequence (E,) additionally satisfies

lim sup ess sup |hE;P (z)| = 0.
h—0 xeQ)

This allows us to apply Theorem 5.2.1 and we see that
o1
(818) Jim - /Q W (/e 1d+ hED (x)) da
= // Q (y, (j(fg{(a)ds )®€1 + %LWZU((S) + (I((S) (61@61)) dy dz.

QxY
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8.3. I'-convergence

Because Vjusp = RO (1 d+hE§”,%), the frame indifference of W implies that
1 1 N
T (usp) = /Q W (=1/=(), Vs () de = /Q W (#1/e(r), Id + hE;(z)) da.
Set

Cs,h + HVhU(S,h—RHp(w;M(g)) .

T (u5) = &, (u, R)| + [|u® -l

L2(w;R?)
Then (8.15), (8.16), (8.17) and (8.18) imply that

lim limsupcsp =0

=0 p—0 7

and in view of Lemma A.2.1 we can extract a diagonal sequence §(h) with §(h) — 0 and
Cs(hy,n — 0 as h — 0. Thus, up := Ug(h),h TeCovers the limiting energy and converges
to the rod configuration (u,R). O

The case 7 = oo.

Because the proof is quite similar to the one in the case v € (0,00), we only ex-
plain the construction of the sequence for smooth data. To this end, we suppose
that

ue C?

180

(@;R%) and ReCYw;50(3)) with du=Re
and consider maps

a € C(w), wy € CO(QC%(Y;R?))  and @ € C°(w; CL(S;R?)).

per

Set 7 () := (x,%1/e(n)) and define
“Ell)(JU) = u(z1) + hR(x1)ds(Z) + h/om1 R(s)era(s)ds

wiV (@) = e(R)R (1) (wo o 1) () + hR(z1) (@ 0 71) (),
and the sequence
up, = ug) + hw,(_bl).

The convergence behavior of the sequence (u,(ll)) and the corresponding contribution
to the limiting strain has already been studied along the lines of the proof for the case
v € (0,00). We briefly analyze the corrector sequence (w,(ll)). First, it is clear that
hw,(ll) converges to 0 uniformly. Moreover, a simple calculation (and the application of
Lemma 2.1.9) reveals that

RT Vywy, <3yw0(33,y) | Vz w@h@/))

strongly two-scale in L?(2xY;M(3)). In summary, we have

RT Vyuy, — Id
X ViUh T I 2, (Kpds)®e1 + a(e1®eq) + (8ywo | Vi w)

h
strongly two-scale in L?(Q2xY;M(3)). To complete the proof, we proceed as in the
proof for the case v € (0, 00). O
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8. Derivation of a homogenized Cosserat theory for inextensible rods

The case v = 0.

The proof is similar to the previous one. Therefore, we only explain the construction
of the sequence for smooth data. Let

ueC?

180

(@;R%*) and ReCl@;SO(3)) with du=Re
and consider maps

a e C(w), wy € CX(w; CX(Y3R?))  and  w e CHQ; C2(Y;R?)).

per per

Moreover, let
v e Coo(w Cper(Y;MskeW(S)))‘

Since ¥ is skew symmetric, there exist function 7,k2,k3 € C°(w;Ce(Y)) such
that

0 EZ(LUl?y) ’13(x17y)
\Il(xlay) = _K/Z('rlay) 0 T(xlvy)
_R3(‘Tlay) _T(.Tl,y) 0

For brevity we set 7(")(z;) := e(h)7(x1,®1/e(r)) and define Kigh) and Iigh) similarly. We
define the map R™ : w — SO(3) by

R (1) := R(z1) Rot(er, 7™ (z1)) Rot(eq, /féh) (1)) Rot(es, th) (x1)).
Then an elementary, but tedious calculation shows that

( ) RM) 5 R uniformly
8.19
fR(h)TGﬁR(h) 2, Kx + 0y ¥ strongly two-scale in L? (WXY'; Mgrew(3))-

Now set,
u? (2) +h/ R (5)er (1 + als)) ds + hR® (z1)ds ()
wé”(x) = e(h)R(x1)(wo 0 m,) () + hR(x1)(@ 0 ) (),

and consider the sequence

(2)

up = u,  + hw, )

As before, hw}(Ll) uniformly converges to zero and we have
T (1) _2 T
R Vhwh — ay/wO(xlvy) ‘ Vx ’ll)(.’L’, y)
strongly two-scale in L2(2xY; M(3)). Moreover, (8.19) implies that

R0 G,u? — 1d
2 2 ((Kale) + 0¥ (@r,y))ds ) @er + a(er)(er0e)
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strongly two-scale in L?(QxY; M(3)). Since R — R — 0, we can combine the last
two convergence statements and arrive at

RM" Vyuy, — Id
P s (Kalo) +0, W1, y))ds ) @er +alwr)(erGen) + ((dyuwo | Ve )

strongly two-scale in L2(2xY;M(3)). To complete the proof, we proceed as in the
case v € (0,00). =

It remains to prove that arbitrary rod configurations can be approximated by smooth
maps:

Lemma 8.3.1. Let w = (0,L). Let (u,R) be a rod configuration. Then for all § > 0
there exists a smooth rod configuration (u'®, R)) with

u(é) c 02
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@:R%, RO el w;S0(3)) and 9u® =ROe,
such that u®(0) = u(0), R®)(0) = R(0) and

e P

) + HfoR(é) — JCRHLZ(w;M(ii)) <.

L2(w;R3) L2(w;M(3

Proof. Without loss of generality let R(0) = Id and u(0) = 0. Set K := RT9,R. For
all k € N choose a map K®*) ¢ C2°(w; Mggew(3)) such that

BT <

L2 (w;M(3))

Step 1. By the Picard-Lindelof theorem one can show that (for all k£ € N) there exists
a unique map R*) € C'!(w; M(3)) that solves the system

NR® (z1) = RP) (21)KF) (1) forall 7y €w and  R¥(0) = Id.

Because K (z1) is skew symmetric for all z; € @, one can show that the matrix R*) (z;)
is orthogonal for all z; € @. Now the continuity of the map R*), the initial value
RE)(0) = Id € SO(3) and the fact that SO(3) is a maximally connected component
of the set of orthogonal 3 x 3-matrices implies that R*¥) € C'1(w; SO(3)).

Step 2. We claim that
RFE) ~ R weakly in W2 (w; M(3)).

The sequence (R¥)) is obviously bounded in W2(w;M(3)). Hence, we can pass to
a subsequence that weakly converges to a map R € W2(w;M(3)). Due to the com-
pactness of the embedding W12(w; M(3)) C L?(w; M(3)), the latter convergence holds
strongly in L?(w;M(3)) as well. Moreover, we have

R (1) = Id + / R0 ()5 (€) e
0

187



8. Derivation of a homogenized Cosserat theory for inextensible rods

The strong convergence of R* and K* allows us to pass to the limit in the equation

above and we deduce that
~ 1
Ria) =1+ [ Rx(€) de
0

Note that the equation above is the integral version of an initial value problem which
exhibits a unique continuous solution. Because of the embedding W'?(w;M(3)) C
C(w; M(3)), both R and R are solutions and the uniqueness implies R = R.

Step 3. Set

u® (21) == u(0) + / " R0 (€)er de.
0
Then u®)(0) = u(0) and

Hu(k) —u‘ <

(k) _ 31u‘

Rk _ R‘

L2(w;R3) L2(w;R3) L2 (w;M(3))

for a suitable constant ¢. Because R*) — R and K*) — K strongly in L?(w; M(3)),
we deduce that

<94

H“(k) _“’ L2(wM(3)) ~

o[-

+ Hﬂc(’“ Jc‘

L2(w;R3) L2(w;M(3

if k is sufficiently large. O
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9. Bounds for homogenized plate theories

9.1. Introduction and main result

In this section we present partial results concerning the derivation of homogenized non-
linear plate theories from three-dimensional elasticity for materials featuring periodic
microstructures. The derivation relies on the one side, on the work in [FJMO02] where
elastic plates for materials without z-dependency have been considered. On the other
side, our approach is based on the homogenization methods developed in the previous
chapters. The main result is a (non-sharp) two-scale characterization of nonlinear lim-
iting strains that emerge from sequences of deformations with finite bending energy.
Furthermore, we prove a lower bound and an upper bound estimate for the limiting
energy that — although in general being not optimal — already capture fine-scale
properties of the limiting behavior and indicate the dependency of the limiting theory
on the limiting ratio between the thickness of the plate and the size of the material
microstructure.

In the following we describe the precise setting. Set Y := [0,1)? and let Q := wx.S be
a cylindrical domain in R? where the mid plane w is a bounded, regular, convex subset
of R? with Lipschitz boundary and S := (—1/2,1/2). In the sequel we decompose points
x € R3 according to

= (%,23) with #€R?® and z2€R
and call £ and x3 the in-plane and out-of-plane components of x, respectively.

We suppose that W : RZxM(3) — [0, 00) is a non-negative integrand that is Y-periodic
in its first variable and satisfies conditions (W1) — (W4) from the previous chapter (see
page 168). For positive parameters ¢, h and u € L?(2;R3) we define the scaled elastic
energy

1 . . 1,2 3
T () o= h2/ﬂW($/a, Vhup(x))de if uwe WH*(,R?)

+ 00 else.

Above, the scaled deformation gradient is defined in Definition 8.1.4, i.e.

Viu =V pu= (Viu| %8311,), Vi u = (O1u |O2u).

As in the previous chapters, we suppose that (h) and (¢) are coupled fine-scale se-
quences in the sense of (7.1). In particular, we suppose that ¢ = ¢(h) and

. h .
Ilzl—%$ =~ with ~€][0,00].

189



9. Partial results for homogenized plate theory

In order to describe the limiting energy, we introduce the space of bending deformations
over w by

A= {u € WQ’Q(oJ;Rg) :o1u(z)] = |02u(2)| = 1,

(O1u(), Dou(2)) =0 for ae. T €w }

To each bending deformation u € A we associate a normal field, an associated frame
and the second fundamental form according to

2
N(y) = Ou\Oqu, R(u) = (81U |62u | N (w) ), H(u) = Z <8zu, 8jn(u)> (€i®ej)-

,j=1

In the definition above, we understand Il (%) as a matrix in M(2) (i.e. {e1,ea}
denotes the canonical basis of R?).

Along the derivation of the homogenized rod theory in the previous chapter, we have
seen that in the limiting process oscillations of quantities that are related to curvature
occur. In the context of rods, these oscillations could be described by “periodic profiles”
in the space W}}éio((O, 1); Mgkew (3)) (see Lemma 8.2.5). In the situation of plates, the
structure of bending deformations, and thereby, also the structure of the admissible
oscillations, is more complex. Roughly speaking, if u € A is a bending deformation,
then locally V; u is either constant or constant along a line segment, the end points
of which touching the boundary of the mid plane dw (for details we refer to [Kir01,
Pak04, FJMO06]). This suggests that an appropriate class of periodic profiles should

reflect these constraints as well.

In this thesis we do not address this question. Instead, we introduce a space of oscilla-
tion profiles in a rather implicit way: To each bending deformation u € A we associate
the class

d(u) = { ¢ € L*(wxY;M(2)) : 3(Ry) € WH2(w; SO(3)) such that

Rp — R, weakly in W2 (w; M(3)) and
2

Z ( <Rh6i, 8]'Rh63> )(6i®€j) 2. o+ H(u)
ij—=1

weakly two-scale in L?(wxY; M(2)) }
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9.1. Introduction and main result

Our main result in this chapter is the following:

Theorem 9.1.1 (Compactness and (non-sharp) two-scale characterization of the lim-
iting strain). There exists a positive constant dy depending only on w such that the
following holds. Let (up,) be a sequence in Wh2(Q;R3) satisfying

lim sup h12/ dist?(Vyu(z), SO(3)) dz < .
h—0 Q

Then there exist a subsequence (not relabeled) and maps

u € A, ¢ € d(u), A e L}(wxY;R¥*?)

and
(Vywo‘agu_)) if v € {0, 00}
W(x,y) = { <
Vo~ wo else
where
wy € L2 (w; Wit o (V3 R?)) and @ € L2 (wxY; WH(S;R?))  if 4 =0
wo € L2 W2 (Vi R%)) and w € L (w; WH2(S;RY)) if v =00
wo € L*(w; W;’_Zper(SxY;Rg’)) else
such that
Up = u strongly in L*(Q;R3)
©0.1) Vhup = Ry strongly in L*(€; M(3))
Vil Gy —1d
Ep, = . —F weakly two-scale in L*(QxY; M(3))

where the nonlinear limiting strain is given by

() +¢
00 |

E :=sym |(A]0) + 3

0
0 + W
0

(For the proof see page 193).

The scaled derivative %277 and the function space Wil/’_zper(S xY;R3) are defined in
Section 6.3.

By combining the previous theorem with the simultaneous homogenization and lin-
earization method, we obtain a lower bound for the limiting theory:

Lemma 9.1.2. Let (up) be a sequence in L?(Q;R3) that strongly converges to a map
u € A. Then

1
E h),h . 0 ~ ~
lllgl;élfze( )P (up) > min {12 /w Qhom () (%)) dz, 50}
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9. Partial results for homogenized plate theory

where

1+¢(y) :
P11 mf{ e v (i) o

(ﬁE(I)( ) aEWerO( )}

(For the proof see page 194).

For the fine-scale coupling regime h >> ¢, we demonstrate the construction of recovery
sequences:

Lemma 9.1.3. Suppose that v = oo. Let u € A. Then there exists a sequence
(up) € WH2(Q;R3) converging to u in the sense of (9.1) such that

lim Z°" () 12/Qhom (I (%)) dd

h—0
where
II 0
Qhom(II> lnf{ / Q Y, 0 +( Vy wO(y> ‘ w ) dy
Y 0 0 0

(For the proof see page 194).

In the next section we prove the previous results. In Section 9.3 we discuss our findings
and draft ideas and strategies that may lead to more complete results.

9.2. Proofs

The compactness part of the Theorem 8.1.1 is presented in [FJM02, FJMO06] and relies
on the following approximation:

Theorem 9.2.1 (see Theorem 6 & Remark 5 in [FJMO06]). In the situation of the
previous theorem (with &g sufficiently small) there exists a constant C > 0 and a
sequence of maps Ry, : w — SO(3) in WH2(w; M(3)) such that

lim sup

H Viun — Ry, ||?
h—0

+ 101 R |22 nacay) + 102 Rl Z2 naay ¢ < Co.
) (w;M(3)) (w;M(3))
L2(w;M(3))
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9.2. Proofs

Remark 9.2.2. The construction of the map Ry, in the result above is done in two stages.
First, based on the rigidity estimate (see Theorem 7.4.6) a map R; € W12(w; M(3)) is

12
Vi Rh”]ﬂ are controlled

- 2
constructed in such a way that HRh — thhHLQ, as well as h? ’

by the L2-distance of Vjuy, to SO(3). It turns out that for each & € w, the matrix Rj,(2)
lies in a small neighborhood of SO(3), say U, provided % Q dist?(Vi,up, SO(3)) dz <
do and g is sufficiently small. As a consequence, it is reasonable to define the desired
rotation field Rj as the pointwise projection of éh to SO(3). If the neighborhood
U is small (i.e. ¢ is sufficiently small) then the projection is a smooth map and
Ry € WH2(w; M(3)) N L (w; SO(3)).

Proof of Theorem 9.1.1. Without loss of generality we assume that H?(S) = 1.

Step 1. In virtue of Theorem 9.2.1 we can pass to a subsequence (that we do not
relabel) such that

(9.2)
up —u strongly in L*(Q;R?)
Viup — Ry strongly in L*(€Q; M(3))
Ry = Ry, weakly in W2 (w; M(3))
\/ Vaul Vhup —Id
Ep = N —FE weakly two-scale in L*(QxY;M(3)).

This can be justified in the same way as we did in the proof of Theorem 8.2.1.

Step 2. Define
R} Vyuy, — Id
. .
Then Theorem 9.2.1 implies that (E}") is bounded in L?(Q; M(3)) and we can pass to

a (further) subsequence such that E,? 2. pap weakly two-scale in L?(Q2xY; M(3)).
In view of Corollary 2.3.4 we deduce that sym E?° = E.

ap . _
B =

Step 3. Now define the sequence

Up, (l’) — ﬂh(i‘)

wp(z) = -

—aaRn(@)es, (@)= [ un(dim)dos
S
As in the proof of Theorem 8.2.1 one can show that

wy, — 0 strongly in L*(Q;R?) and  limsup [Vhwnll 2 m(z)) < o0
h—0 ’

As a consequence, we can apply the two-scale characterization of scaled gradients and
pass to a further subsequence such that

(9.3) Viwy, — W weakly two scale in L2(QxY; M(3))

where W is a map that fulfills the requirements of the theorem.
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9. Partial results for homogenized plate theory

Step 4. We rewrite uy, in terms of wy:
up(z) = up(z) + h (3R (T)es + wp(z))
and deduce that
(9.4) EP = (Ap|0) + 23 ( R Vi(Rpes) | 0) + Vhwp.

where Ay, () is the 3x2 matrix consisting of the first and second column of the averaged
matrix |, g Ezp (Z,x3) dzs. Obviously, we can pass to a further subsequence such that
the first term in (9.4) weakly two-scale converges to a map of the form

(A]0) with A e L*(wxY;R3>*?)
and the second term weakly two-scale converges to

ey +¢ 0
00 |0

where ¢ denotes a suitable map in ®(u). Because sym E*P = E and in virtue of (9.3)
this completes the proof. O

Proof of Lemma 9.1.2. 1t is sufficient to consider the situation where

lim inf Z°M (uy,) < 6.
h—0

In this case we can pass to a subsequence (not relabeled) with the property that
limy,_,0 Z°(M" exists and is equal to the left hand side of the previous inequality. Hence,
we can apply Theorem 9.1.1 and (after probably passing to a further subsequence)
deduce that the convergence in (9.2) holds with

Mo 46 | O
E :=sym |(A]0) + 3 (u) 0 + W
00 [0

for suitable maps A, ¢ and W. It is straightforward to show that for almost every

I € w we have »
A 1 T4y
/SE(a:,xg)xg dzs = B ( 7Vyoz(y) d(y) )

for a suitable maps « € W;,;iO(Y), ¢ € LA(Y;Mgym(2)) and d € L*(Y;R3). Now

the proof can be completed by proceeding as in the proof of the lower bound part of
Theorem 7.1.1. O

Proof of Lemma 9.1.3. We first consider the case where u € AN C?(w;R3). Let wg €
CX(w; CX,(Y;R3)) and w € OP(w;R3) and set 7, (%) 1= (2,%/e(r)). We define the

per
sequence

2,.2
h*xs _

uh(:v) = u(:%) + has (R(u)(i‘)eg + E(h)’wo o Wh(.f))) + 5 w(:%)
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9.2. Proofs

and set

It is easy to show that (uj) converges to u in the sense of (9.1). Moreover, it is
straightforward to check that

\/th;{ Vhup — Id 9
Ej, = strongly two-scale in L*(QxY;M(3))

- — 23G(Z,y)

and lim sup esssup |hEp(z)| = 0. Proceeding as in the proof of the upper bound part of
h—0 €
Theorem 7.2.5, we see that the simultaneous linearization and homogenization result

(see Theorem 5.2.1) implies that

. 3 1 o T
MJWMW:m/ﬂM£mW@m

h—0
wXxY

Because the inclusions A N C?(w; R?) C A (see [Pak04]) and

C(w; Cpon (Y5 R?)) € L (w; Wpat (Y5 R?)) - and  C2°(w; R?) € LP(w; RY)
are dense, we can construct the sequence for non-smooth data by the diagonal sequence
construction that we already employed in the previous chapters. In particular, we can
construct a sequence of deformations (uy,) in W12(€; R3) that converges to u in the
sense of (9.1) and that satisfies

\/thg thh —1d 9
Ey, = strongly two-scale in L?(QxY;M(3))

— $3G*(:%> y)

h
with

:/@&mw®M®

Application of the simultaneous linearization and homogenization result (see Theo-
rem 5.2.1) completes the proof. O
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9. Partial results for homogenized plate theory

9.3. Discussion

Lemma 9.1.2 provides a lower bound for the lower I-limit of the sequence (Z5(")"). We
do not believe that this bound is sharp. In particular, the construction of the set ®(u)
is too rough to allow a precise identification of the limiting strains. Our experience
with the analysis in the rod setting, suggests that the characterization should even
hold, when we replace ®(u) by the trivial set {0} in the fine-scale coupling regimes
h ~ ¢ and h > ¢, and the class

(9.5) {A € L3 (w;M(2)) : 3(up) C A, up — U weakly in W?2?%(w;R?) and
M,y 2 T, +A weakly two-scale in L*(wxY;M(2) } i h <.

It is natural to expect that the latter class can be represented in a streamlined and
more explicit form. Similarly to the analysis in the rod setting, a natural approach to
justify this hypothesis is to develop a refined version of the approximation contained
in Theorem 9.2.1. In contrast to the approximation scheme that we developed in
the rod setting (see Proposition 8.2.2), Theorem 9.2.1 is not suited to capture and
filter oscillations on the prescribed scale €. As a consequence, Theorem 9.1.1 does not
distinguish between oscillations that solely emerge due to curvature oscillations of the
mid plane and those that stem from oscillations related to the director field. Note that
the latter can be captured by the relaxation profile W, and therefore should be deleted
from the set ®(u).

Nevertheless, in the case where v = 0 we believe that the homogenized quadratic form
corresponding to the I'-limit of the energy sequence is an improved version of ngm
where ®(u) is replaced by the set in (9.5).

With regard to the upper bound, Lemma 9.1.3 immediately provides an estimate for the
upper I-limit of (Ie(h)’h) in the case v = co. In fact, we believe that the derived upper
bound is already the I-limit of (Z5("") (for 4 = oo). While recovery sequences for the
fine-scale coupling regimes v € (0,00) can be constructed in a similar way, we believe
that the construction in the case v = 0 is more interesting. In this case, oscillations that
are related to oscillations of the mid plane come into play, and therefore the rigidity of
bending deformations prohibits oscillations of the mid plane in arbitrary directions. In
this context, we would like to remark that the homogenization problem of the nonlinear
bending theory for plates seems to be open; in particular, the I'-convergence properties
of the functional

A5 / G(#e, Ty (2)) d

as € — 0 has not been studies yet. The analysis in Section 7.6 suggests that the I'-limit
corresponding to the energy above with

@(va) =minQ |y, Z Fi; jy(ei®ej) + d®es
der? i€{1,2}

is similar to the I-limit of the sequence (Z5")-") in the case where h < .
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A. Appendix

A.1. Poincaré and Korn inequalities

Proposition A.1.1 (Poincaré inequality). Let 1 < p < oo.

(1) (Poincaré inequality.) Let Q) be an open set in R™ with finite width (that is
lies between two prallel hyperplanes). Then there exist a constant C (depending
only on p,n and the distance between the two planes) such that

/ lulP dz < c/ Vulf dz for all u € W) P(Q).
Q Q

(2) (Poincaré- Wirtinger inequality.) Let Q be a bounded and connected subset

of R™ with Lipschitz boundary. Then there exists a constant C' (depending only
on p,n and )

/ lu—ugl’ dz < C/ \Vul? dz for allu € WHP(Q)
Q Q
where uq = ﬁ fﬂudx.

(3) (Poincaré-Friedrichs inequality.) Let Q be a bounded and connected subset of
R™ with Lipschitz boundary. Let v C 92 a measurable subset with H"~1(y) > 0.
Then there exists a constant C (depending only on p,n,$ and ) such that

/Q Jul? dz < C/Q |Vul? de for allu € leg(Q)

Proposition A.1.2 (Korn inequality). Let Q be an open, bounded and connected
subset of R™ with Lipschitz boundary. Set

R(Q) = { re W (Q;RY) @ r(z) = Az + b with A € Mgew(n), b € R" }

Then

WL2(Q;R") = {u € L2(R") : sym Vu € L2(Q; R™) }
and there exists a constant C (depending only on n and ) such that
lullyr2q@mny < C ( lull 2y + ||VUHL2(Q;M(n))) < C? |ullyprro gy
rei,g{m lw = 7lly12urny < Cu llsym Vul| 12 qrny

for all u € WH2(Q; R™).
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Proposition A.1.3 (Korn inequality for periodic functions). Let Y :=[0,1)". There
exists a constant C' (depending only on n) such that

lullwrzpy gy < C llsym Vull 2y ny)

for all w e W22 (Y;R™).

per,0

A.2. Attouch’s diagonalization lemma

Lemma A.2.1 (see Lemma 1.15 & Corollary 1.16 in [Att84]). Let (ak ;)i jen be a
doubly indexed sequence of real numbers. Then there exists a subsequence (k(j))jen
increasing to +00 such that

lim sup ay(;) ; < limsup limsup a; 4.
Jj—o0 k—oo Jj—o0

If the right hand side is equal to zero and ay ; nonnegative for all j, k € N, then

li -
Jim a5 =0

A.3. Notation

Scalars, vectors, matrices and tensors. We denote the set of real numbers by
R and the set of the extended real numbers R U {+o00, —co} by R. Throughout this
work, {e1,ea,...,e,} denotes the canonical basis of R™. We write agqy to refer to the
1th component of the vector a. For vectors a,b € R"™ we write

(a, ) =a’b and |a| = /(a, a)

to denote the Euclidean inner product and the Euclidean norm in R™.

We denote the set of matrices with n rows and m columns by M(n,m) = R" @ R™.
The corresponding canonical basis can be written by means of the tensor products
ei®€;, where {e1,eg,...,e,} and {é1,€,...,€,} are the canonical bases of R"” and
R™, respectively. Let A, B € M(n,m). We write

(A, By=trATB and |A|=+/(A, A)

to denote the matrix inner product and matrix norm, respectively. We use the abbrevi-
ation Ay; ;1 to refer to the component in the ith row and jth column; thus,

A= Z Z A{i,j} (6j®6j).
i=1 j=1

In the special case n = m we set M(n) := M(n,n) and denote the trace and determinant
of a matrix A € M(n) by tr A and det A. Moreover, we set sym A = %(AT—i—A) and
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skew A = A—sym A and denote by Mgym(n) and Mgkew(n) the set of symmetric and
skew symmetric matrices in M(n), respectively. As usual we denote the set of rotations
by SO(n) and write Id for the unit matrix.

We denote the set of symmetric fourth order tensors over R™ by Tgym(n) and identify
Tsym(n) with the set of linear maps L.: M(n) — M(n) satisfying

VA, B € M(n) : (LA, B) = (LB, A).
If needed, we equip Tgym(n) with the norm

L] LA

= inf
{AeM(n):|A|=1}

Function spaces. Let {2 be a measurable subset of R” with n € N, let p € [1, 00| and
let E and X be a finite dimensional Euclidean space and a Banach space, respectively.
Let {e1,...,eq} be a fixed orthonormal basis of E. We use the standard notation
for Lebesgue- and Sobolev spaces. In particular, W1?(Q; E) stands for the space of
measurable maps u : Q — E in LP(Q; E) with weak partial derivatives of order one in
LP(Q;E). For any u € WHP(; E) we set

Vu:=(ou| -+ |Ophu)

where Jju € LP(€;E) is the weak derivative in direction ej; thus, Vu(-) € LP(Q; E™). In
particular, in the case E = R" we identify Vu(z) with a matrix in M(n), the columns
of which are given by the partial derivatives Jju, l € {1,...,n}.

The space LP(€;X) is understood in the sense of Bochner. Moreover, we use the
abbreviation to write LP(€2; SO(d)) to refer to the set

{R € LP(:M(d)) : R(z) € SO(d) for a.e. z € Q }

We set WEP(Q; SO(d)) := LP(€; SO(d)) N WP (Q; M(d)).

In this contribution, we frequently encounter function spaces of periodic func-
tions. Let Y := [0,1)" denote the reference cell of periodicity. We say a continuous
map u : R" — E is Y-periodic, if u(x + e) = u(z) for all x € R™ and e € Z". We
denote the set of Y-periodic functions with values in a metric space X by Cper(Y; X).
Likewise, we set

P (VX)) :i={ue Ll (R:;X): ux+e)=u(z)forae zcR"andallecZ"}

per loc
17 . . .
WEL(YVE) = {u e WERNE) : u € (Vi) )

These spaces equipped with the norms of LP(Y;X) and W*P(Y;E), respectively, are
Banach spaces. Note that by definition, Y-periodic maps are defined for all z €
R™.

199



A. Appendix

For the subspace of functions with vanishing mean value we use the abbrevia-
tions

LE(:X) = {UELP(Q;X) : /udx}
Q

WP (V;E) := WLP(Y;E) N LY(Y;E).

per,0 per

For a Lipschitz domain 2 and a measurable subset I' of 9Q2 we introduce the space
W%S(Q, R™) as the space of functions u € W12(Q; R") with u = 0 on T in the sense of
trace. Usually, we suppose that I' has positive n — 1-dimensional Hausdorff measure
and is sufficiently regular to guarantee that

W (@ R™) N WEG (4 R™)

is strongly dense in WFI’S(Q; R™).
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List of mathematical symbols

R set of real numbers

R set of extended real numbers: R U {—o0, +o0}
R" set of n-dimensional vectors

M(n) set of nxn matrices

Mgym(n) set of symmetric nxn matrices

Mikew (1) set of skew symmetric nxn matrices
Tsym(n) set of symmetric fourth order tensors over R
E a finite dimensional Euclidean space

€1,€9,: - canonical basis of R"™ or E

(a, b) inner product of @ and b in E or R"*™

a®b tensor or dyadic product of a,b in E or R"

B Euclidean norm in E and R™*™
AT transposition of A

tr A trace of A

|A] —VirATA

Agijy entry in row ¢ and column j of the matrix A

X Banach space

IRIFS norm in the Banach space X

2 weak two-scale convergence, see Definition 2.1.1
2, strong two-scale convergence, see Definition 2.1.1
2%

weak star two-scale convergence, see Definition 2.1.1

201



A. Appendix

> (U; X)
supp u
Ce(U; X)
Co(U; X)
G (U; X)
Cper (Y5 X)
Cra(Y; X)

L7(9)

202

I’-convergence, see Definition 4.2.1

rod strain

Cosserat frame of a rod configuration

second fundamental form of a bending deformation u € A
space of bending deformations for plates

normal field of a bending deformation u (see page 105)
tangent field of a bending deformation u (see page 105)
signed curvature of a bending deformation u (see page 105)

= (t(u)|n(u)) frame associated to a bending deformation u (see page
105)

clock-wise rotation in R? by angle «

rotation in SO(3) about axis a by angle « (see page 177)
p-variation of a piecewise constant map u (see page 26)
scaled gradient, see Definition 6.3.1

scaled gradient, see Definition 6.3.1

usual space of continuous functions from U to X

usual space of continuous functions from U to X with compact sup-
port in U

usual space of smooth functions from U to a metric space X
support of u

=C>(U; X) N Ce(U; X)

= C.(U; X) with respect to the supremum norm
=Co(U; X)NC=(U; X)

space of Y := [0, 1)%periodic maps u € C(R?; X)

= Cher(YV; X)NC™®(Y; X)

usual Lebesgue space of scalar valued functions



A.3. Notation

LP(;X)

LE(:X)

LB (VX
per( ’ )

L}p;er,()

LP(;50(d))

(Y;X)

WhP(Q)

WHEP(Q;E)
W, P (O E)
WiE (O E)
WhE(Y:E)

WhP (V:E)

per,0

WHP(Q; SO(d))

W22 (w; R™)

iso

W2 (SxY;E)

Y-per

W2’2(w; R3)

iso

Q(Y;m)

b

usual Lebesgue space of maps with values in the Banach space X in
the sense of Bochner

set of maps u € LP(; X) with [y udz =0
set of Y := [0, 1)%-periodic maps u € L (R% X)

loc
set of Y := [0, 1)%-periodic maps u € L (R%X) with [, udy =0
set of maps R € LP(Q;M(d)) with R(z) € SO(d) for a.e. x € Q
usual Sobolev space of scalar valued functions
usual Sobolev space of maps with values in the Euclidean space E

= C}(S1E) closure with respect to the norm in WP(Q;E)

space of maps in W12(Q;E) with u = 0 on I in the sense of trace.

= WP (R E) N Lher (Y E)
= WhE(Y;E) N LA(Y; E)
= LP(9; SO(d)) N WP (€; M(d))

={u € W?2(w;R") : |d1u(z1))| = 1 for a.e. 1} space of bending
deformations (see page 105)

see Definition 6.3.1

bending deformation from w to R?

set of Y-periodic, quadratic integrands from Y xM(m) to R
unfolding operator, see Definition 2.1.1

unfolding operator for in-plane oscillations, see Definition 6.2.1
integer part of z € R", see page 14

subset of R", n € N

reference cell of periodicity := [0,1)¢,1 < d <n

n-dimensional Hausdorff measure of the set A
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two-dimensional, 105
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finite bending energy
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periodic, 36
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periodic unfolding, 16
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